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The element selenium (Se) is fascinating and important for several reasons. It is an 
essential micronutrient for many life forms including bacteria, archaea, some algae, 
and most animals. Essential Se metabolism appears to have been lost, however, in 
plants and fungi. Organisms that require Se for their survival utilize Se in the form 
of selenocysteine (SeCys) in the active site of the so-called selenoproteins (humans 
have 25), which have redox functions and are involved in immune function, thyroid 
metabolism, and spermatogenesis. Interestingly, SeCys in proteins is encoded by 
the opal stop codon, if it is flanked by a specific SeCys insertion sequence, which is 
different in prokaryotes and eukaryotes. At high tissue levels, Se becomes toxic to 
organisms, due to oxidative stress and to the replacement of S amino acids in pro-
teins by their Se analogs. Relative to other micronutrients, Se has a very narrow 
window between adequacy and toxicity, which is around one order of magnitude. 
As a consequence, both Se deficiency and toxicity are prevalent worldwide and 
coincide with soils that are naturally low and high in Se, respectively. More than a 
billion people have been estimated to be affected, particularly by Se deficiency, 
which compromises their immune system (higher chance of infections including 
HIV and cancer), thyroid activity and male fertility, as well as mental function.

While not essential for plants, Se is a beneficial nutrient that enhances plant 
growth and antioxidant activity. Plants readily take up Se due to its similarity to 
sulfur (S) and assimilate it into a variety of organic Se compounds, analogous to 
S. Different plant species vary in the degree to which they take up and metabolize 
Se and in their capacity to tolerate Se. Some plants native to seleniferous soils even 
have evolved the capacity to hyperaccumulate Se to levels between 0.1 and 1.5% of 
their dry weight. This variation in plant Se accumulation, metabolism, and tolerance 
is not only of intrinsic interest but important because of its relevance for human, 
animal, and environmental health. Different forms of Se have different nutritional 
values. Crop Se content and Se speciation (chemical forms) are highly relevant for 
consumers, since the majority of the world’s population directly depends on plants 
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for its dietary Se, and all people obtain their Se ultimately from plants, even if 
indirectly via animals that feed on plants. Crops with optimal Se concentration and 
speciation may be selected or bred via classical or genetically enhanced breeding 
strategies. The levels and forms of Se in plants are not only a function of the genetic 
properties of the plants but also of their growth substrate. Soils vary in the concen-
tration and forms of Se and Se bioavailability, which is influenced by abiotic and 
biotic factors. Selenium may be added in chemical or green fertilizer to crops grow-
ing on low-Se soils, a practice called biofortification. On the other end of the spec-
trum, if soils are particularly high in Se, this may cause toxicity, especially if Se-rich 
soil is used for irrigated agriculture or if Se-rich fossil fuels are used for energy. 
Plants may be used to extract excess Se from soil or water, a technology termed 
phytoremediation. In the absence of other contaminants, the resulting Se-rich plant 
material may be used to supply dietary Se in low-Se areas.

Apart from these applications, there are also many intrinsically interesting 
aspects of plant Se accumulation. Why and how do different plant species differ so 
much in the degree to which they accumulate and metabolize Se? Which processes 
underlie Se hyperaccumulation? Which benefits and disadvantages may Se accumu-
lation confer to the plant? In other words, which selection pressures may favor or 
constrain Se accumulation? How does plant Se affect ecological interactions with 
herbivores, pollinators, microbes, and other plants, and how does this drive the evo-
lution of both plant and ecological partners? How may plant Se accumulation and 
metabolism affect Se movement through the food chain, ecosystem, and ultimately 
global Se cycling?

In this book about Se, the plant has center stage, but the plant is placed in the 
context of its environment and its evolutionary history. The book starts with an 
overview of global Se distribution and the geological and biological processes that 
affect global Se movement in water, air, or soil particles. In subsequent chapters, the 
reader can follow Se from the point when it becomes bioavailable; is taken up by 
algae and plants and then metabolized, translocated, and sequestered; and is ulti-
mately volatilized, consumed, and moved up in the food chain or redeposited in 
litter to the soil and recycled after decomposition. Relevant for Se bioavailability 
and for Se movement in the food chain, Se metabolism is also reviewed in prokary-
otes and in mammalian consumers, and the nutritional effects of the consumed plant 
Se for consumers are discussed. The reader will learn about the profound ecological 
effects of plant Se on interactions with herbivores, pollinators, microbes, and other 
plants and the likely selection pressures that drive the evolution of Se hyperaccumu-
lation. Furthermore, the latest knowledge is presented about the molecular pro-
cesses involved in Se uptake, metabolism, tolerance, and (hyper)accumulation, as 
well as successful approaches to optimize Se accumulation and speciation via clas-
sical crop breeding and genetic engineering. The book concludes by highlighting 
global Se deficiency and toxicity issues in the world and successful applications of 
plant Se accumulation for biofortification and phytoremediation.
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We are happy to be able to present this book in this special year, 200 years after 
the discovery of Se by Jons Jacob Berzelius in Sweden. We thank everyone who has 
contributed to this book and helped highlight the many fascinating facets of Se in 
plants from their respective vantage point and area of expertise. We hope the book 
will be of use for the Se research community and anyone who is interested in learn-
ing about this interesting and important element.

Fort Collins, CO, USA� Elizabeth A.H. Pilon-Smits
Zurich, Switzerland� Lenny H.E. Winkel 
Edwardsville, IL, USA� Zhi-Qing Lin
January 24, 2017
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Chapter 1
Multi-scale Factors and Processes Controlling 
Selenium Distributions in Soils

Gerrad D. Jones and Lenny H.E. Winkel

Abstract  Selenium (Se) is an essential trace element for maintaining homeostasis 
in humans and is characterized by a narrow range of recommended dietary intake 
levels. The main dietary sources of Se are food crops and therefore human intake 
levels largely depend on total concentrations and forms of Se in those food prod-
ucts. Important factors controlling Se uptake by plants are concentrations and spe-
ciation of Se in soils. Generally, Se concentrations in soils are driven by gradients in 
chemical and physical variables, which are in turn controlled by multiple biotic and 
abiotic processes that simultaneously span multiple spatial and temporal scales. 
This chapter discusses the factors and processes that control soil Se distributions on 
different spatial scales (i.e. from molecular to global scales) and how these gradi-
ents can be affected over time. In addition, it discusses how increased environmental 
scales lead to increased interactions among multi-scale factors and processes as 
well as to non-linear patterns between soil Se concentrations and environmental 
variables. Finally, it will be discussed how these patterns can be analyzed using 
sophisticated statistical techniques and how multi-scale variables and their interac-
tions can be used to make predictions of soil Se concentrations in areas where this 
information is not available.

Keywords  Selenium • Soils • Speciation • Multi-scale • Broad-scale predictions
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1.1  �Introduction

Selenium (Se) is an essential trace element for maintaining homeostasis in humans 
(Rayman 2000; Combs 2001) and is characterized by a narrow range of recom-
mended dietary intake levels. Current estimates indicate that a Se intake of >900 μg/
day is potentially harmful for humans while an intake of <30 μg/day is inadequate 
(Fairweather-Tait et al. 2011). While Se toxicity occurs locally in areas with high 
soil Se concentrations, low Se intake is more common and is thought to affect up to 
one billion people globally (Combs 2001). Low serum Se levels in humans have 
been associated with negative effects on the immune system (Arthur et al. 2003; 
Hoffmann and Berry 2008) and in extreme cases, diseases related to Se-deficiency 
(e.g. in central China (Stone 2009; Fairweather-Tait et al. 2011). In populations with 
low dietary Se intake, Se supplementation has been shown to substantially reduce 
these health problems (Steinnes 2009).

The main dietary sources of Se are food crops, and human intake levels largely 
depend on total concentrations and forms of Se in these food products (Fairweather-
Tait et al. 2011). Plant Se levels are determined by Se uptake as well as translocation 
of Se from roots to the edible part of crops. Furthermore, plant Se uptake is largely 
determined by total soil Se concentrations, Se speciation, competing ions present in 
soils and other soil physicochemical factors (Abrams et al. 1990; Terry et al. 2000; 
Fernández-Martínez and Charlet 2009; Li et al. 2010; Weng et al. 2011; Le Hécho 
et al. 2012; Kikkert and Berkelaar 2013; Nakamaru and Altansuvd 2014). While 
uptake is controlled by several factors, all things being equal, increases in bioavail-
able Se concentrations in soils have been shown to increase Se uptake in plants 
(Hart et  al. 2011; Nothstein et  al. 2016). Therefore, understanding the processes 
governing Se concentrations and speciation in soils is essential for understanding Se 
uptake in plants and thus Se supply levels to humans.

Factors, or gradients, controlling soil Se concentrations have been thoroughly 
evaluated in the literature, primarily through small-scale experimentation. This 
body of research has been summarized previously (Masscheleyn and Patrick 1993; 
Nakamaru and Altansuvd 2014; Winkel et al. 2015), but it is worthwhile to briefly 
review the dominant factors that were found to control soil Se concentrations in 
small-scale experiments. In general, Se speciation and the physicochemical compo-
sition of soils govern Se retention to soil particles. Sorption is heavily dependent on 
redox state as well as pH (Frost and Griffin 1977; Bar-Yosef and Meek 1987; Rovira 
et al. 2008). In soils, Se can be present in both inorganic and organic forms as well 
as in different oxidation states (i.e. −II, −I, 0, IV, VI). In well drained oxic soils at 
typical environmental pH values (i.e., ~4–9), Se is primarily present as the oxyanions 
selenite (Se[IV], HSeO3

− or SeO3
2−, pKa = 2.4, 7.3) or selenate (Se[VI], SeO4

2−, 
pKa = −3, 1.9) (Seby et al. 2001; Winkel et al. 2015). In general, sorption of selenite 
to soil particles is greater than selenate (Alemi et al. 1991; Sharmasarkar and Vance 
2002; Hyun et al. 2006; Singh et al. 1981). For both oxyanions, retention in soils 
increases with decreasing pH (Frost and Griffin 1977; Bar-Yosef and Meek 1987; 
Rovira et al. 2008). Elemental Se (i.e. Se[0]) is thermodynamically favored in many 
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natural environments (Oremland et  al. 2004; Stolz et  al. 2006; Lenz et  al. 2008, 
2009) although its formation and presence in soils is still largely unknown. The 
most reduced form of Se (i.e. Se (−II) is present as gaseous hydrogen selenide 
(H2Se), as well as numerous metallic selenides (e.g. iron selenide), which are the 
most insoluble forms of Se (Elrashidi et al. 1989; Masscheleyn et al. 1990). Thus, 
Se mobility is strongly decreased in reducing environments.

In addition to pH and redox potential (Eh) dependent retention in soils, Se pref-
erentially partitions to specific binding sites, e.g. on metal oxide/hydroxide surfaces 
of soil particles (Frost and Griffin 1977; Rovira et al. 2008), and therefore, the min-
eralogical structure of the soil plays an important role in the retention of Se. In addi-
tion, Se complexes with organic matter and forms organo-mineral colloids 
(Fernández-Martínez and Charlet 2009; Weng et al. 2011; Le Hécho et al. 2012). 
Nevertheless, there is still a lot of missing information on the different forms of Se 
in soils, which is clear given the large fraction of unidentified Se species in soils, 
which have been hypothesized to be largely organic forms (Li et al. 2010; Tolu et al. 
2011, 2014; Stroud et al. 2012).

In the broadest sense, soil Se concentrations are driven by gradients of “sources” 
and “sinks” in the environment. Although the existing body of literature has focused 
on quantifying these gradients in small scales, concentrations of Se in soil are driven 
by multiple processes that simultaneously span multiple spatial scales. For example, 
climate plays an important role in governing soil Se distributions on broad scales 
(Jones et al. 2017), but as the investigative scale decreases, climate becomes increas-
ingly homogeneous and is uniform at small scales (e.g. 1 m2). At some point, gradi-
ents in soil Se concentrations can no longer be explained by climate and are instead 
controlled by some other process. This concept of scale has been virtually ignored 
within the literature. In order to understand the dominant processes driving Se 
retention and distributions, the influence of scale must be examined. The goal of this 
chapter is to explore the scale dependent processes (e.g. respiration, precipitation) 
that drive the gradients (e.g. pH, soil organic carbon content) controlling Se sources 
and sinks in the environment.

1.2  �Se Sources and Sinks

Generally, variations in soil Se concentrations are governed by the uneven distribu-
tion of sources and sinks in the environment. Before discussing the influence of 
scale, it is important to clarify the terminology used to describe Se sources and 
sinks. Unlike anthropogenic contaminants (e.g. polychlorinated biphenyls and other 
organic pollutants), which have a clear point of origin into the environment, Se and 
other trace elements cycle continuously through the environment. As a result, there 
is no readily identifiable point of entry, and at best, sources should be considered 
intermediate sources. For example, biotic and abiotic processes can change the 
redox state of soils (McLatchey and Reddy 1998; Olivie-Lauquet et al. 2001), and 
thereby change the concentrations of Se in environmental compartments. For 
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example, biomethylation can drastically increase the mobility of Se as (micro)
organisms (e.g. the green alga Chlamydomonas reinhardtii; (Vriens et al. 2016)) 
can intracellularly produce volatile methylated Se species that are subsequently 
excreted from the cell. The volatile species are subsequently prone to atmospheric 
transformations and transport. In such instances, a particular process acts as a source 
for a particular Se species (in the example above, methylated Se species such as 
dimethyl selenide (DMSe)). Similarly, Se sinks are only temporary given long 
enough time scales. For example, while Se is known to partition to clay and organic 
carbon, Se can desorb following environmental change (e.g. changes in pH or redox 
state) suggesting that these could also be considered sources depending on the time 
scale in question. Finally, some processes are termed sources but actually only serve 
to facilitate redistribution of Se in the environment. For example, volcanoes are 
often reported as Se sources (Wen and Carignan 2007) but have no intrinsic rela-
tionship to Se. Especially considering time scales and the variability in environmen-
tal gradients over varying time scales, source and sink may be inappropriate terms 
for conceptually describing processes governing the Se cycle. Instead, we suggest 
using the following terminology to more explicitly describe the processes affecting 
soil Se:

Initial Sources  add Se to the global system and could include asteroids (meteors, 
meteorites) and nuclear processes. For most environmental Se studies, the initial Se 
sources have not been relevant.

Intermediate Sources  are processes that distinctly change the speciation or struc-
ture of Se and drastically alter its environmental behavior (e.g. atmospheric Se oxi-
dation, biomethylation). Intermediate sources should have a clearly defined point of 
entry into the environment (e.g. volatilization from organisms). For most environ-
mental Se studies, the intermediate Se sources are most relevant.

Transport Conduits  are physical processes that have no unique role in modifying 
Se but facilitate its transport (e.g., volcanoes, colloid facilitated transport, deposi-
tion via rainfall (wet deposition) and dust (dry deposition, leaching). Some transport 
conduits are considered to be sources in the literature (e.g., volcanoes).

Reservoirs  temporarily store Se, which can be released over relatively short time 
scales (e.g. sorption and desorption from particles or organic carbon) and over lon-
ger time scales (e.g. bedrock weathering). In literature, these reservoirs are often 
considered to be sinks (e.g. clay) or sources (e.g. geology).

Terminal Sinks  permanently remove Se atoms from the global system (nuclear 
decay, planetary discharge). In most environmental studies, terminal sinks of Se 
have been irrelevant.
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1.3  �Retention of Se in Soils

While many environmental variables have been identified to affect Se retention in 
soils, the distribution and concentration of Se in the environment is likely governed 
by the gradients of these variables, which can vary across 13 orders of magnitude. 
For example, Se partitioning on clay particles largely depends on the mineralogical 
structure (angstrom scale), while continental/global climate patterns have been sug-
gested to affect its broad-scale distributions (100 km scale). Therefore, depending 
on environmental heterogeneity of these gradients, the importance of some mecha-
nisms are likely to give way to others as the environmental scale changes. Moreover, 
spatial distributions are likely to vary temporally. For example, Se could be affected 
by regular (i.e. daily or annual) temperature-dependent cycles or irregular cycles 
(e.g. storm events or inter-annual droughts). In the following sections, we examine 
various mechanisms that have been proposed to control soil Se concentrations at 
different spatial and temporal scales.

1.3.1  �Molecular/Micro Scale (10−7–10−3 m) Processes

On micro scales, Se concentrations have been shown to vary over ~4 orders of mag-
nitude on individual particles (Eiche 2015). Several mechanisms have been identi-
fied to be important for Se retention on such small scales. For example, Se readily 
partitions to metal oxides/hydroxides and clay minerals (e.g. aluminum (Al) and 
iron (Fe) within the clay matrix) (Bar-Yosef and Meek 1987; Balistrieri and Chao 
1990; Saeki and Matsumoto 1994; Ippolito et al. 2009; Nakamaru and Altansuvd 
2014). The distribution of these high affinity binding sites on clay particles varies 
depending on the degree of weathering that occurs during clay formation. Clays are 
formed from the long-term chemical weathering of silicate rocks (Moronta 2004). 
Chemically, clays are hydrous aluminum silicate sheets, wherein the silicon (Si4+)/
aluminum (Al3+) atoms can be permanently replaced by other lower valent metals 
including Mg2+, Fe2+, Fe3+, and Al3+ (Otterstedt and Brandreth 1998), creating favor-
able sorption sites for Se. Although weathering rates vary depending on a variety of 
factors, the chemical composition of particle surfaces are governed by weathering 
patterns that can be measured on longer term time scales (e.g. >1000 years (Velde 
and Meunier 2008). Compared to human lifespans, gradients in preferential sorption 
sites on particle surfaces caused by chemical weathering are likely to be virtually 
constant and are thus unlikely to drive changes in soil Se distribution/concentrations 
on shorter time scales.

While chemical weathering is relatively slow, variations in pH and redox condi-
tions can greatly affect partitioning to metal oxides/hydroxides on shorter time 
scales. For example, Se mobility decreases under increasingly reduced conditions, 
especially at low pH (Frost and Griffin 1977; Bar-Yosef and Meek 1987; Rovira 
et al. 2008). Microscale gradients of pH and Eh can form as a result of both biotic 
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and abiotic processes (e.g. microbial respiration; Sexstone et al. 1985; McLatchey 
and Reddy 1998; Olivie-Lauquet et al. 2001). In soils, anaerobic microsites have 
been linked to oxygen consumption by microbes (Sexstone et  al. 1985). These 
microsites are maintained by microbial activity and oxygen diffusion limitations. In 
these microbially mediated anaerobic zones within soil aggregates, Se immobiliza-
tion can occur via increased sorption to metal surfaces or (co-)precipitation (Stolz 
and Oremland 1999; Kausch et al. 2012; Kausch and Pallud 2013; Eiche 2015).

As microbial processes are relatively dynamic, they likely contribute to the 
microscale changes in soil Se distributions on shorter time scales (e.g. daily-
seasonally). Microbially mediated redox gradients exist on a microscale, but as 
scale increases, these microscale gradients are likely to appear more homogenous as 
the bulk redox state of the soil becomes increasingly fixed by broad scale factors 
such as climate (Fig. 1.1).

1.3.2  �Local Scale (10−3–101 m) Processes

Local heterogeneity in biotic (e.g. plant distributions) and abiotic (e.g. topography, 
land use) factors could greatly affect the local distribution of Se in soils. Algae and 
microbes are known to decrease soil Se concentrations through volatilization 
(Karlson and Frankenberger 1989; Frankenberger and Arshad 2001; Vriens et al. 
2014; Sun et al. 2016; Vriens et al. 2016). Plants release exudates from roots in 
order to manipulate pH and thus increase the bioavailability of nutrients (Hinsinger 
et al. 2003). While Se is not known to be required by plants, the effects of plants on 
soils can greatly affect Se behavior in the soil. Selenium in the form of selenite and 
selenate is inadvertently taken up through various ion transporters (e.g. sulfate, 
phosphate) and is thus removed from soils (Gissel-Nielsen 1971; Barrow and 

Fig. 1.1  Environmental gradients that govern soil Se concentrations are scale dependent. At larger 
scales, smaller-scale gradients (e.g. gradient A) appear homogeneous. Conversely, at smaller 
scales, larger-scale gradients (e.g. gradients B and C) appear homogeneous. Some gradients (e.g. 
gradient D) are measurable at multiple scales because multiple processes operating at different 
scales can control a single gradient
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Whelan 1989; Johnsson 1991; Zayed et al. 1998; Terry et al. 2000; Ellis and Salt 
2003; Chilimba et al. 2011; De Temmerman et al. 2014). Furthermore, plants can 
create favorable microclimates for nutrient retention. For example, canopies created 
by “nurse plants” in arid regions change soils due to increased shade, soil moisture, 
and soil organic carbon content (Callaway 1995; Padilla and Pugnaire 2006), which 
could increase soil Se concentrations locally. In addition, plants reduce soil wind/
water erosion, which could result in reduced losses of Se from top soils (Ravi et al. 
2010). Depending on the distribution of plants, the distribution of Se could thus be 
spatially heterogeneous on a local scale or even landscape scale, in addition to being 
temporally heterogeneous as plants grow and die. In addition, nutrient leaching 
decreases with increasing plant transpiration by limiting the volume of water that is 
allowed to percolate through the soil (Boulding and Ginn 2003). As leaching is 
likely to be reduced in warmer conditions, it could result in seasonal heterogeneity 
of distributions of Se and other compounds.

Land use heterogeneity can also cause gradients in soil physicochemical proper-
ties over short distances. For example, strong gradients can exist in organic carbon 
between adjacent agricultural and non-agricultural (e.g. forest and grassland) areas 
(Knights et al. 2000; Jones et al. in press). Changes in land use from agricultural 
land to forest and grassland resulted in a gain of soil organic carbon, which in turn 
was a dominant contributor to increases in soil Se (Jones et al. 2017). In addition, 
the application of Se fertilizers to agricultural soils can increase local soil Se con-
centrations immediately following application. Assuming soil concentrations are 
always approaching equilibrium following system changes, added Se is likely to be 
removed via leaching or plant uptake unless soil reservoirs are simultaneously 
manipulated to increase Se retention.

In addition to biotic processes, abiotic processes can affect local distributions of 
Se. Fluctuations in water level can greatly affect the redox conditions of soils as 
well as pH, both of which can result in alternating periods of release and retention 
of elements in soils (Gambrell 1994; Dwire et al. 2006). For example, changes in 
the water table from 10 to 30 cm below the soil surface have been shown to change 
top soil conditions from reducing to oxidizing conditions in riparian soils following 
rainfall events (Hefting et al. 2004). Although soil Se concentrations have not been 
measured following such rapid changes in soil moisture, laboratory evidence indi-
cates that the reduction and oxidation of Se can occur rapidly (Tokunaga et  al. 
1996), implying that the mobility of soil Se could change in concordance to rising 
and falling water levels following storm events.

1.3.3  �Field Scale (101–103 m) Processes

Many gradients that determine soil Se concentrations occur on both local and field 
scales; however, compared to local gradients, the field-scale gradients are more dif-
fuse and occur over longer distances. For example, soil moisture can affect redox 
gradients, but these gradients can be short (wet riparian soils adjacent to dry upland 
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soils) or elongated (dry desert soils transitioning to wet montane soils). Many field-
scale gradients are determined by the physical features of the landscape. For exam-
ple, topography plays a large role in the biological, chemical, and physical processes 
that govern pedogenesis (Baumann et al. 2009, 2014). Topography can create soil 
textural gradients and is also responsible for the creation of field scale microcli-
mates, which are largely determined by aspect (e.g. north vs south facing slopes) 
and its relation to incoming solar radiation (Moore et al. 1993; Harvey 2002). Aspect 
in turn affects many biotic and abiotic factors including plant community composi-
tion, soil moisture, redox conditions, and organic carbon content (Franzmeier et al. 
1969; Macyk et al. 1978; Chen et al. 1997; Tsui et al. 2004; Yimer et al. 2006), 
which in turn can affect distributions of Se and other soil chemical constituents.

As scales increase, environmental heterogeneity is more likely to result in inter-
actions among processes. For example, topography can affect soil physical proper-
ties (e.g. sand/silt/clay content) which structures plant communities, which in turn 
affect soil physicochemical properties (e.g. pH, organic carbon, etc.; see previous 
discussion) that govern soil Se concentrations (Jones et al. in press). As the interde-
pendence of the processes governing soil Se distribution increases, it becomes 
increasingly difficult to tease these factors and processes apart. For example, eleva-
tion, precipitation, temperature, and soil organic carbon are correlated (Amundson 
et al. 1989; Jobbagy and Jackson 2000) and therefore it is difficult to isolate the 
individual effects of each variable. As scale increases, the relationships between 
these variables become highly complex and nonlinear, necessitating the use of sta-
tistical models that can deal with variable interactions (Jones et al. 2017).

1.3.4  �Regional/Broad Scale (103–106 m) Processes

As previously mentioned, much of the literature has examined how small scale gra-
dients affect soil Se concentrations. However, at these smaller scales, broad-scale 
gradients appear homogeneous and can thus not be recognized (Fig. 1.1). Although 
some broad-scale observational studies have been carried out which identified pH, 
clay, soil organic carbon, and precipitation as important drivers of soil Se concentra-
tions (Låg and Steinnes 1974, 1978; Wu and Lag 1988; Shand et al. 2012; Blazina 
et al. 2014), little is still known about how broad-scale gradients drive soil Se pat-
terns. Furthermore, given the strong interdependence of these drivers as well as their 
dependence on climate, their individual contributions have been difficult to charac-
terize. Recently, we used data on soil Se concentrations from different continents 
and machine learning tools to analyze the factors controlling soil Se concentrations 
on a broad scale (Jones et al. 2017). These analyses indicate that on this scale, soil 
Se was dominated by climate variables, namely aridity and precipitation, and soil 
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properties. In contrast to climate and soil parameters, geology, which has been tra-
ditionally viewed as a major factor driving the broad scale distributions of Se in 
soils, was not found to play a large role on this scale and its influence may be more 
localized (Jones et al. 2017). It is worth noting that compared to continuous vari-
ables, categorical variables including geology present computational challenges 
making it more difficult to quantify their effects. Because geology is known to influ-
ence soil Se concentrations at local scales (e.g. Dhillon and Dhillon 2014), some of 
the poor performance of geology in Jones et al. (2017) may be attributable to these 
computational challenges.

Jones et al. (2017) also found strong interactions between climate and soil vari-
ables at broad scales, which were concluded to be major drivers of soil Se concen-
trations. For example, although pH was the most important soil variable (decreases 
in pH resulted in increases in soil Se), the effects of pH were strongly suppressed in 
arid environments. Conversely, Se concentrations were enhanced in low pH/high 
clay environments. In addition, global precipitation gradients were shown to be very 
complex by both indirectly and directly affecting soil Se concentrations. Precipitation 
had a strong positive effect on soil organic carbon and strong negative effects on pH 
and clay content, all of which subsequently affected soil Se. Independent of other 
variables, precipitation was directly responsible for decreases in soil Se. Although 
precipitation and aridity are inversely related, both variables are hypothesized to 
affect leaching, where precipitation affects the transport of selenium in the subsur-
face and aridity drives soil redox conditions which subsequently control mobility.

Clearly, soil-climate interactions and their effects on soil Se concentrations are 
complex and therefore still merit further investigation. This complexity is likely a 
result of increased environmental heterogeneity at larger scales compared to smaller 
scales (Winkel et al. 2015). However, the influence of scale on the relative impor-
tance of soil Se retention mechanisms is virtually unknown. On most scales, pH and 
redox conditions play an important role, but several processes govern these gradi-
ents. Environmental gradients that occur over regional landscapes (e.g. bulk clay 
and soil organic carbon content) are governed by processes (e.g. pedogenesis) that 
occur over large time scales (e.g. centennially). Such large scale processes likely 
determine the environmental gradients that set the upper and lower bounds of the 
bulk soil Se concentration at larger scales. Conversely, at small spatial scales, the 
microscale processes that affect Se distributions are likely to be more dynamic as 
they appear to operate at smaller time scales (daily-seasonally-annually; e.g. plant/
microbial respiration, soil water content) and may be responsible for driving devia-
tions from the average broad-scale concentration. This multi-scale aspect has been 
virtually ignored in the literature but is nevertheless essential for better understand-
ing the processes and factors that govern spatial and temporal soil Se distributions.
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1.4  �Predictions of Soil Se in Areas Where Se Distributions 
Are Unknown

Traditionally, relationships between soil Se concentrations and predictor variables 
are evaluated using correlations and linear regression (Shand et al. 2012). However, 
linear regression and other similar techniques assume that gradients controlling soil 
Se concentrations are independent. If the influence of scale is ignored in an analysis 
and if variables are not allowed to interact in models, our understanding of the pro-
cesses driving soil Se distributions will be skewed. As previously discussed, many 
of the gradients responsible for controlling soil Se concentrations are highly corre-
lated (e.g. pH, soil organic carbon, and precipitation). At smaller scales, broader 
scale gradients appear homogeneous and variable interdependencies seem to play 
less of a role in controlling soil Se concentrations. Therefore, in order to understand 
how this interdependency affects soil Se, appropriate mathematical tools must be 
used.

To illustrate interactive and non-interactive effects, two random variables were 
created (A [range = 0–2] and B [range 0–1]), and hypothetical soil Se concentra-
tions were determined by multiplying or adding A and B together. In a multiplica-
tive scenario (i.e. [Se] = A*B), variable A or B can suppress the effect of the other 
variable (i.e. [Se] = 0, if A or B = 0), whereas in an additive scenario (i.e. [Se] = A 
+ B), changes in one variable does not influence the effects of the other (i.e. [Se] = 
A, if B = 0 and vice versa). When variables A or B are plotted against the hypotheti-
cal soil Se, the multiplicative and additive models resulted in very different patterns. 
The multiplicative model, which assumes variable interactions, resulted in a wedged 
shaped pattern with heteroscedastic variance, whereas the additive model, which 
assumes variable independence, resulted in a pattern with uniform change with 
homoscedastic variance (Fig. 1.2). These homoscedastic and heteroscedastic pat-
terns have been observed with field and broad scale datasets and could be indicative 
of interactions between predictor variables (Fig. 1.2, see also Shand et al. 2012). 
Therefore, suitable models must be selected in order to accurately describe the fac-
tors controlling soil Se concentrations.

Depending on the strength of direct or indirect effects of predictor variables on soil 
Se, confounding variables can lead to erroneous conclusions about the influence of 
other variables. For example, on a global scale, Jones et al. (2017) found an overall 
positive relationship between precipitation and soil Se, but this was driven by the effect 
of precipitation on soil organic carbon, clay, and pH which subsequently affected soil 
Se. When controlling for these confounding variables, it was found that precipitation 
had a negative effect on soil Se. Tools such as machine learning models and structural 
equation models are useful for teasing apart complex interactions between variables, 
which cannot be evaluated using linear regression (Jones et al. 2017).

Recently, several standardized, nation-wide soil geochemical analyses have been 
conducted (e.g. within China, Europe, the US, the UK (Zheng 1994; Rawlins et al. 
2012; Reimann et al. 2014; Smith et al. 2014; Martin et al. 2016)). These databases 
can be used to test hypotheses regarding processes that may control distributions of 
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trace elements in soils and to make predictions of trace elements in soils. 
Sophisticated statistical techniques for analyzing complex heterogeneous data col-
lected across multiple spatial and temporal scales are already available in other 
fields, such as community and landscape ecology. In such fields, analogous ques-
tions are investigated (i.e. what are the dominant gradients/processes governing the 
distribution of selected species and/or communities). These fields could thus serve 
as a valuable template for better understanding and predicting distributions of Se 
and other trace elements in soils. Furthermore, broad-scale spatial predictions have 
previously been established for trace elements such as arsenic (As) in groundwaters. 
Arsenic contaminations pose a major health threat to hundreds of millions of people 
worldwide (Winkel et al. 2008, 2011b) but in many areas around the world, possible 
occurrences of As contaminated groundwaters are still unrecognized/unknown. 
Therefore, maps have been created that identify untested areas that are likely vul-
nerable to As contamination of groundwater using broad-scale data of geology and 
soil variables (Amini et al. 2008; Lado et al. 2008; Winkel et al. 2008, 2011b; Yang 
et al. 2014). The same approach (Fig. 1.3) has also been used to predict soil Se dis-
tributions on a global scale (Jones et al. 2017).

Fig. 1.2  Soil Se concentrations as a function of hypothetical environmental gradients (a, b) and a 
measured gradient (i.e. soil organic carbon content) on continental (c) and field (d) scales. When 
predictor variables interact (e.g. under multiplicative scenarios), scatter plots of individual vari-
ables appear wedge shaped (a). Conversely, when predictor variables are independent (e.g., in 
additive scenarios), scatter plots of change uniformly (b). These patterns appear in continental 
(c, United States  (Smith et  al.  2014), Europe  (Rawlins et  al.  2012; Reimann et  al. 2014), and 
China (Zheng 1994); SOC data from (Gottschalk et al. 2012) and field (d Rothamsted, England) 
scale field experiments (Jones et al. 2017), which suggests that these patterns could be indicative 
of variable interactions
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1.5  �Predictions of Future Changes in Soil Se Distributions

As indicated above, climate parameters were found to play a major role in control-
ling the global distribution of Se in soils, in addition to soil properties (Jones et al. 
2017). Given future climate change, the magnitude of these variables is expected to 
change in the (near) future. For example, global soil organic carbon stocks are 
expected to increase (Gottschalk et al. 2012) suggesting an increased potential for 
Se accumulation in soils. Nevertheless, changes in precipitation across the land sur-
face are complex, with some areas getting drier and others wetter (Greve et  al. 
2014). These analyses suggest that soil Se concentrations will change in response to 
changing climate conditions, which could have an important effect on the Se status 
of crops. In order to project soil Se concentrations in the future, predictive models 
for soil Se can be established based on climate data (precipitation, evapotranspira-
tion, potential evapotranspiration) and soil organic carbon data assuming that the 
processes and mechanisms governing Se distributions today will remain unchanged 

Fig. 1.3  Schematic diagram of the different steps in analyzing interactions between soil Se con-
centrations and environmental variables and in developing broad-scale predictive models for soil 
Se concentrations. The example of soil Se data is from Smith et al. 2014
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in the future. Recently (Jones et  al. 2017), a future model (an average of three 
machine learning models) for global Se distribution in soils for 2080–2099 was 
established based on moderate climate change scenarios (RCP 6.0 for precipitation, 
aridity index, and evapotranspiration (Taylor et al. 2012) and ECHAM5-A1B for 
SOC (Gottschalk et al. 2012). This model indicated that average soil Se concentra-
tions are expected to drop from 0.331 ± 0.003 mg Se/kg in 1980–1999 to 0.316 ± 
0.002  mg Se/kg in 2080–2099. Areas with notable losses include croplands of 
Europe and India, pastures of China, southern South America, Southern Africa, and 
the southwestern United States (Jones et al. 2017). Many of the gradients estab-
lished by climate (e.g. precipitation, aridity, soil organic carbon) are likely to change 
more slowly (e.g. decennial time scale) compared to other time scales previously 
discussed. However, given the rapid changes in soil properties (e.g. soil organic 
carbon) following land use change, it is likely that Se levels in soils will change on 
time scales relevant to human health.

The ability to establish future models of changes in Se and other trace element 
concentrations in soils largely depends on the availability of future data that is pro-
jected for the same or comparable climate scenarios. Currently, future projections 
are not available on a global scale for pH, clay content, or for potential changes in 
Se source contributions (e.g. spatial changes in emission sources). Therefore, future 
work should focus on establishing future projections of these variables. Furthermore, 
the effect of atmospheric Se deposition on soil Se distributions is largely unknown 
and atmospheric Se transport models are currently not available. Therefore, addi-
tional research is needed to better understand the effect of atmospheric processes on 
Se distributions in soils.

1.6  �Outlook

Selenium deficiency still remains a public health concern (FAO 2001, EFSA 2014). 
Therefore it is critical to understand the biogeochemical pathways that govern Se 
cycling in the environment. Improved knowledge of the relative importance of 
changes in intermediate sources and reservoirs along spatial scales will help iden-
tify the most important factors governing soil Se concentrations. Present-day broad-
scale predictions of soil Se are essential to identify areas that may have elevated risk 
of over/under exposure to Se and to prioritize regions of geochemical testing. Such 
information will be extremely beneficial for poor rural communities that depend on 
local produce and are thus particularly vulnerable (Winkel et  al. 2011a). Future 
global projections of soil organic carbon stocks in soils indicate that these stocks are 
expected to change under influence of climate change in many areas. As many stud-
ies report significant relationships between Se and soil organic carbon concentra-
tions in soils, it is expected that Se levels (in addition to other trace elements) are 
likely to change as well.

Future projections of changes in  soil Se concentrations based on projected 
changes in soil organic carbon and other variables will be an important tool to 
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forecast such changes and pave the way for early measures to prevent potential 
health problems. Initial future predictions indicate potential losses of soil Se, which 
suggests that the nutritional quality of food will decrease, thereby increasing the 
worldwide risk of Se deficiency. Given the importance of climate-soil interactions 
in governing soil Se distributions, it is likely that other trace elements with similar 
control mechanisms will also experience losses (Jones et al. 2017). Although there 
is a clear link between soil Se concentrations and Se status of crops (FAO 2001), Se 
concentrations within edible plant material are not only controlled by total soil Se 
concentrations but are also a function of the bioavailability of soil Se and the effi-
ciency of uptake and distribution in plant tissues. Therefore, human risks cannot be 
assessed based on soil Se concentrations alone. However, when more information 
becomes available on the quantitative relationship between total soil Se, speciation 
and Se levels in food crops, a next generation of future predictions can be developed 
that indicate the human health risks related to Se availability in soils and crops.
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Chapter 2
Biochemistry of Plant Selenium Uptake 
and Metabolism

Zackary Guignardi and Michela Schiavon

Abstract  Selenium (Se) is a trace element indispensable for humans, animals and 
some microorganisms. For plants its essentiality has not yet been established, 
despite its responsibility for a number of beneficial effects in several plant species. 
Plants take up Se mainly as selenate and selenite, using root high-affinity membrane 
transporters that normally mediate the influx of sulfate and phosphate ions, respec-
tively. Once inside cells, Se can access the sulfur (S) assimilation pathway and be 
incorporated into the Se-amino acids Se-cysteine (SeCys) and Se-methionine 
(SeMet). Studies with transgenics showed that some enzymes working in this path-
way are rate limiting for Se uptake, tolerance and accumulation in plants. Selenium 
at high concentration is toxic for plants, both due to oxidative stress and because 
Se-amino acids are non-specifically incorporated into proteins, which lose their 
folding and function as a result. Therefore, plants have evolved different strategies 
to cope with Se toxicity. They usually involve the conversion of Se-amino acids into 
less harmful volatile compounds. Specifically, plants that do not accumulate Se at 
high levels produce dimethylselenide (DMSe) using SeMet as a precursor, while 
Se-hyperaccumulators, i.e. plants able to tolerate and accumulate significant 
amounts of Se in their tissues, generate dimethyldiselenide (DMDSe) starting from 
the amino acid SeCys. Selenium hyperaccumulators have additional mechanisms to 
prevent SeCys misincorporation into protein, like methylation of SeCys to meth-
ylselenocysteine (MeSeCys) via SeCys methyltransferase (SMT), and breaking 
down of SeCys into elemental Se and alanine. In this chapter we review the main 
mechanisms implied in Se acquisition, assimilation and detoxification in plants.

Keywords  Selenium • Assimilation • ATP sulfurylase • Selenoamino acids • 
Volatilization
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2.1  �Uptake and Translocation of Selenium

Plants take up Se primarily in two forms, either as selenate (SeO4
2−) or selenite 

(SeO3
2), but they have the capacity to take up organic Se compounds as well. 

However, plants are unable to take up elemental Se or metal selenide compounds 
(White and Broadley 2009). Selenate is the most common form of Se taken up by 
plants and is the predominant bioavailable form in alkaline and well-oxidized soils, 
while selenite is the main identifiable bioavailable form in anaerobic soils and wet-
lands (Mikkelsen et al. 1989; White et al. 2007; Fordyce 2012). Due to its chemical 
similarities to sulfur (S), Se in the form of selenate is transported throughout the 
plant via the sulfate transport system. Sulfate transporters were first characterized in 
Arabidopsis thaliana selenate-resistant mutants (Shibagaki et al. 2002) and can be 
clustered into 4 main groups. Group 1 includes high affinity sulfate transporters, 
SULTR1;1 and SULTR1;2, which are the best-characterized and primarily found in 
the roots (Buchner 2004). Group 2 transporters have a low affinity for sulfate, are 
found throughout the plant, and have a role in sulfate loading into the vascular sys-
tems, and thus in translocation. Two isoforms have been identified in A. thaliana, 
SULTR2:1 and SULTR2:2, both expressed in leaves and roots. AtSULTR2;1 local-
izes to the xylem parenchyma, as well as the phloem cells in leaves and pericycle 
cells in roots, while AtSULTR2;2 is found in the phloem cells in roots and the 
bundle sheath cells in leaves (Takahashi et al. 2000; Buchner 2004). Group 3 sulfate 
transporters are only found in leaves, and do not show responsiveness to the sulfur 
status of the plant (Buchner 2004). AtSULTR3;1 localizes to the chloroplasts, and 
loss of this transporter greatly reduced the sulfate uptake capacity of these organ-
elles (Cao et al. 2012). Group 4 includes sulfate transporters localized in tonoplasts. 
In A. thaliana, AtSULTR4;1 and AtSULTR4;2 have been characterized as low affin-
ity sulfate transporters playing a role in sulfate vacuolar efflux, which may make 
sulfate more available for export via the vasculature; thus, AtSULTR4;1 and 
AtSULTR4;2 have been implicated to contribute to root-shoot translocation and the 
delivery of sulfate to developing seeds (Zuber et al. 2010).

Selenate enters the roots through the high affinity sulfate transporters SULTR1;1 
and SULTR1;2, which are proton-sulfate symporters; for every molecule of selenate 
that enters the roots, 3 protons are also taken up (Lass and Ullrich-Eberius 1984; 
Hawkesford et al. 1993). The expression of SULTR1;1 and SULTR1;2 is controlled 
by the sulfur status of the plant. SULTR1;1 expression is lower and upregulated 
under S-deficient conditions, while SULTR1;2 is highly expressed under both 
S-sufficient and S-deficient conditions (White et al. 2007; El Kassis et al. 2007). 
Both SULTR1 transporters have the capacity to mediate selenate transport from the 
soil into the root cells, but there is unequal functional redundancy between these 
two transporters (Barberon et al. 2008). Arabidopsis thaliana sultr1;2 mutants dis-
played a higher tolerance to selenate compared to sultr1;1 mutants and wild-type 
plants, while sultr1;1-sultr1;2 double mutants exhibited the greatest tolerance to 
selenate (Barberon et al. 2008). This suggests that SULTR1;2 is the main portal for 
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selenate entry into the plant, compared to SULTR1;1. SULTR1;2 shares 70% amino 
acid homology with other high-affinity plant sulfate transporters, and is localized in 
the root hairs as well as the root epidermis and cortex (Yoshimoto 2002). 
AtSULTR1;2 was found to complement the function of two yeast sulfate transport-
ers located in the plasma membrane (Yoshimoto 2002).

Recent research suggests that SULTR1 homologs found in Se hyperaccumulator 
species may have a preference for selenate transport over sulfate, which may explain 
the high Se/S ratio and Se hyperaccumulator status of these plants (White 2015). 
SULTR1 sequences isolated from several hyperaccumulator species in the genus 
Astragalus (Fabaceae) contain an alanine residue instead of the glycine found in 
SULTR1 isoforms of non-accumulating angiosperms, which may play a role in the 
preferential uptake of selenate over sulfate reported in these species (White 2015; 
Cabannes et al. 2011).

While the high-affinity sulfate transporters are responsible for the transport of 
selenate into the plant, selenite is taken up through a separate pathway. It is believed 
that selenite uptake is mediated by root phosphate transporters. Studies in perennial 
ryegrass (Lolium perenne L. cv. Evening Shade) and strawberry clover (Trifolium 
fragiferrum L. cv. O’Conner) showed that selenite uptake was reduced by up to 50% 
in response to a 10-fold increase in phosphate treatment (Hopper and Parker 1999). 
Another study has shown that the Km of selenite influx increased in the presence of 
phosphate in wheat (Triticum aestivum) (Li et al. 2008). These results indicate the 
existence of competition for uptake between selenite and phosphate, suggesting the 
two molecules share a common transporter, as has been reported for yeast (Lazard 
et al. 2010).

Plants also have the capacity to take up organic forms of Se via amino acid per-
meases, which are plasma membrane-localized transporters mediating the uptake of 
amino acids in the cell. Two common forms of organic Se are selenocysteine 
(SeCys) and selenomethionine (SeMet). Normally, these products are formed from 
inorganic pools of Se through the S assimilation pathway, but there is evidence that 
plants can take up organic selenocompounds directly. Studies in durum wheat 
(Triticum turgidum) and spring canola (Brassica napus) showed that organic forms 
of Se, specifically selenomethionine and selenocystine, were taken up at rates over 
20-fold higher than selenate or selenite (Zayed et al. 1998; Kikkert and Berkelaar 
2013). A broad specificity amino acid permease isolated from A. thaliana comple-
mented proline uptake in yeast mutant strains, with the strongest competitors for 
proline uptake being cysteine and methionine (Frommer et al. 1993). It is conceiv-
able that selenocysteine and selenomethionine are taken up by this amino acid trans-
porter as well.

2  Biochemistry of Plant Selenium Uptake and Metabolism
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2.2  �Conversion of Inorganic Selenium into Organic Forms: 
The First Steps of Selenium Assimilation

After uptake into the roots, selenate needs to be converted into a biologically active 
form for assimilation into the plant (Fig. 2.1). This is carried out by the enzyme ATP 
sulfurylase, which couples selenate (or sulfate) to ATP, forming adenosine 5′-phos-
phoselenate (APSe) or adenosine 5′-phosphosulfate (APS) (Leustek 1994; Pilon-
Smits and Le Duc 2009; Schiavon et al. 2015). This step, which was found to be rate 
limiting in Se assimilation (Pilon-Smits and Le Duc 2009) occurs in both the cytosol 
and plastids (White et al. 2007; Pilon-Smits and Le Duc 2009; Pilon-Smits 2012). 
First characterized during studies of S assimilation, ATP sulfurylase was found to be 
derepressed by a selenate concentration 1/10th that of sulfate, indicating it is respon-
sible for the assimilation of both molecules (Reuveny 1977). There have been 4 
isoforms of ATP sulfurylase identified in A. thaliana (APS1–4), all localizing to the 
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Fig. 2.1  Schematic model of Se assimilation and metabolism in plant mesophyll cells. Red text 
and arrows indicate Se hyperaccumulator processes. Asterisks indicate enzymes overexpressed via 
genetic engineering. Sultr sulfate/selenate cotransporters, APSe adenosine phosphoselenate, GSH 
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plastids of cells (Anjum et al. 2015), but A. thaliana APS2 was found to have dual 
localization to both the plastids and cytosol (Bohrer et al. 2015). ATP sulfurylase 
has been a target for genetic engineering of plants with higher Se uptake capacity, 
with the aim of developing plants for use in phytoremediation. Transgenic Indian 
mustard (Brassica juncea) overexpressing APS1 from A. thaliana showed increased 
selenate reduction, with roots and shoots containing mostly organic Se compounds 
compared to wild-type plants which mostly accumulated selenate (Pilon-Smits 
et al. 1999). Greenhouse experiments conducted with B. juncea APS transgenics 
grown on naturally seleniferous soils demonstrated that these plants accumulated Se 
up to 3-fold higher than wild type plants (Van Huysen et al. 2004). Field experi-
ments in California on Se-contaminated soil confirmed these findings, with APS 
transgenics accumulating 4-fold more Se than wild type plants (Bañuelos et al. 2005).

APSe is converted to selenite by the activity of APS reductase (APR). This reac-
tion happens exclusively in the plastids. APR is an essential enzyme and is reported 
to be another rate-limiting step in selenate assimilation (Setya et  al. 1996; Suter 
et al. 2000; Sors et al. 2005a, b). The reaction equilibrium of ATP sulfurylase favors 
the reverse direction, and so the products of this reaction need to be converted rap-
idly in order for assimilation to proceed (Sors et al. 2005a, b; Saito 2004). While 
native expression of APR in several Astragalus species was not found to correlate 
with Se hyperaccumulation, transgenic experiments have shown that overexpres-
sion of APR enhances selenate reduction into organic forms, thus suggesting a role 
for this enzyme in selenate assimilation (Sors et al. 2005a, b). APR’s role in the Se 
assimilation pathway is also supported by the fact that increased activity of this 
enzyme contributed to increased Se flux through the plant (Sors et al. 2005a, b). 
Apr2–1 Arabidopsis mutants showed enhanced levels of selenate, but decreased lev-
els of selenite, implicating APR2  in converting APSe into selenite (Grant et  al. 
2011). These mutants also had decreased selenate tolerance due to decreased levels 
of glutathione, which helps to prevent the formation of damaging superoxides in the 
cell (Grant et al. 2011).

The next step in the Se assimilation pathway is the reduction of selenite to sele-
nide, for incorporation into organic molecules such as amino acids. The conversion 
of selenite into selenide may occur either enzymatically or non-enzymatically. 
Sulfite reductase (SiR) is responsible for the conversion of sulfite to sulfide during 
reductive sulfate assimilation (Yarmolinsky et al. 2012), so it is not out of the ques-
tion for the same enzyme to catalyze the reduction of selenite (Pilon-Smits 2012; 
White 2015). There is a single copy of the gene coding for SiR in A. thaliana (Khan 
et al. 2010), and it has been found to localize to plastids (Bork et al. 1998). The 
conversion to selenide may also occur non-enzymatically through an interaction 
between selenite and reduced glutathione (GSH) (Anderson and Mcmahon 2001; 
Terry et al. 2007; Pilon-Smits 2012). This conversion takes place in multiple steps, 
with selenite first converted to the organic molecule GSSeSG non-enzymatically, 
which is then converted to GSSeH and finally to selenide through the action of glu-
tathione reductase (GR) using NADPH as a reductant (Hsieh and Ganther 1975). In 
support of a GR role in Se assimilation, yeast glutathione was shown to reduce sel-
enite to selenide (Hsieh and Ganther 1975). Thus, while the reduction of selenite 
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may be non-enzymatic, the regeneration of reduced glutathione is mediated by the 
enzyme GR.  It belongs to the oxidoreductase family of proteins, which require 
NADP+ or NAD+ to transfer electrons from one molecule to another (Price and 
Stevens 1999). Glutathione reductase is responsible for converting glutathione from 
its oxidized state back to its reduced form, which is essential in numerous cellular 
processes such as combating oxidative stress, promoting enzyme stability, and the 
regulation of cell metabolism (Jocelyn 1972; Williams 1976). In plants, this enzyme 
is active in chloroplasts and cytosol (Foyer and Halliwell 1976). The reduction of 
oxidized glutathione by GR in chloroplasts has been reported to be coupled to pho-
tosynthetic electron transport (Jablonski and Anderson 1978; Schaedle and Bassham 
1977) and may suggest that the reduction of selenite to selenide occurs in the chlo-
roplasts as part of a light-dependent reaction (Ng and Anderson 1979).

Selenium toxicity in plants can be attributed to many factors, including oxidative 
stress, but the main cause is considered to be the misincorporation of selenoamino 
acids into proteins (Pilon-Smits 2012). Selenium can replace sulfur in the amino 
acids cysteine (Cys) and methionine (Met) to produce selenocysteine (SeCys) and 
selenomethionine (SeMet). The prevention of incorporating these selenoamino 
acids into proteins is a key feature of Se hyperaccumulator species, and is instru-
mental for their high Se tolerance (Brown and Shrift 1982).

2.3  �Formation and Processing of Seleno-Amino Acids: 
Mechanisms of Preventing Selenium Toxicity

The first step in the formation of selenoamino acids is carried out by the enzyme 
complex Cysteine synthase (CS), which catalyzes the formation of SeCys from 
O-acetylserine (OAS) and selenide (White 2015; Pilon-Smits 2012). This process 
occurs in the chloroplasts of cells, but also in the cytosol and mitochondria (Ng and 
Anderson 1979; Wirtz et  al. 2001). During + assimilation, Cys is formed by the 
reaction between OAS and hydrogen sulfide (Giovanelli 1990). Selenocysteine for-
mation is identical to this reaction, with the substitution of hydrogen selenide as a 
reactant. Cysteine synthase is a complex formed by the association of two enzymes, 
serine acetyltransferase (SAT) and OAS thiol-lyase (OAS-TL) (Bogdanova and 
Hell 1997). SeCys can be incorporated into proteins nonspecifically, which can lead 
to disruption of protein function and thus Se toxicity (Stadtman 1990; Neuhierl and 
Bock 1996; Van Huysen et al. 2003). The prevention of non-specific incorporation 
of SeCys into proteins is crucial in preventing Se toxicity. The methylation of SeCys 
to form methyl-SeCys (MeSeCys) is a key mechanism used by hyperaccumulator 
species to reduce the amount of SeCys available for incorporation into proteins 
(Pilon-Smits and Le Duc 2009). The enzyme SeCys methyltransferase (SMT) is 
responsible for this conversion (Neuhierl and Bock 1996). SMT is homologous to 
other enzymes with similar functions, such as YagD in Escherichia coli, a 
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homocysteine methyltransferase (HMT) able to methylate both SeCys and homo-
cysteine, and belongs to a class of methyltransferases involved in the metabolism of 
S-methylmethionine (Neuhierl et  al. 1999; Sors et  al. 2005a, b). SMT was also 
found to be highly homologous to HMTs isolated from A. thaliana and Oryza sativa 
(Sors et al. 2005a, b), and is localized in the chloroplasts (Sors et al. 2009). SMT 
also shows a preference for the methylation of SeCys over Cys by at least 3 orders 
of magnitude (Neuhierl and Bock 1996), further solidifying its role in conferring Se 
tolerance to plants (Neuhierl et al. 1999). SMT has been identified in multiple non-
accumulator and Se hyperaccumulator species of Astragalus but only the isoform 
from the hyperaccumulators had the ability to produce MeSeCys, indicating its 
essential role in the ability to tolerate and accumulate high levels of Se (Sors et al. 
2009). In fact, the main form of Se found in the hyperaccumulators A. bisulcatus 
and Stanleya pinnata is MeSeCys, due to the high activity of the SMT enzyme 
(Neuhierl et al. 1999; Birringer et al. 2002; Pickering 2003; Sors et al. 2005a, b; 
Freeman 2006, 2010; Lindblom et al. 2013; Alford et al. 2014; White 2015), while 
selenate was the major Se compound found in related non-accumulator species (de 
Souza et al. 1998; Freeman 2006; Pilon-Smits 2012). Although SMT is found to be 
highly expressed specifically in hyperaccumulators (Sors et  al. 2009), some Se 
accumulator species, such as Brassica oleracea (Broccoli) also have an SMT 
enzyme, but it is expressed only in the presence of Se (Lyi et al. 2007; Pilon-Smits 
2012). SMT has been used in transgenic studies to confer increased Se accumula-
tion and tolerance in non-accumulating species. SMT isolated from A. bisulcatus 
induced the accumulation of MeSeCys and γ-glutamyl-MeSeCys in A. thaliana, 
and increased Se accumulation and volatilization in B. juncea (Leduc et al. 2006; 
Ellis et al. 2004).

While the production of MeSeCys is critical to Se tolerance in plants, further 
processing of this molecule into volatile compounds serves as another mechanism 
by which plants tolerate high levels of Se. The volatile compound dimethyldisele-
nide (DMDSe) is formed by oxidation and methylation of MeSeCys (Meija et al. 
2002; Sors et al. 2005a, b). First, MeSeCys is converted to methylselenocysteinesel-
enideoxide (MeSeCysSeO), whose sulfur analog methylcysteinesulfoxide 
(MeCysSO) is responsible for many Brassica varieties’ characteristic flavors (Chin 
and Lindsay 1994). This compound is then converted to another key intermediate 
methaneselenol (CH3SeH) via the action of the enzyme Cys sulfoxide lyase (Chin 
and Lindsay 1994; Griffiths et al. 2002; Ellis and Salt 2003). DMDSe production 
occurs in the leaves, and has been detected in the Se hyperaccumulator Astragalus 
racemosus (Evans et al. 1968). Volatile Se compounds have been hypothesized to 
aid in defense against herbivory. This is supported not only by the fact that the pro-
duction of these volatiles occurs in the leaves, but that it also occurs primarily after 
tissue injury (Ellis and Salt 2003).

The formation of SeMet occurs through the enzymatic conversion of SeCys. 
There are multiple steps involved in the synthesis of SeMet, which include potential 
targets for transgenic phytoremediation efforts. First, SeCys is converted to 
Se-cystathionine by the enzyme cystathionine-γ-synthase (CGS) (Pilon-Smits 
2012). CGS catalyzes the formation of Se-cystathionine via the condensation of 
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O-phosphohomoserine (OPH) and SeCys (Van Huysen et al. 2013; Sors et al. 2005a, 
b). CGS was shown to be a rate-limiting enzyme in the conversion of SeCys to vola-
tile DMSe (Van Huysen et al. 2003). Transgenic B. juncea overexpressing CGS had 
2–3 fold higher Se volatilization rates and concurrent 20–40% lower shoot and 
50–70% lower root Se levels compared to wild type plants, highlighting the value of 
this approach for applications in Se phytoremediation (Van Huysen et  al. 2003, 
2004). Se-cystathionine is converted to Se-homocysteine via a reaction between 
Se-cystathionine and water, mediated by the enzyme cystathionine beta-lyase. This 
enzyme is shared in both the Se and S assimilation pathways, evidenced by the fact 
that cystathionine beta-lyase isolated from both Se hyperaccumulator and non-
accumulator plant species had the capacity to cleave both Se-cystathionine and cys-
tathionine into Se-homocysteine and homocysteine, respectively (Sors et al. 2005a, 
b; McCluskey et al. 1986). Finally, the conversion of Se-homocysteine to SeMet is 
catalyzed by the enzyme Met synthase. Met synthase has been isolated from plants 
from various angiosperm taxa, including A. thaliana, Catharanthus roseus, and 
Coleus blumei (Eichel et al. 1995; Petersen et al. 1995; Ravanel et al. 1998). Using 
methyl-tetrahydrofolate as a carbon donor, Met synthase catalyzes the conversion of 
Se-homocysteine to SeMet (Cossins and Chen 1997).

Like SeCys, SeMet is subject to further processing steps that reduce its incorpo-
ration into proteins. The volatile Se compound DMSe is synthesized via the S vola-
tilization pathway starting from SeMet (Tagmount 2002). Enzymes involved in the 
S volatilization pathway and formation of dimethyl sulfide (DMS) have also been 
discovered to be involved in the production of DMSe (Terry and Zayed 1994; 
Tagmount 2002). The production of DMSe in plants is important not only as a 
defense against herbivores, but it also diverts large pools of potentially toxic SeMet 
to the significantly less toxic DMSe. DMSe was found to be almost 600 times less 
toxic than inorganic Se compounds (McConnell and Portman 1952; Wilber 1980). 
DMSe is the main volatile Se compound isolated from non-accumulator plant spe-
cies, while DMDSe is primarily produced in hyperaccumulators (Pilon-Smits and 
Le Duc 2009). The first step in the synthesis of DMSe is the methylation of SeMet 
to form Se-methyl Se-Met (SeMM) by the enzyme S-adenosyl-L-Met:Met-S-
methyltransferase (MMT) (Tagmount 2002). SeMM can be converted to DMSe by 
one of two pathways. SeMM may first be converted to the intermediate molecule 
3-dimethylselenoniopropionate (DMSeP) (Kocsis 1998). The sulfur analog DMSP 
is a biologically important molecule, playing important roles in osmoprotection of 
plants and bacteria (Mason and Blunden 1989; Hanson et al. 1994; Kocsis 1998). 
The synthesis of DMSP has been detected in members of the family Poaceae, such 
as Spartina alterniflora (Kocsis 1998), as well as members of the Asteraceae includ-
ing Melanthera biflora (syn. = Wollastonia biflora) (Hanson et al. 1994; James et al. 
1995) and Ratibida pinnata (Paquet et al. 1995). The synthesis of DMSe may also 
proceed directly from SeMM via the enzyme methylmethionine hydrolase (Mudd 
and Datko 1990; Meija et al. 2002; Ellis and Salt 2003).

Aside from volatilization, plants have another mechanism to help prevent Se 
toxicity. Selenocysteine lyase (SL) is an enzyme that breaks down SeCys into ele-
mental Se and alanine, reducing the amount of free SeCys available for 
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misincorporation into proteins (Van Hoewyk et al. 2005). Selenocysteine lyases are 
analogous to NifS-like Cys desulfurase proteins characterized in Arabidopsis (Ye 
et al. 2005), whose main role is to generate free S from Cys for the formation of FeS 
clusters (Pilon-Smits et al. 2002). There are two isoforms of SeCys lyase found in 
plants, with different subcellular localization patterns; one isoform localizes to the 
cytosol (Kushnir et  al. 2001), and the other to mitochondria and plastids (Pilon-
Smits et  al. 2002). Overexpression of a chloroplast-localizing NifS protein from 
Arabidopsis (AtCpNifS) was found to increase Se tolerance by 1.9-fold and 
increased Se accumulation by 2.2-fold (Van Hoewyk 2013). Similarly, expression 
of a mouse SL caused a 2-fold reduction in Se incorporation into proteins and a 1.5-
fold increase in shoot Se concentration in Arabidopsis (Pilon et al. 2003), as well as 
a 2-fold increase in Se accumulation in Indian mustard in both lab (Garifullina et al. 
2003) and field (Bañuelos et al. 2007) studies. Selenocysteine lyases not only help 
to reduce Se toxicity in plants, but also appear to be promising enzymes to exploit 
for phytoremediation purposes.

The mechanisms by which plants accumulate, assimilate, and tolerate Se mirror 
aspects of the S assimilation pathway, but the roles these two elements play in the 
plant are very different. By better understanding the pathways of Se assimilation, 
new approaches to developing plants for phytoremediation and biofortification can 
be exploited, and mechanisms that hyperaccumulator species exploit in their uptake 
and assimilation of Se can be further elucidated.
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Chapter 3
Molecular Mechanisms of Selenium Responses 
and Resistance in Plants

Masanori Tamaoki and Akiko Maruyama-Nakashita

Abstract  Selenium (Se) is an essential nutrient for many organisms but is toxic at 
high levels. A better understanding of plant responses to Se is important to optimize 
the use of plants in alleviating dietary Se deficiency or for the cleanup of Se-polluted 
areas. Genetic analysis among accessions of Arabidopsis thaliana showed that sev-
eral genes involved in sulfur (S) assimilation may be responsible for the differences 
in Se resistance and accumulation, and resistance to selenite and selenate may be 
regulated by different genes. Molecular and biochemical studies of non-accumulator 
plants revealed that defense responses mediated by phytohormones (such as ethylene, 
jasmonic acid, and salicylic acid) play an important role in acquiring Se resistance 
and accumulation. Production of these phytohormones is enhanced via signal 
pathways of reactive oxygen species (ROS), and the signal pathways of phytohor-
mones act in a cooperative or antagonistic manner to induce stress and S-uptake and 
S-metabolic genes. In this chapter, the contribution of ROS and phytohormone sig-
naling in the acquisition of Se resistance and accumulation in Se hyper-accumulator 
plants was discussed, and the application of Se-responsive genes to generate trans-
genic plants that can detect Se in the environment was also introduced.
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3.1  �Introduction

Selenium (Se) is a naturally occurring element commonly found in sedimentary 
rocks formed during the Carboniferous to Quaternary periods. Selenate, the most 
common soluble form of Se in soil, leaches into shallow groundwater when Se-rich 
soils are irrigated (Wilber 1980; McNeal et al. 1989). In addition, selenite is a com-
mon contaminant in oil-refinery wastewater (Hansen et al. 1998). The accumulation 
of Se at a higher level in surface water or soil can be toxic for livestock, humans, and 
wild organisms, including higher plants (Terry et  al. 2000; Hamilton 2004; Hira 
et al. 2004). Selenium is chemically similar to sulfur (S), and hence, its metabolic 
pathways could be similar to those of S. Thus, plants can take up Se as selenate non-
specifically via sulfate transporters, and assimilate it to the cysteine (Cys) and 
methionine (Met) analogs seleno-Cys (SeCys) and seleno-Met, respectively 
(Läuchli 1993; Terry et al. 2000; Sors et al. 2005). Non-specific replacement of the 
two essential S amino acids Cys and Met in proteins by the Se analogs is toxic, as 
they inhibit the formation of S bridges and/or affect protein synthesis (Eustice et al. 
1981; Stadtman 1990; Gromer and Gross 2002). For these reasons, much of the 
research on plant Se resistance has investigated Se interactions in S metabolism. 
However, recent studies have shown that Se-induced defense responses, which 
resemble the hypersensitive response observed in plants treated with biotic or abi-
otic stresses (Tamaoki 2008; Denance et al. 2013), play important roles in Se resis-
tance not only in non-accumulator but also in hyper-accumulator plants (Tamaoki 
et al. 2008a, b; Freeman et al. 2010).

In this chapter, recent advances in the acquisition of Se resistance in plants are 
presented and discussed from a perspective of defense responses such as biosynthe-
sis and signaling of phytohormones, the role of phytohormones in plant responses 
to Se, and multiple interactions between the phytohormones in Se-treated plants. In 
addition, applications are discussed of the knowledge of Se-responsive genes to 
develop an in vivo system for monitoring Se in the environment.

3.2  �Genetic Analysis of Se Resistance in Non-accumulator 
Plants

Recently, Se toxicity and resistance mechanisms in non-accumulator plants were 
investigated by comparisons of genetic, physiological, and molecular responses to 
Se in relatively Se-resistant Arabidopsis thaliana accessions with those in non-
resistant accessions. Three quantitative trait loci (QTL), which co-segregated with 
higher selenate resistance, were identified using a population of recombinant inbred 
lines prepared from A. thaliana accession Columbia (Col) (selenate resistant) com-
pared with accession Landsberg (Ler) (selenate sensitive) (Zhang et  al. 2006a). 
Among them, the QTL on chromosome 3 may have the potential for selenate resis-
tance function because several genes involved in S assimilation are located in the 
region. The following four genes are present: (1) ATPS1, encoding the main 
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(chloroplast) form of ATP sulfurylase; (2) SERAT, encoding the chloroplast form of 
serine-O-acetyl-transferase; (3) HMT1, an ortholog of the SeCys methyltransferase 
gene in Se hyper-accumulator Astragalus species; and (4) a predicted Se-binding 
protein (SBP); these could be candidates for the acquisition of selenate resistance 
(Neuhierl et al. 1999). However, gene expression analysis showed no evidence for 
the involvement of ATPS1 (At3g22890), SERAT (At1g55920), and SMT/HMT2 
(At3g63250) in the acquisition of Se resistance in Col because no difference in 
transcript levels was found between selenate-treated Col and Ler (Zhang et  al. 
2006b). Another genetic and physiologic study using a different combination of 
A. thaliana accessions provided insight into selenite resistance and accumulation 
mechanisms in this species. Arabidopsis accessions grown with different concentrations 
of selenite demonstrated that Wassilewskija (Ws) is more susceptible to selenite 
than Col (Fig. 3.1) (Zhang et al. 2006b; Tamaoki et al. 2008a, b). A QTL analysis 
using F2 population that was prepared from a cross between Ws and Col indicated 
that a selenite-resistance gene is located on chromosome 4 and that the resistance 
allele may inherit in a recessive manner (Zhang et al. 2006b). From all of the above-
mentioned studies, selenate- and selenite-resistance in Arabidopsis species appear 
to be controlled, at least in part, by different loci. In addition, selenate-sensitive 
accessions Ler accumulate more Se than selenate-resistant accession Col (Zhang 
et  al. 2006b). Although this may support the existence of negative correlation 
between Se-resistance and -accumulation in non-accumulator plants, such correla-
tion was not observed from a comprehensive study using 19 Arabidopsis accessions 
by Zhang et al. (2007). Further studies are necessary to understand the correlation 
between Se-resistance and Se-accumulation in non-accumulator plants. Alternatively, 

Fig. 3.1  Difference 
between Arabidopsis 
accessions in root growth 
inhibition by selenite 
treatment. Arabidopsis 
accessions Col-0 (selenite 
resistant) and Ws-2 
(selenite sensitive) were 
vertically grown on 15 μM 
selenite for a week. The 
arrowhead indicates the 
position of seeds. 
Horizontal lines represent 
average root length in each 
accession
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studies of fine mapping of recombinant inbred lines or F2 population are also needed 
to identify genes involved in Se resistance in this non-accumulator species.

3.3  �Genomic and Biochemical Analysis of Se Resistance 
in Non-accumulator Plants

Comprehensive analysis of Se-responsive genes in the non-accumulator species A. 
thaliana showed evidence of the involvement of defense-related phytohormones in 
the acquisition of Se resistance in plants. Indeed, a transcriptome study carried out 
to identify selenate-responsive genes revealed that selenate treatment induced 
expression of many ethylene- and/or jasmonic acid (JA)-responsive genes (Van 
Hoewyk et  al. 2008). Moreover, induction of many of these ethylene- and/or 
JA-responsive genes was also observed in selenite-treated plants by comprehensive 
gene expression analysis (Tamaoki et  al. 2008a). In fact, induction of ethylene 
response factor 1 (ERF1, At3g23240), pathogenesis-related 4 (PR4, At3g04720), 
plant defensin 1.2 (PDF1.2, At5g44420), vegetative storage protein 1 (VSP1, 
At5g24780), proteinase inhibitor 2 (PIN2, At2g02100), and JA-responsive gene 
(JR, At3g16470), which are responsive to ethylene and/or JA, was observed in 
Se-treated plants (Tamaoki et al. 2008a, b; Van Hoewyk et al. 2008). Moreover, Se 
treatment induced the genes encoding the key enzymes in ethylene biosynthesis 
(Zarembinski and Theologis 1994), S-adenosyl-Met synthase (SAM, At1g02500) 
and 1-aminocyclopropane-1-carboxylate synthase 6 (ACS6, At4g11280), as well as 
lipoxygenase 2 (LOX2, At3g45140) and allene oxide synthase (AOS, At5g42650) 
genes, which encode key enzymes in JA biosynthesis (Stenzel et al. 2004; Tamaoki 
et al. 2008a). Selenium regulation of these genes was confirmed using transgenic 
AOS promoter::GUS, PDF1.2 promoter::GUS and ACS8 promoter::GUS plants, in 
which GUS activities were only detected in leaves or roots of selenite-treated plants 
(Tamaoki et al. 2008b; Lehotai et al. 2012). All these results suggest that Se treat-
ment triggers ethylene and JA production and responses. It is noteworthy that 
enhancement of ethylene generation and JA accumulation with selenite treatment 
was more pronounced in the selenite-resistant accession Col-0 than in selenite-
sensitive accession Ws-2 (Tamaoki et al. 2008a). This indicates that ethylene and JA 
may play important roles in the acquisition of Se resistance in non-accumulator 
plants. The importance of ethylene and JA for Se resistance in non-accumulator 
plants was further investigated using mutants impaired in the biosynthesis or signal-
ing of these phytohormones in the Se-resistant accession Col-0 background: acs6 
(lacking ethylene owing to the mutation of the biosynthetic ACS6 gene), ein2 (com-
pletely lacking ethylene signaling) (Guzmán and Ecker 1990), and jar1 (lacking 
active form of JA) (Staswick et al. 1992). These mutants were more sensitive to 
selenite and selenate than the wild-type mutant Col-0 (Tamaoki et al. 2008a; Van 
Hoewyk et al. 2008). Conversely, an experiment to determine whether the selenite 
resistance of the sensitive accession Ws-2 is limited by its lower ethylene generation 
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or JA accumulation showed that supply of 1-aminocyclopropane-1-carboxylic acid 
(ACC, precursor of ethylene) or MeJA enhanced selenite resistance in Ws-2 
(Tamaoki et al. 2008a). These results further suggest that ethylene and JA play an 
important role in Se resistance in plants.

In selenite-treated A. thaliana, accumulation of another defense-related phyto-
hormone, salicylic acid (SA), was also observed (Tamaoki et al. 2008a). SA is a 
major phenylpropanoid compound, whose biosynthesis is triggered by various 
biotic and abiotic stresses (Durner et al. 1997; Yalpani et al. 1994; Overmyer et al. 
2003; Tamaoki 2008a). Isochorismate synthase 1 (ICS1) encodes a rate-limiting 
enzyme of SA biosynthetic pathway in A. thaliana (Wildermuth et  al. 2001). 
Selenite induced both accumulation of SA as well as ICS1 expression, in both 
Se-resistance accession Col-0 and Se-sensitive accession Ws-2 (Tamaoki et  al. 
2008a). However, mutants deficient in SA production (sid2) (Wildermuth et  al. 
2001) or signaling (npr1) (Cao et al. 1997) showed no difference in selenite resis-
tance in comparison with their wild-type, Col-0, and treatment with SA increased 
selenite susceptibility in a Se-resistant A. thaliana accession, Col-0 (Tamaoki et al. 
2008a). In contrast to the function of ethylene and JA, these results suggest that SA 
accumulation suppresses the acquisition of Se resistance in plants rather than 
enhancing it. The underlying mechanism of the negative effect of SA on Se resis-
tance is still unclear, but one possible explanation is crosstalk among ethylene, JA, 
and SA signaling pathways. Indeed, many studies have shown that these phytohor-
mones act in a mutually antagonistic or coordinated manner in plants exposed to 
biotic or abiotic stresses. Several recent genetic studies provide evidence for an 
antagonistic effect of SA on JA signaling in A. thaliana. For instance, the eds4 and 
pad4 mutants, which are impaired in SA accumulation, exhibit enhanced responses 
to inducers of JA-dependent gene expression (Clarke et al. 2000; Gupta et al. 2000; 
Lorenzo and Solano 2005). Conversely, characterization of three JA-signaling 
mutants, mitogen-activated protein kinase4 (mpk4), suppressor of SA insensitivity2 
(ssi2) and coronatine insensitive1 (coi1), provided genetic evidence that JA signal-
ing also negatively regulates the expression of SA-mediated defenses in A. thaliana 
(Petersen et  al. 2000; Kachroo et  al. 2001; Kloek et  al. 2001). Similarly, SA is 
known to inhibit the activity of the last step in the ethylene biosynthesis pathway, 
ACC oxidase (Leslie and Romani 1988), and inhibition of the SA pathway with 
ethylene signaling was also demonstrated using ethylene insensitive mutant or tran-
scriptome analysis (Lawton et al. 1994; Tamaoki et al. 2003). Together, the observed 
increased Se sensitivity in the presence of SA might act through inhibition of ethyl-
ene- and/or JA-signaling pathways. In addition to ethylene, JA, and SA, other phy-
tohormones such as abscisic acid (ABA), auxins, brassinosteroids, cytokinins 
(CKs), and gibberellins have been shown to affect defense signaling; however, their 
roles in plant defense, including Se resistance, are not characterized sufficiently 
(Pieterse et al. 2009; Kazan and Lyons 2014). Involvement of auxins and CKs in the 
acquisition of Se resistance has been discussed in part in the section below.

As described above, ethylene and JA may play important roles in Se resistance in 
A. thaliana. In general, production of defense-related phytohoromones, such as eth-
ylene and JA, is often preceded by the generation of reactive oxygen species (ROS) 
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(Dong 1998; Overmyer et al. 2003; Tamaoki 2008). In the case of Se, ROS accumu-
lation was also detected in both non-accumulator and Se hyper-accumulator plants 
(Gomes-Jr et al. 2007; Tamaoki et al. 2008a; Freeman et al. 2010). Interestingly, 
selenite-inducible ROS production was more pronounced in Se-resistant accession 
Col-0 than in Se-sensitive accession Ws-2 (Tamaoki et al. 2008a), suggesting that 
ROS generation has potential to provide Se resistance in non-accumulator plants. 
However, very high levels of ROS production decreased Se resistance in plants. 
Such plants showed signs of high levels of SA production, which may have attenu-
ated ethylene and/or JA function, as described above. Thus, optimal levels of ROS 
production appear to be necessary for the acquisition of Se resistance in non-
accumulator plants. Although the source of ROS in Se-treated plants is still unclear, 
it is expected to be triggered by cytosolic calcium as discussed in more detail below.

3.4  �An Overview of Se Responses Contributing to Se 
Resistance in Non-Accumulator Plants 
Through the “Stress Pathway”

A simple model for Se resistance in non-accumulator plants, designated as “stress 
pathway,” is proposed based on the studies described in the previous section 
(Fig. 3.2). According to the model, selenate or selenite is absorbed from soil through 
sulfate or phosphate transporters and induce ROS generation in the plant. The 
Se-induced ROS mimics an oxidative burst in plant cells, and the perception of this 
change triggers a wide array of signaling cascades similar to those induced by biotic 
or abiotic stresses. In parallel, an increase in cytosolic calcium concentration is also 
expected in these plants, as many genes related to calcium signaling, such as a cal-
cium transporter (At5g26220), calmodulin-related proteins (At1g76640, At1g76650 
and At2g26530), and a calcium-binding protein (At4g27280), were identified in the 
transcriptome analysis of selenate-treated A. thaliana (Van Hoewyk et  al. 2008). 
Changes in the concentration of free cytosolic calcium may directly enhance 
NADPH oxidase activity, which is known to generate ROS, or it may phosphorylate 
one of the subunits of NADPH oxidase because this enzyme has an N-terminal 
sequence with two calcium-binding EF-hand motifs (Keller et al. 1998; Torres et al. 
1998). NADPH-dependent ROS generation activates the production of ethylene, JA, 
and SA. Ethylene signaling up-regulates stress-responsive genes and JA signaling 
up-regulates both stress-responsive and S-uptake/metabolism genes (Lorenzo et al. 
2005; Sasaki-Sekimoto et al. 2005). Up-regulation of S-uptake/metabolism genes 
by JA is quite important for the acquisition of Se resistance. Several transgenic 
plants with enhanced Se accumulation and resistance have already been generated 
through overexpression of genes involved in S/Se assimilation and volatilization. 
For instance, overexpression of the ATPS1 gene in Brassica juncea (Indian mustard) 
enhanced Se accumulation two to threefold relative to the wild-type, and the plants 
also had enhanced selenate resistance (Pilon-Smits et al. 1999). Over-production of 
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SeCys methyltransferase from hyper-accumulator Astragalus bisulcatus in A. thali-
ana and Indian mustard enhanced Se resistance and Se volatilization (Ellis et al. 
2004; LeDec et al. 2004). Higher S levels in plants likely help prevent incorporation 
of Se into S compounds, particularly proteins. Moreover, higher levels of the 
reduced S compound glutathione (GSH) may help alleviate Se-induced oxidative 
stress. Thus, JA likely plays an important role in Se resistance through the up-regu-
lation of S metabolism genes.

In contrast to JA, the contribution of ethylene-induced stress-responsive genes in 
the acquisition of Se resistance of plants is still unclear. Any involvement of ethyl-
ene signaling in up-regulation of S-uptake/metabolism genes has not been shown 
until now. However, transgenic A. thaliana that overproduce Arabidopsis halleri 
plant defensin (AhPDF1.1) showed a slight but significant increase in tolerance to 
selenite compared with wild-type plants (Tamaoki et al. 2008b). PDF1.2 gene and 
orthologue of AhPDF1.1 in A. thaliana are known to be induced with the ethylene 
pathway (Penninckx et al. 1998), and the enhancement of PDF1.2 expression was 
observed in Se-treated plants (Tamaoki et al. 2008a, b; Van Hoewyk et al. 2008). 
Moreover, this same gene was shown earlier to confer zinc (Zn) tolerance when 
overexpressed in A. thaliana (Mirouze et al. 2006) and yeast (Shahzad et al. 2013). 
As the function of PDF proteins is still largely unknown, the mechanism of these 

Fig. 3.2  Schematic model of the acquisition of Se resistance and accumulation in non-accumulator 
plants
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positive effects of PDF1.1 on Zn and Se resistance is unclear. However, PDF1 tran-
scripts were constitutively more abundant in Zn-tolerant A. halleri than in 
Zn-sensitive A. thaliana (Shahzad et al. 2013). As for SA, at low levels, it might 
have no effect on these processes, and thus on Se resistance, but at higher levels, SA 
decreases A. thaliana Se resistance, perhaps through inhibition of ethylene and/or 
JA synthesis or signaling.

3.5  �An Overview of Se Responses Contributing to Se 
Resistance in Non-accumulator Plants 
Through the “Developmental Pathway”

Apart from the defense responses controlled with ethylene, JA, and SA, Se is also 
considered to affect root morphogenesis. Such a viewpoint is also important for 
discussion of Se resistance in plants, as Se resistance in higher plants is usually 
tested by inhibition of root elongation. A recent study showed that Se treatment 
inhibits root elongation processes in terms of plant development (Lehotai et  al. 
2012); thus, it seems difficult to distinguish it from Se-induced defense responses. 
However, Se-induced inhibition of root elongation can be considered to be an accli-
mation process by the plant, as retardation of root development reduces Se absor-
bance and this may ensure better survival of plants from Se toxicity. New insights 
indicate that plant defense networking involves more than just ethylene, JA, and SA, 
with more integrative models implicating a coordinated range of phytohormones in 
configuring the plant’s response to biotic and abiotic stressors. These include ABA, 
auxins, brassinosteroids, CKs, and gibberellins (De Bruyne et  al. 2014). Among 
these, auxins and CKs are known to be involved in root elongation processes. Hence, 
Se-dependent root growth regulation is designated as a “developmental pathway” in 
Fig. 3.2. Auxins are a class of essential plant hormones that control almost every 
aspect of plant growth and development (Woodward and Bartel 2005; Vanneste and 
Friml 2009). In roots, the most well-characterized auxin-associated phenotype is the 
dose-dependent increase of primary root length (Overvoorde et al. 2010). CKs are 
also known to play an important role in plant growth and development, and the 
reduction of CK levels in mutants lead to increased meristem size and primary root 
elongation compared with the wild-type (Werner et  al. 2010). In situ expression 
analysis of phytohormone-associated genes showed that selenite treatment inhibits 
auxin accumulation, but increases the CK level in primary roots (Lehotai et  al. 
2012). These results indicate that Se affects auxin and CK levels in primary root, 
which inhibit elongation. However, the impact of these phytohormones on primary 
root growth is not always constant, as demonstrated by the inhibition of root growth 
with the application of high levels of auxin (Mähönen et al. 2014). Together, these 
apparently conflicting findings clearly illustrate the importance of auxin and CK 
homeostasis in the establishment of root development. Given the importance of 
auxins and CKs in regulating defense responses, these observations are compatible 
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with the idea that auxins and CKs merge normal growth and developmental pro-
grams with plant defense functions, thus serving as important regulators of the 
innate trade-off between defense responses and plant growth. Signaling and/or pro-
duction of auxins and CKs are known to be regulated by nitric oxide (NO), a multi-
functional gaseous signaling molecule that plays a regulatory role in developmental 
processes (Lehotai et al. 2012). Nitric oxide positively regulates auxin signaling in 
root development (Correa-Aragunde et  al. 2006) and represses CK signaling by 
inhibiting the phosphorylation activity through S-nitrosylation (Feng et al. 2013). 
Thus, NO regulates root elongation positively through activation of auxin signaling 
and/or inhibition of CK signaling. Selenite treatment decreases NO level in roots 
(Lehotai et al. 2012). Further studies are needed of the potential function of this 
Se-induced NO suppression in acquisition of Se resistance in plants. However, it is 
noteworthy that high levels of NO in GSNO reductase-deficient mutant (gsnor1) 
(Feechan et al. 2005) was reported to lead to selenite resistance because the viability 
of cells in root meristem was not affected, whereas reduction of NO production in 
NO-lacking double mutant (nia1nia2) (Wilkinson and Crawford 1993) resulted in 
selenite sensitivity (Lehotai et al. 2012).

3.6  �Selenium Tolerance in Hyper-accumulator Plants

From an application perspective, it appears that increasing ethylene, JA, and/or SA 
levels in plants may be a useful approach to develop plants with enhanced Se resis-
tance and/or accumulation. In this context, it is interesting to note that providing 
plants with ethylene or JA precursors resulted in both higher Se resistance and accu-
mulation. This finding may provide insight into the Se resistance and accumulation 
mechanisms in Se hyper-accumulator plants. Comparative studies using a Se hyper-
accumulator Stanleya pinnata and a non-hyper-accumulator Stanleya albescens 
showed that Se-resistance mechanisms were similar to those found in non-
accumulator plants. Generation of ROS in leaves was highly induced in S. albescens 
rather than in S. pinnata with selenite treatment (Freeman et al. 2010). ROS genera-
tion in Stanleya species was different to that in A. thaliana, as a higher level of ROS 
generation was observed in the Se-resistant A. thaliana accession than in the 
Se-sensitive one (Tamaoki et al. 2008a). S. pinnata showed constitutive high levels 
of JA, MeJA, and free SA. Ethylene was generated at lower levels in S. pinnata in 
the absence of Se, but it appeared to be induced more strongly by Se treatment in the 
plant. Selenium responses of phytohormones in the non-hyper-accumulator S. albe-
scens showed similar trends to those in the non-accumulator plant A. thaliana. 
Moreover, transcriptome analyses of S. pinnata showed a constitutively higher 
expression of genes involved in S assimilation, antioxidant activities, defense, and 
responses to ethylene, JA, and SA (Freeman et al. 2010). Accordingly, Se accumula-
tion was slightly enhanced in both species when these phytohormones were sup-
plied. These results together indicate that the stress pathway (Fig. 3.2) is constitutively 
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activated in hyper-accumulators, which may provide Se resistance and accumulation 
in the plants.

Previous studies showed that hyper-accumulator plants accumulate Se predomi-
nantly as methylselenocysteine (MeSeCys), whereas non-accumulator plants store 
mainly selenate (de Souza et al. 1998; Freeman et al. 2006), indicating differences 
in Se metabolic pathways. Selenium hyper-accumulator plants also appear to have 
specialized Se sequestrating cells in the leaf epidermis or leaf hairs, and about 90% 
of the accumulated Se is present as MeSeCys in these specialized cells (Freeman 
et al. 2006). This may indicate that the hyper-accumulators have special transport 
pathways for MeSeCys into the specialized cells. Although the special transport 
pathways in hyper-accumulator plants are still unclear, the finding that higher levels 
of ethylene and JA correlate with higher Se resistance and accumulation may give 
insight into the evolution of Se hyper-accumulators from non-accumulator plants.

3.7  �Application of Se-Responsive Genes to Plant-Based 
System for Detecting Selenate in the Environment

To prevent the release of toxic levels of Se to the environment, monitoring systems 
as well as efficient remediation techniques need to be developed (Salt et al. 1998; 
Kovalchuk et al. 2001; Krizek et al. 2003; Peuke and Rennenberg 2005; Pilon-Smits 
2005; Pilon-Smits et al. 2009). The common analytical methods for determining 
trace Se in environmental samples include inductively-coupled plasma mass spec-
trometry (ICP-MS) or hydride generation atomic absorption spectrometry 
(HG-AAS). However, a simpler and less expensive analytical method is required to 
determine the risk of Se contamination in the environment. Application of plant-
based biomarkers for Se contamination will take advantage of the sedentary nature 
of plants, providing an inexpensive and low-tech means of environmental analysis 
and management (Kovalchuk et al. 2001; Krizek et al. 2003).

Knowledge about Se-responsive genes has been accumulated mainly from the 
transcriptome analysis of Se-treated A. thaliana, as described above (Tamaoki et al. 
2008a; Van Hoewyk et al. 2008). The positive relationships between Se treatment 
and the expression of these Se-responsive genes enable us to construct a system that 
traces their expression for quantitative monitoring of Se in the environment. 
Construction of the monitoring system includes selection of Se-responsive genes, 
determination of the Se-responsive regions in their promoters, design and construc-
tion of the fusion genes, generation of transgenic plants, and detection of Se content 
using those transgenic plants. The sensitivity of the system relies on the Se-responsive 
regions and the reporter genes selected for the fusion gene constructs.

In the environment, Se exists mainly as selenate. Selenate is imported into plant 
cells through the activities of sulfate transporters and competitively inhibits the 
influx of sulfate (Shibagaki et al. 2002; Kassis et al. 2007). Based on this physiology, 
studies in Arabidopsis revealed that several sulfate transporters (SULTRs), including 
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SULTR1;2 and SULTR2;1, are highly responsive to selenate treatment as well as to 
S deficiency (Takahashi et  al. 2000; Yoshimoto et  al. 2002; Zhang et  al. 2006b; 
Kassis et al. 2007; Van Hoewyk et al. 2008). SULTR1;2 is a high-affinity sulfate 
transporter localized to the root epidermis and cortex (Shibagaki et  al. 2002; 
Yoshimoto et al. 2002) and is responsible for the initial uptake of sulfate from the 
environment (Shibagaki et al. 2002; Yoshimoto et al. 2002; Maruyama-Nakashita 
et al. 2003). Induction of SULTR1;2 expression under S deficiency is controlled by 
the promoter activities of the 5′-region, which contributes to plant survival by maxi-
mizing sulfate uptake (Shibagaki et  al. 2002; Yoshimoto et  al. 2002, 2007; 
Maruyama-Nakashita et  al. 2004). In contrast to SULTR1;2, the S deficiency-
induced expression of SULTR2;1 in roots is controlled by the cis-acting elements in 
the 3′-non-transcribed intergenic region (Maruyama-Nakashita et  al. 2015). 
SULTR2;1 is a low-affinity sulfate transporter expressed in the vascular tissues of 
plants and contributes to the root-to-shoot transport of sulfate (Takahashi et  al. 
1997, 2000; Kawashima et al. 2011).

By using the regulatory sequences of SULTR1;2 and SULTR2;1, the model sys-
tems for detecting and quantifying Se levels by measuring the accumulation of 
green fluorescent protein (GFP) in transgenic plants were developed (Maruyama-
Nakashita et al. 2007, 2016). Two transgenic lines expressing GFP under the control 
of the S-responsive promoter region of SULTR1;2 (PSULTR1;2) in combination with 
nopaline synthase terminator (TNOS) or another S-responsive region of the sulfate 
transporter SULTR2;1 located in the 3′-non-transcribed intergenic region (TSULTR2;1) 
were generated and named as PSULTR1;2-GFP-TNOS and PSULTR1;2-GFP-TSULTR2;1, 
respectively. In this system, plants were vertically grown on an agar medium for 6 
days and then transferred to media containing various concentrations of selenate. 
Two days after the transfer, the expression of GFP in plant roots was quantified 
using plant images obtained by GFP imaging/using a fluorescence image analyzer 
(Fig. 3.3).

The detection limit of selenate was 10 μmol/L when PSULTR1;2-GFP-TNOS was used 
(Maruyama-Nakashita et al. 2007), whereas the detection limit was reduced to 1 
μmol/L by the use of PSULTR1;2-GFP-TSULTR2;1 (Maruyama-Nakashita et al. 2016). A 
concentration-dependent increase in the GFP levels was observed between 1 and 30 
μmol/L in PSULTR1;2-GFP-TNOS and between 0.3 and 10 μmol/L in PSULTR1;2-GFP-
TSULTR2;1 (Maruyama-Nakashita et al. 2007, 2016), respectively, which allowed us to 
estimate the external concentration of selenate. These results suggest their potential 
use for quantifying selenate in the environment. The minimum effluent standards of 
Se is determined as 0.1 mg/L in most countries, which is equivalent to 1.3 μmol/L 
of selenate, indicating that this method can be used for monitoring the Se concentra-
tion in the effluent. However, in the case of drinking water, a current limitation of 
this method is still the detection limit: the recommended maximum allowable con-
centration of Se in drinking water is 0.01 mg/L (WHO 2011), which is equivalent to 
0.13 μmol/L of selenate, i.e. higher than the detection limit of this system. Perhaps 
more sensitive indicators could be designed by arranging the promoter regions and 
reporter proteins.
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In addition to the detection limit, there are several problems that we need to 
overcome in future. One is the specificity of this system. PSULTR1;2 and TSULTR2;1 are 
induced not only by selenate treatment but also by S deficiency, chromate treatment, 
and other possible stresses (Maruyama-Nakashita et al. 2007, 2016; Rouached et al. 
2008, 2009; Yamaguchi et al. 2016). Another problem is the root-specific expression 
of GFP in transgenic plants. Furthermore, for easier bio-monitoring of selenate con-
tamination in soil, use of shoot tissues is more convenient than using roots. The 
above-mentioned problems can be overcome by the selection of sequences that are 
specifically induced by selenate in shoots. The accumulated knowledge from earlier 
transcriptome studies allows the mining of potential candidates of sequences most 
suitable for bio-monitoring of selenate (Tamaoki et al. 2008a; Van Hoewyk et al. 
2008). As the plant-based monitoring system depends on protein synthesis of the 
reporter proteins as well as their transcript levels, this system would not quantify 
selenate levels so high as to inhibit protein synthesis.
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Chapter 4
Mechanisms of Plant Selenium 
Hyperaccumulation

Elizabeth A.H. Pilon-Smits

Abstract  Selenium hyperaccumulator plants can accumulate Se to at least 0.1% of 
dry weight while growing on naturally seleniferous soil. Selenium hyperaccumula-
tion has been reported for 45 taxa from six dicot families; they are perennials native 
to seleniferous areas, predominantly in western North America. Compared to other 
plants, hyperaccumulators are characterized by 10–100× higher Se levels and higher 
Se to sulfur (S) ratios, suggestive of a transporter with a preference for Se over 
S.  Furthermore, hyperaccumulators have higher organic/inorganic Se ratios (i.e. 
enhanced selenate assimilation). Hyperaccumulators also have higher shoot/root Se 
ratios (i.e. higher xylem translocation), higher source/sink Se ratios (i.e. higher 
phloem translocation), and their patterns of spatial and temporal Se sequestration 
are different from non-accumulators, and different from S patterns. Transcriptomic 
and biochemical investigations into the mechanisms of Se hyperaccumulation indi-
cate that hyperaccumulators have constitutive high expression of several sulfate/
selenate transporters that likely mediate Se uptake and translocation. They also have 
enhanced transcript levels of several enzymes in the sulfate/selenate assimilation 
pathway. Hyperaccumulators also have elevated selenocysteine methyltransferase 
(SMT) levels, whose product is the main form accumulated, methyl-selenocysteine. 
This form is sequestered in hyperaccumulators mainly in epidermis and reproduc-
tive tissues. Transcriptomic and biochemical analyses indicate constitutively ele-
vated levels of the hormones jasmonic acid, salicylic acid and ethylene, which may 
explain the constitutive upregulation of sulfate uptake and assimilation. 
Hyperaccumulators also have higher transcript levels of genes involved in oxidative 
stress resistance and defense against biotic stress, which may contribute to Se toler-
ance and are upregulated by the same stress/defense hormones.
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4.1  �Introduction to Se Hyperaccumulation

All plants can take up and metabolize Se via sulfur (S) transporters and pathways, 
due to the chemical similarity between Se and S (Anderson 1993). There is varia-
tion, however, in the degree to which they accumulate Se. Three classes can be 
distinguished: Se hyperaccumulators, (secondary) Se accumulators and non-
accumulators (Brown and Shrift 1982; Läuchli 1993). Plant Se hyperaccumulation 
has been defined to have a threshold of 0.1% Se of plant dry weight (DW) or 
1000 mg per kg DW (ppm) while growing in a natural setting, typically on selenifer-
ous soil containing 0.1–10 mg Se per kg. Thus, hyperaccumulators bioconcentrate 
Se around 1000-fold. Non-accumulator vegetation on seleniferous soils contain 
<100 mg/kg Se, and plants that accumulate between 100 and 1000 mg/kg Se in 
nature are considered Se accumulators or secondary Se accumulators (Anderson 
1993; Läuchli 1993).

The general mechanisms of Se uptake, assimilation and accumulation in plants 
are the same processes used for S. Species differ in the extent to which these pro-
cesses occur, resulting in differences in uptake into the root, translocation to the 
shoot, remobilization to sink organs, assimilation to organic forms, sequestration in 
particular tissues, and volatilization. Secondary Se accumulators such as Brassica 
and Allium species often have elevated levels of both Se and S, as compared to non-
accumulators, but the Se/S ratio is the same for both groups and reflects the Se/S 
ratio in the growth substrate (White et  al. 2007). The differences between both 
groups appear to be mainly quantitative, and the elevated Se levels a side effect of 
the elevated S levels. Selenium hyperaccumulators have several qualities that make 
them truly different from non-hyperaccumulator plants. Not only do they take up 
more Se but they also take up Se preferentially over S, assimilate most of the Se into 
organic forms, mobilize Se more between organs, and store Se in special tissues. 
Interesting questions related to Se hyperaccumulation are: How do plants hyperac-
cumulate? Why do plants hyperaccumulate? What implications does hyperaccumu-
lation have for the local ecology and for Se fluxes in ecosystems? This chapter will 
focus on the how, i.e. the mechanisms of Se hyperaccumulation. As such, it sets the 
stage for later chapters that further explore the evolutionary and ecological 
questions.

Selenium hyperaccumulation was discovered in the 1930s by Orville Beath and 
coworkers, who considered the hyperaccumulators indicator species for selenifer-
ous soils (Rosenfeld and Beath 1964). Hyperaccumulation has meanwhile been 
reported in 45 taxa from 14 genera and 6 families (Cappa and Pilon-Smits 2014; 
White 2016). Most Se hyperaccumulators (25 taxa) have been reported in two North 
American clades within the large genus Astragalus (Fabaceae); other well-
documented hyperaccumulators include Stanleya pinnata and S. bipinnata 
(Brassicaceae) and the Asteraceae genera Oonopsis, Xylorhiza and Symphyotrichum 
(Rosenfeld and Beath 1964; El Mehdawi et al. 2014). These species all occur on 
naturally seleniferous soils in the Western United States of America. In addition, 
Neptunia amplexicaulis (Mimosaceae) has been reported to hyperaccumulate Se 
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when growing on seleniferous soil in Queensland, Australia (Peterson and Butler 
1967). It is worth noting that individuals from hyperaccumulator species do not 
always contain hyperaccumulator levels of Se in nature; sometimes their levels are 
quite low (Beath et al. 1939). The reason for this variability remains to be deter-
mined, and may be due to local soil Se availability, genetic differences between 
individuals, or microbiome differences. For this reason, it is reasonable to consider 
a species a Se hyperaccumulator once it has been reliably documented to have tissue 
Se levels upwards of 0.1% Se in at least one location in a natural setting. Within a 
hyperaccumulator species, different populations may also vary genetically in their 
Se accumulation capacity (Feist and Parker 2001; El Mehdawi et al. 2015a), which 
may be adaptive. The Se levels in hyperaccumulator species can be as high as 1.5% 
of DW and are high in all organs (Galeas et al. 2007). Ingestion of such high-Se 
plant material causes toxicity in both vertebrate and invertebrate herbivores (Wilber, 
1980). Grazing on Se hyperaccumulator species has been known since the 1930s to 
cause toxicity in livestock in the Western USA, and was termed blind staggers and 
alkali disease (Wilber 1980). Seleniferous soils also occur in other areas of the 
world including Australia, Brazil, China and India, where the local vegetation also 
can accumulate toxic levels of Se to not only grazers, but to the human population 
(Peterson and Butler 1967; Dhillon and Dhillon 2003).

Based on taxonomic distribution, it is likely that Se hyperaccumulation has 
evolved independently in different clades, perhaps under similar ecological and 
physiological selection pressures. The benefits to plants of having elevated Se levels 
may be both physiological and ecological. Selenium is a beneficial element for 
plants (Pilon-Smits et al. 2009); low tissue Se levels are associated with enhanced 
growth and enhanced antioxidant activity (Hartikainen 2005), thus offering a physi-
ological advantage. Similar low tissue Se levels (around 10 mg/kg DW) also already 
offer the ecological advantage of protection from certain herbivores, such as aphids 
(Hanson et al. 2004). At more elevated tissue levels, Se can protect plants against a 
wide variety of invertebrate and vertebrate herbivores as well as some fungal patho-
gens, and may also offer allelopathic benefits (El Mehdawi and Pilon-Smits 2012). 
There is no evidence of an evolutionary constraint on Se hyperaccumulation, since 
hyperaccumulators are tolerant to their extreme Se levels, and their mutualistic eco-
logical partners also appear to be Se tolerant (El Mehdawi and Pilon-Smits 2012). 
In the convergent evolution of Se hyperaccumulation and hypertolerance in differ-
ent clades, the same or different selection pressures may have driven the evolution 
of these traits, and may have acted on the same or on different loci. Thus, Se hyper-
accumulators from different clades may to some extent share molecular mecha-
nisms, but may also differ. Most studies so far have focused on Stanleya pinnata 
(Brassicaceae) and Astragalus bisulcatus (Fabaceae), and more recently 
Symphyotrichum ericoides (Asteraceae). These Se hyperaccumulators from differ-
ent families show many similarities in physiology and biochemistry, and also some 
differences. We will review and discuss these in the next sections.
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4.2  �Plant Se Uptake and Metabolism – How Are 
Hyperaccumulators Different?

4.2.1  �Uptake, Translocation and Remobilization of Selenate

Selenate is the most prevalent bioavailable form of Se under oxidizing conditions 
like aerated soils; under more reducing conditions such as in wetlands, the most 
common available form is selenite (Terry et al. 2000; Sors et al. 2005a). Plants are 
thought to take up selenate via sulfate transporters, and to take up selenite via phos-
phate transporters or anion channels (Shibagaki et al. 2002; El Kassis et al. 2007; 
Gigolashvili and Kopriva 2014; Zhang et al. 2014). Non-hyperaccumulator plants 
do not appear to be able to distinguish between selenate and sulfate. They take them 
up proportional to their abundance in the growth medium, and incorporate Se and S 
proportionally into all S compounds. A special feature of hyperaccumulator species 
is that they appear to be able to discriminate between Se and S and take up Se pref-
erentially over S. As a result, they have higher Se/S ratios in their tissues as com-
pared to their growth medium and to surrounding vegetation (White et al. 2007; 
Harris et al. 2014). The mechanism of this Se/S discrimination is not known, but 
may involve a transporter that preferentially transports selenate over sulfate, or that 
may even be selenate-specific.

In addition to this qualitative difference in selenate transport, there is a quantita-
tive difference. Hyperaccumulators obviously have much higher levels of Se accu-
mulation, which may be due to higher selenate influx rates and/or lack of feed-back 
inhibition by high tissue S levels. Results from mRNA abundance analysis (mac-
roarrays, RNA sequencing) indicate that the major gene involved in root sulfate/
selenate uptake (a type 1 high-affinity sulfate transporter or Sultr) is constitutively 
overexpressed in hyperaccumulators relative to non-hyperaccumulator sister taxa 
(Freeman et al. 2010; Cabannes et al. 2011; Schiavon et al. 2015). In view of the 
elevated expression levels of Sultr genes, it is not surprising that hyperaccumulators 
not only have higher levels of Se, but also higher S levels than comparable non-
accumulators (Galeas et  al. 2007). The molecular mechanisms for the enhanced 
transcript levels of Sultr genes are not known, and may involve mutations in regula-
tory regions or rather gene duplication, as was found for metal transporters in metal 
hyperaccumulators (Cappa and Pilon-Smits 2014). This will be an interesting area 
of further study.

After uptake into the root, selenate and sulfate can be moved across membranes 
within and between cells, tissues and organs using a variety of high- and low-affinity 
SULTR proteins (Takahashi et al. 2011). Accumulation of selenate and selenite in 
metabolically active compartments like the cytosol likely causes oxidative stress 
(Van Hoewyk 2013). Within cells, selenate/sulfate can be transported to the vacu-
oles; tonoplast transport is mediated by group 4 SULTR but these are thought to 
promote efflux. Selenate/sulfate can also be transported to the plastids via a group 3 
SULTR (Sultr3;1 in non-accumulator Arabidopsis thaliana) for reductive assimila-
tion (Takahashi et al. 2011; Cao et al. 2013). The first step in reductive assimilation 
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is selenate activation by coupling it to ATP. Some of the ATP sulfurylases that cata-
lyze this step were found to be highly overexpressed in hyperaccumulator S. pinnata 
relative to non-hyperaccumulator B. juncea (Schiavon et  al. 2015). This likely 
enhances the rate of selenate reduction to organic forms, as was indeed found when 
an ATP sulfurylase from A. thaliana (APS1) was overexpressed in B. juncea (Pilon-
Smits et al. 1999). This may explain why S. pinnata accumulates organic forms of 
Se (Freeman et al. 2006) while B. juncea accumulates selenate (Pilon-Smits et al. 
1999). In a comparison of Astragalus Se hyperaccumulators and non-accumulators, 
no difference was found in activity levels of sulfate reductive assimilation enzymes 
(Sors et  al. 2005a), leading the authors to hypothesize that while these enzymes 
likely are important for selenate reduction, the flux through this pathway is probably 
controlled by sink depletion (conversion of Cys to other forms of organic Se).

Enhanced conversion of inorganic to organic Se explains in part the enhanced Se 
tolerance of hyperaccumulators, since inorganic forms of Se are thought to cause 
more oxidative stress than organic forms of Se (van Hoewyk 2013). The seleno-
aminoacid SeCys (and perhaps also SeMet) can, however, cause toxicity if it is 
non-specifically incorporated into proteins, replacing Cys (or Met) (Brown and 
Shrift 1982; Stadtman 1990). Hyperaccumulators avoid this type of toxicity by 
methylating SeCys via the enzyme SeCys methyltransferase (SMT) (Neuhierl et al. 
1999; Sors et al. 2009). The resulting methyl-SeCys can be safely accumulated and 
constitutes the main (>80%) Se fraction in hyperaccumulators (Pickering et  al. 
2003; Freeman et al. 2006). Some secondary Se accumulators (Brassica spp., Allium 
spp.) also are able to produce methyl-SeCys (Lyi et al. 2005), although this may be 
restricted to certain plant parts such as in the flower in B. juncea (Quinn et al. 2011). 
In addition to methyl-SeCys, hyperaccumulator S. pinnata accumulates up to 20% 
selenocystathionine, an intermediate in the pathway between SeCys and SeMet. 
The Australian Se hyperaccumulator Neptunia amplexicaulis also accumulates sele-
nocystathionine (Peterson and Butler 1967). Furthermore, A. bisulcatus can accu-
mulate up to 50% γ-glutamyl-methylSeCys in its seeds (Freeman et al. 2006), an 
intermediate in glutathione biosynthesis. Methyl-SeCys may be further metabolized 
in hyperaccumulators to volatile dimethyldiselenide, or DMDSe (Terry et al. 2000), 
which is malodorous and may contribute to herbivore deterrence. Finally, Se toler-
ance may be mediated in plants by breakdown of SeCys into elemental Se (Se0) and 
alanine via a plastid-localized SeCys lyase (Van Hoewyk et al. 2005). This does not 
appear to be a main Se tolerance mechanism in Se hyperaccumulator species, since 
they do not consistently accumulate elemental Se. This form of Se has been found 
in hyperaccumulators while growing in the field, even up to 30% of total Se, but was 
not found in greenhouse-grown plants and may be due to the activity of fungal or 
bacterial endophytes (Valdez et al. 2012; Lindblom et al. 2013).

Between organs, Se can be transported via the xylem and phloem. For selenate, 
this is mediated by various low- and high-affinity SULTR proteins including 
SULTR1;3, SULTR2;1, SULTR2;2 and SULTR3;5 (Takahashi et al. 2011). Organic 
forms of Se/S can also move through these long-distance transport routes; for many 
of these compounds the transporters are unknown. In most plants, Se movement in 
the xylem is likely in the form of selenate, since reductive sulfate/selenate 
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assimilation is thought to happen predominantly in the shoot, where it depends on 
chloroplast reducing power (Leustek 1996; White 2016). In hyperaccumulators, 
there is some evidence that Se reduction may happen to a larger part in the root: 
first, the form of Se in guttation (xylem) fluid of hyperaccumulator A. bisulcatus 
was found to be methyl-SeCys (Freeman et al. 2006), and second, the transcript 
levels of ATP sulfurylase and other S assimilation genes were particularly elevated 
relative to non-accumulator counterparts in the roots of hyperaccumulators, and not 
so much in the shoots (Freeman et al. 2010; Schiavon et al. 2015).

Hyperaccumulators show more root-to-shoot Se translocation than non-
hyperaccumulators (i.e. higher shoot/root Se ratios) and also higher phloem remo-
bilization (i.e. reproductive/vegetative organ Se ratios) (Quinn et al. 2011; Cappa 
et al. 2014). Moreover, patterns of Se and S translocation via xylem and phloem in 
hyperaccumulators appear to be independent from patterns of S translocation, while 
in non-hyperaccumulators Se and S movement show identical patterns (Galeas et al. 
2007; Cappa et al. 2014). Further research is needed to determine the underlying 
mechanisms. Perhaps hyperaccumulators have long-distance transporters that can 
discriminate between Se and S substrates; alternatively, Se and S may be translo-
cated in different forms (e.g. inorganic vs. organic) in hyperaccumulators, but in the 
same forms in non-hyperaccumulators. It is also possible that hyperaccumulators 
and non-hyperaccumulators have different levels of positive or negative S feedback 
signaling compounds (e.g. sulfate, O-acetylserine, glutatione, miRNA395).

4.2.2  �Sequestration of Se

Hyperaccumulators store their (organic) Se in what may be specialized organs and 
tissues. Their Se is found particularly in young leaves and reproductive organs, and 
within these the Se is concentrated in the epidermis, in leaf hairs of A. bisulcatus 
and in the vacuoles of epidermal cells in S. pinnata, especially along the leaf mar-
gins (Freeman et  al. 2006, 2010). In flowers, hyperaccumulator S. pinnata was 
found to sequester the highest Se levels in the pistil and anthers, especially in ovules 
and pollen, while non-hyperaccumulator relative B. juncea showed uniform Se dis-
tribution throughout this organ (Quinn et al. 2011). If Se serves a protective function 
in hyperaccumulators, these Se hyperaccumulation patterns may have been selected 
for because they optimally protect the plant’s most sensitive and precious organs 
(young leaves, gamete-producing structures, seeds, seedlings) and tissues (meso-
phyll) against Se toxicity and biological attack. The mechanisms involved in the 
tissue-specific Se sequestration in hyperaccumulators remain to be elucidated, and 
may involve elevated expression of a seleno-aminoacid transporter in certain phloem 
loading/unloading tissues and epidermal tissues.
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4.2.3  �Regulation of Se/S Metabolism

Because Se is metabolized via S transporters and enzymes, the elements Se and S 
tend to influence each other’s uptake and conversion. Selenium and sulfur analogues 
tend to competitively inhibit each other as enzyme substrates and during plant 
uptake (Wilson and Bandurski 1958; Harris et al. 2014). However, in most plant 
species selenate also upregulates genes involved in sulfate uptake and assimilation 
in plants, which may lead to higher S levels when plants are grown in the presence 
of Se (Harris et al. 2014). Indeed, transcriptome responses of A. thaliana to selenate 
are similar to the S starvation transcriptomic response (van Hoewyk et al. 2008). 
Selenium hyperaccumulator species stand out from other plants with respect to Se-S 
interactions. Selenate more effectively inhibits sulfate uptake, while sulfate is much 
less capable of inhibiting selenate uptake, and Se supply does not boost plant S 
levels in hyperaccumulators (Harris et  al. 2014). Also, the fluxes between plant 
organs and across the seasons are different for Se and S in hyperaccumulators 
(Cappa et al. 2014; Galeas et al. 2007). Furthermore, in most plants, sulfate –and 
with that, selenate- uptake is regulated by plant S status, upregulated under S starva-
tion and downregulated at S repletion (Lappartient and Touraine 1996). In hyperac-
cumulators, however, genes involved in sulfate uptake and assimilation appear to be 
constitutively expressed at high levels, as if the plant senses S starvation continu-
ously (Freeman et al. 2010; Cabannes et al. 2011).

If Se hyperaccumulators are perpetually in S starvation mode, could it be that a 
signaling pathway that turns on selenate/sulfate transport and assimilation is consti-
tutively activated in these plants? Results so far from transcriptome analyses, in 
combination with genetic and biochemical/physiological studies, point to the stress/
defense plant hormones jasmonic acid (JA), salicylic acid (SA) and ethylene 
(Freeman et al. 2010). Genes involved in biosynthesis and signaling of these hor-
mones appear constitutively upregulated in S. pinnata relative to non-
hyperaccumulator relatives. This may lead to enhanced sulfate/selenate uptake and 
assimilation (Sasaki-Sekimoto et al. 2005). Pathways involved in antioxidant activi-
ties and defense were also constitutively upregulated in S. pinnata (Freeman et al. 
2010), and have also been reported to be upregulated by these hormones (Sasaki-
Sekimoto et al. 2005). Higher antioxidant activity may contribute to Se tolerance in 
the hyperaccumulator. Whether upregulated defense-related proteins may also con-
fer Se tolerance remains to be investigated, but it is interesting to note that overex-
pression of a plant defensin protein (PDF) was shown to enhance tolerance to 
selenate (Tamaoki et al. 2008b) and zinc (Shahzad et al. 2013). It is intriguing why 
hyperaccumulators have constitutively upregulated defense pathways and hor-
mones. There may be a trigger for these pathways that is switched on even in the 
absence of stress. Further studies are needed to explore the importance of these 
receptors for Se hyperaccumulation. Based on the findings so far, a model for Se 
hyperaccumulation is shown in Fig. 4.1.

Further support for the involvement of the hormones JA and ethylene in Se accu-
mulation and tolerance in plants was obtained from studies using the model 
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Brassicaceae species A. thaliana. Mutants or transgenics that had reduced or ele-
vated levels or signaling of these hormones showed reduced or elevated Se resis-
tance, and external supplementation with these hormones led to elevated Se 
resistance (Tamaoki et  al. 2008a). Thus, hyperaccumulator and non-accumulator 
relatives within the Brassicaceae share Se response and tolerance mechanisms. 
These overall similarities should facilitate manipulation of Se responses in non-
accumulator Brassicaceae crops using genes and insight gained from hyperaccumu-
lator relative S. pinnata. In the next section the similarities and differences in Se 
biochemistry and physiology among Brassiceae species is integrated into a model 
for the evolution of Se hyperaccumulation in this clade.

Hyperaccumulators were shown to have differing seasonal fluxes for Se and S, 
while these were the same in non-hyperaccumulator species (Galeas et al. 2007). 
Selenium levels in hyperaccumulators peaked in the spring and decreased over the 
course of the growth season, while their S levels peaked in the summer; both Se and 

Fig. 4.1  Schematic model of key pathways and genes proposed to mediate Se hyperaccumulation 
in S. pinnata. Constitutive upregulation of a putative defense-related receptor may trigger the 
defense signaling pathways, leading to increased hormone synthesis and an increase in overall 
antioxidant activity and S/Se accumulation. SeCys is further methylated by SMT (SeCys methyl-
transferase), and sequestered by an unknown aminoacid transporter. The MeSeCys production and 
sequestration, together with the enhanced antioxidant activity likely confer Se tolerance. The 
enhanded selenate uptake and assiimilation likely confer Se hyperaccumulation. The upregulation 
of defense proteins may be a side effect, or may contributte to the hyperaccumulation via an 
unknown mechanism. Abbreviations: AA transporter: unknown aminoacid transporter; APS: ATP 
sulfurylase; APR: APS reductase; APX: ascorbate peroxidase; CS: cysteine synthase; DMDSe: 
dimethyldiselenide (volatile); GPX: glutathione peroxidase; GR: glutathione reductase; GSH: glu-
tatione synthetase; JA: jasmonic acid (hormone) PDF: plant defensin; PR: pathogenesis related 
protein; SA: salicylic acid (hormone); SMT: selenocysteine synthase; Sultr: sulfate transporter; 
TRX: thioredoxin reductase; MeSeCys: methylselenocysteine
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S peaked in summer in non-hyperaccumulators. Based on their seasonal fluctua-
tions in Se levels in different organs over the course of the seasons, it appears that 
the -perennial- hyperaccumulators store Se in their roots and leaf buds in the winter, 
and mobilize this stored Se in the spring (in addition to newly taken up Se from the 
soil) from the root to the growing shoot via the xylem. In the summer, this Se is 
remobilized via the phloem from source leaves to young leaves and reproductive 
structures, particularly seeds. In the fall, Se is remobilized to some extent back to 
the root via the phloem, and some is deposited back to the soil in leaf litter. Some 
Se is also deposited from live roots or via root turnover (El Mehdawi et al. 2012). In 
the process of sequestration and redeposition of Se by hyperaccumulators, Se is 
converted from inorganic to organic form. This may affect soil Se speciation, as 
evidenced in several studies (Beath et al. 1946; El Mehdawi et al. 2015b).

Figure 4.2 summarizes Se cycling (form, distribution) at the whole plant level. 
These processes are relevant when considering the ecological importance of Se 
hyperaccumulators in Se cycling in their local ecosystem.

4.3  �How May Hyperaccumulation Have Evolved?

Hyperaccumulation of Se likely has evolved independently in at least three different 
plant lineages (Brassicaceae, Fabaceae, Asteraceae) as a new trait (Cappa et  al. 
2015). Individuals with gene-based elevated Se levels may have been selected for in 
evolution through physiological and ecological benefits, particularly protection 
from Se-sensitive herbivores. Selenium accumulator species such as B. juncea may 
be evolutionary intermediates between Se non-accumulators such as A. thaliana and 
true hyperaccumulators such as S. pinnata. The first step from non-accumulator to 

Fig. 4.2  Selenium fluxes 
and metabolic 
transformation in Se 
hyperaccumulators. Red 
circles represent Se. 
MeSeCys 
methylselenocysteine, 
DMDSe dimethyldiselenide 
(volatile)
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Se accumulator may be quantitative rather than qualitative, and mediated simply by 
higher expression levels of certain genes, in particular sulfate transporters. For the 
second evolutionary step, from Se accumulator to hyperaccumulator, Se hypertoler-
ance must have evolved before or concomitant with Se hyperaccumulation, since 
hyperaccumulator Se levels (>0.1% of DW) impair growth and reproductive func-
tions in non-hyperaccumulators (Prins et al. 2011). Indeed, analysis of evolution of 
Se hypertolerance and hyperaccumulation in the genus Stanleya indicated that 
hypertolerance evolved before hyperaccumulation: it is more prevalent in the genus 
(Cappa et  al. 2015). The tolerance mechanisms that evolved in this step include 
metabolic conversion to less toxic forms (particularly methyl-SeCys) as well as 
tissue-specific sequestration. The extreme Se levels in hyperaccumulators likely 
provide them with even broader protection from herbivores, and may also mediate 
elemental allelopathy (deposition of Se around hyperaccumulators may be toxic to 
surrounding Se-sensitive plant species, El Mehdawi et al. 2011). So far, there is no 
evidence of an evolutionary cost of Se hyperaccumulation in Se hyperaccumulators: 
plant growth is not impaired but rather promoted by Se in hyperaccumulators, and 
reproductive functions and pollinator visitation are not impaired, nor is nodulation 
or endophyte colonization (Prins et al. 2011; Quinn et al. 2011; El Mehdawi et al. 
2012; Alford et al. 2012; Sura-de Jong et al. 2015).

4.4  �Outlook: Can We Transfer Hyperaccumulation 
to a Crop Species?

Selenium hyperaccumulators have several traits that would be attractive to transfer 
to crop species: the ability to take up selenate uninhibited by sulfate (so high S lev-
els do not impede Se accumulation), high Se accumulation capacity, the capacity to 
accumulate anticarcinogenic methyl-SeCys, and high capacity to volatilize Se. 
These can all be attractive traits to transfer to crop species, if we have knowledge of 
the underlying mechanisms and genes. Once a selenate-specific transporter has 
been identified, for instance, its gene can be expressed in non-hyperaccumulator 
species, in the organs/tissues/intracellular compartments of choice, under control of 
a suitable promoter. The ability to rapidly convert selenate to organic Se may be 
transferred by overexpressing a limiting enzyme of the selenate assimilation path-
way (as was done successfully using an ATP sulfurylase) (Pilon-Smits et al. 1999). 
To achieve accumulation of methyl-SeCys, the enzyme SMT from hyperaccumula-
tors can be expressed in crop species. This has been done successfully, resulting in 
enhanced total Se accumulation, in the form of methyl-SeCys (Ellis et  al. 2004; 
LeDuc et al. 2004). Tissue-specific sequestration of the organic selenocompound 
methyl-SeCys may be achieved once the responsible transporter has been identified. 
It is even possible that the Se hyperaccumulation “syndrome”, i.e. all of the above 
features, can be triggered by a single master switch, for instance a receptor whose 
expression turns on the synthesis of defense hormones that in turn upregulate S/Se 
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uptake and assimilation. Further analysis of transcriptomic, metabolomic and 
genomic data will likely provide a wealth of new information about differentially 
expressed genes in hyperaccumulators and related non-accumulators, as well as 
sequence differences that may underlie the observed differential expression or dif-
ferences in kinetic properties. Hyperaccumulator genes emerging from these studies 
may be expressed in non-accumulators, or may be knocked out in the hyperaccumu-
lators to test their importance. This will be an exciting topic of research in future 
years.
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Chapter 5
Selenium and Algae: Accumulation, Tolerance 
Mechanisms and Dietary Perspectives

Michela Schiavon and Francesca Dalla Vecchia

Abstract  The element selenium (Se) is required for the growth and healthy metab-
olism of a variety of microalgae. These organisms represent important vectors of Se 
in water ecosystems. Excessive Se accumulation in cells may impact algal growth, 
as well as the aquatic populations that feed on them. On the other hand, micro- and 
macroalgae that contain Se can represent a valuable supplement of this element in 
the diet of humans and animals that have an essential requirement for Se. On this 
account, the study of the mechanisms of Se uptake, accumulation and tolerance in 
algae may provide insight into the potential outcomes of Se on algae-related pri-
mary production, toxicity effects on aquatic non-photosynthetic organisms and 
application in biofortification programs aimed to increase Se in diet.

Keywords  Algae • Selenium • Uptake • Accumulation • Toxicity • Nutrition

5.1  �Selenium Uptake Mechanisms and Metabolic Fate 
in Micro- and Macro-Algae

Selenium (Se) represents an indispensable nutrient for many organisms, including 
humans and other animals, bacteria and archaea (Rayman 2000). It is also required 
for the growth of at least 33 species of microalgae, but its function in these photo-
synthetic organisms still needs to be wholly understood (Obata and Shiraiwa 2005; 
Araie and Shiraiwa 2009).

Microalgae can take up Se as either selenite (SeIV) or selenate (SeVI), which are 
the main soluble inorganic forms of Se in aquatic ecosystems (Cutter and Brulan 
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1984; Plant et  al. 2004). Selenate is generally more soluble and bioavailable to 
marine and freshwater algae than selenite (Plant et al. 2004; Chapman et al. 2010a, 
b). The selenate to selenite ratio is generally predicted by the pH and redox state of 
the water. In this respect, selenate is particularly stable under alkaline and oxidizing 
conditions, while selenite is prevalent in mildly oxidizing environments (Geering 
et al. 1968).

The capacity of microalgae to absorb one form of Se over the other is also 
strongly influenced by the water pH (Tuzen and Sari 2010; Riedel and Sanders 
1996). For instance, the green unicellular alga Chlamydomonas reinhardtii has an 
optimum of activity for selenate uptake transporters when the water pH is 8, and for 
transporters involved in selenite absorption at lower pH values (Riedel and Sanders 
1996). The ambient concentration of competitor nutrients can additionally interfere 
with Se intake. Sulfur (S) in the form of sulfate can competitively inhibit selenate 
uptake in microalgae (Fournier et al. 2010; Simmons and Emery 2011; Vriens et al. 
2016), while phosphate and silicate may hamper selenite transport (Wang and Dei 
2001).

Kinetic studies focusing on Se uptake in C. reinhardtii indicate the existence of 
a specific and quickly saturated system for selenite transport at low concentrations, 
and non-specific mechanisms that are active at higher concentrations (Morlon et al. 
2006). For selenate, a saturable transport system at high concentrations has been 
hypothesized, as selenate fluxes decreased with increasing substrate concentrations 
(Morlon et  al. 2006; Vriens et  al. 2016). In the microalga Emiliania huxleyi 
(Haptophytes), two strategies for selenite uptake have been described: a high-
affinity active transport process possibly mediated by specific transporters localized 
on the cell surface, and a low-affinity passive transport system (Obata et al. 2004).

In macroalgae, the mechanisms exploited to take up Se have been poorly inves-
tigated so far (Schiavon et al. 2012, 2016). Both selenite and selenate at high dos-
ages decreased Se uptake in the macroalga Ulva australis, likely due to saturation 
of the transport systems involved in selenite and selenate influx, or down-regulation 
of gene expression and/or activity of membrane permeases (Schiavon et al. 2016). 
Furthermore, elevated S concentration in the seawater did not affect Se accumula-
tion in thalli of Ulva spp. treated with selenate, perhaps because of the presence of 
a S independent mechanism involved in selenate transport (Schiavon et al. 2012).

Once absorbed by algae, Se can access the S metabolic pathway and be assimi-
lated into Se-organic amino acids, as described in plants (Sors et al. 2005). While 
plants and macroalgae do not appear to possess mechanisms for the specific inser-
tion of seleno-amino acids into proteins, several microalgae can specifically incor-
porate the amino acid selenocysteine (SeCys) in the catalytic site of essential 
selenoproteins in a similar way as described in humans (Novoselov et al. 2002; Papp 
et al. 2007). These algae have genes containing a selenocysteine insertion sequence 
(SECIS) in the 3′ untranslated region (UTR) of all selenoproteins, which drives the 
UGA recoding as selenocysteine, and the selenocysteine-tRNA([Ser]Sec), which 
has an anticodon recognizing the UGA codon for SeCys (Novoselov et al. 2002). 
This trait was then lost in plants likely because an environmental factor that is still 
unknown.
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To date, bioinformatics approaches have allowed the detection of a number of 
selenoproteins in several species of microalgae, including C. reinhardtii (Lobanov 
et al. 2007; Palenik et al. 2007) Ostreococcus (Prasinophyceae) (Grossman et al. 
2007), Cyanidioschyzon (Cyanidiaceae) (Maruyama et al. 2004), Emiliania huxleyi 
(Haptophytes) (Araie et  al. 2008), and Thalassiosira pseudonana (Price and 
Harrison 1988). Few of these selenoproteins have been experimentally identified 
and characterized, i.e. a Sec-containing glutathione peroxidase in T. pseudonana 
(Price and Harrison 1988) a protein disulfide isomerase-like protein in E. huxleyi 
(Obata and Shiraiwa 2005), and a thioredoxin reductase (TR), which functions as a 
mammalian type NADPH thioredoxin reductase (NTR) (Novoselov et  al. 2002; 
Palenik et al. 2007; Araie et al. 2008).

In addition to the synthesis of Se-amino acids and selenoenzymes, microalgae 
can perform Se methylation to produce the Se volatile compounds dimethyldisele-
nide (DMDSe) and/or dimethylselenide (DMSe), as reported in Chlorella sp. and C. 
reinhardtii (Neumann et al. 2003; Vriens et al. 2016). Interestingly, DMDSe was 
found to be prevalent over DMSe in C. reinhardtii, similarly to what has been 
observed in Se hyperaccumulator plants (Sors et al. 2005; Pilon-Smits and Le Duc 
2009).

In contrast to microalgae, the metabolic fate of Se in macroalgae is still mostly 
unknown, but it can reasonably be assumed that Se enters the S metabolic pathway 
and downstream production of Se amino acids occurs. In view of this, the identifica-
tion of Se-metabolites may represent a key step to unravel the strategies of Se utili-
zation in macroalgae.

5.2  �Selenium Toxicity in Algae and Tolerance Mechanisms 
Involved

Selenium concentration in aquatic environments is commonly low (10−8–10−10 
mol/L) (Robberecht and van Grieken 1982), with a world average seawater Se con-
centration of about 0.08 μg/L (Mitchell et al. 2012). However, an increasing number 
of water bodies have been documented where Se levels are rising and may pose a 
threat to aquatic populations and whole-ecosystems (Lemly 2004; Hartikainen 
2005; Chapman et al. 2010a). In this context, microalgae not only act as a vector for 
Se from water to filter-feeders and other consumers, but can also be subjected to 
deleterious effects, inducing a potential decrease of primary production (Morlon 
et al. 2005).

Selenium toxicity to algae is related to the algal species (Wheeler et al. 1982; 
Dazhi et al. 2003; Abdel-Hamid and Skulberg 2006), Se concentration and oxida-
tion state (Pastierova et al. 2009; Umysová et al. 2009). The main toxicity symp-
toms induced by Se in microalgae include the inhibition of cell growth and cell 
division (Geoffroy et al. 2007, Umysová et al. 2009). Growth reduction in the pres-
ence of elevated Se concentrations may be due to impaired photosynthesis (Geoffroy 
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et  al. 2007). Ultrastructural damage, particularly chloroplast alterations, and the 
inhibition of photosynthetic electron transport under Se stress indicate that the chlo-
roplast is an important target of Se toxicity in microalgae (Morlon et  al. 2005; 
Geoffroy et al. 2007; Vítová et al. 2011).

In the unicellular alga S. quadricauda, selenate toxicity was found to be depen-
dent on the ambient sulfate concentration, selenate being more toxic under S defi-
ciency (Umysová et al. 2009). Similarly, in the microalga C. reinhardtii Se toxicity 
was associated to intracellular Se accumulation, which was directly related to the 
sulfate ion concentration in the media (Fournier et al. 2010). The increasing Se tox-
icity with sulfur deficiency indicated interference of Se with S assimilation in 
microalgae, possibly resulting from non-specific replacement of S by Se in 
proteins.

In other microalgae, like S. quadricauda, the selenoenzymes thioredoxin reduc-
tase and glutathione peroxidase (GPX) were shown to play a pivotal role in the Se 
stress responses (Umysová et al. 2009; Vítová et al. 2011). The activity of these two 
enzymes was associated to the type of Se treatment in a dose-dependent and toxic-
dependent manner. In the case of GPX, the activity was also influenced by the strain, 
as it was not enhanced in Se resistant strains in the presence of inorganic form of Se 
to which they are resistant (Vítová et al. 2011). In microalgae that volatilize Se to 
DMDSe and/or DMSe, this process may also represent an important detoxification 
mechanism because it reduces the Se concentration in cells to levels that are not 
toxic (Neumann et al. 2003; Vriens et al. 2016).

With respect to macroalgae, only few studies have been conducted to highlight 
the physiological responses induced by toxic Se concentrations. In a recent study, 
the capacity of Ulva spp. to accumulate Se correlated with selenate concentration in 
the culture medium (Schiavon et al. 2012). The enhanced activity of the antioxidant 
enzymes superoxide dismutase (SOD) and catalase (CAT), as well as the boost in 
content of non-enzymatic antioxidants like carotenoids and phenolic compounds, 
suggested the existence of multiple mechanisms working in macroalgae to over-
come Se-induced oxidative stress (Schiavon et al. 2012).

In another study, a linear correlation has been reported between Se content in 
Ulva fasciata and selenite concentration in the growth medium (Zhong et al. 2015). 
Low selenite concentrations (≤ 750 mg/L) increased the activities of guaiacol per-
oxidase (GPX), catalase (CAT), peroxidase (POD) and induced reactive oxygen 
species (ROS) accumulation. Meanwhile, the cell growth rate and amount of organic 
Se was found to increase. However, selenite concentrations higher than 750 mg/L in 
the culture medium resulted in opposite effects in this macroalga.

Recently, the capacity of Ulva australis to accumulate Se has been reported to 
depend upon the form and dose of Se applied (Schiavon et al. 2016). In particular, 
U. australis exhibited the highest ability to accumulate Se when supplied with 100 
μM selenate or 200 μM selenite. At the same concentrations, the stimulation of the 
synthesis of chlorophylls and carotenoids was observed, without any morphological 
and ultrastructural alterations observable in thalli. However, selenite enhanced the 
fraction of oxidized glutathione (GSSG), thus suggesting a capacity to induce 
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oxidative toxicity. Such a pro-oxidative effect of selenite has also been found for 
plants (Van Hoewyk 2013).

5.3  �Selenium Accumulation in Algae

Microalgae Se accumulation depends on the form and the dosage of given Se 
(Umysová et al. 2009). In C. reinhardtii, uptake of selenite was about tenfold higher 
than selenate uptake at similar exposure concentrations, with intracellular Se con-
centrations up to 55 mM and 4 mM when the microalga was exposed for 24 h–100 
μM selenite or selenate, respectively (Vriens et al. 2016).

In S. quadricauda wild type strains, increasing selenite or selenate concentration 
in the media caused a dose-dependent increase of the total content of Se and seleno-
methionine (SeMet) (Umysová et  al. 2009). The concentration of total Se when 
cells where treated with 100 mg/L selenite or selenate was 4 mg/L and 33 mg/L, 
respectively (Vítová et al. 2011), while the content of SeMet in the same microalga 
after incubation with selenate or selenite accounted for 29% and 41% of the accu-
mulated Se, respectively (Umysová et al. 2009). These findings were comparable to 
those obtained in Chlorella vulgaris (24% and 39%) (Neumann et al. 2003).

Selenium accumulation is also influenced by the ambient S concentration 
(Fournier et al. 2010; Vriens et al. 2016). In C. reinhardtii, Se uptake was strongly 
affected by S concentration in the media (Fournier et al. 2010). Indeed, for the same 
selenate concentrations, Se bioaccumulation was significantly higher in the pres-
ence of 8 μmol/L than 80 μmol/L of sulfate anions. In the former case, a plateau was 
reached at 0.60 μmol/L of selenate in the culture medium, in the latter one a linear 
increase in Se was observed.

In the case of macroalgae, the literature focusing on Se absorption by these 
organisms is scarce. The investigations conducted so far suggest a role for them as 
Se bioindicators and/or removers in Se phytoremediation technologies, even though 
they accumulate Se less efficiently than microalgae. A study carried out on the mac-
roalga Chara canescens highlighted the capacity of this species to accumulate Se 
coming from the drainage water of a farmland (Lin et al. 2002). In another study, 
Cladophora hutchinsiae was identified as an alternative biosorbent organism for the 
treatment of wastewater containing Se(IV) ions, due to it being low-cost biomass 
and having a considerably high sorption capacity (Tuzen and Sari 2010).

Differences in Se accumulation have been reported among different seaweed 
classes, with values within 0.014–0.135 mg/kg for Phaeophyceae, 1.153–0.434 mg/
kg for Rhodophyceae and 0.053–0.264 mg/kg for Chlorophyceae (Maher et  al. 
1992). Sànchez-Rodrìguez et al. (2001) measured Se concentration in 14 different 
species of macroalgae, and values varied from 0.078 to 0.86 μg/g. In other macroal-
gae, like Ulva pertusa and Dyctiopters divaricate, Se concentration was 0.549 μg/g 
and 0.289 μg/g, respectively (Hou and Yan 1998), while it was 0.53–0.75 μg/g in 
Ulva spp. and 1.12–1.73 μg/g in Porphyra colombina (Pèrez et al. 2007). The Se 
concentration in Fucus vesciculosus and Fucus ceranoides was 0.05–0.31 μg/g and 
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0.05–0.51 μg/g, respectively (Turner 2013), and in different red, green and brown 
macroalgae species from Mexico the Se concentration varied from 0.10 to 0.32 mg/
kg (Tenorio Rodriguez et al. 2013).

5.4  �Nutritional Aspects of Se Accumulation in Algae

Algae may represent a potential source of Se and other essential minerals required 
for the healthy metabolism of humans and animals. The content of these nutrients 
depends on the alga species, location and season of harvest (Garcia-Vaquero and 
Hayes 2016).

Selenium content and speciation in algae may impact the bioavailability of this 
element in human diet if algae represent one of the main dietary components (Yan 
et al. 2004). For humans, the concentration range for Se required as a nutrient is 
50–70 μg Se per day, and Se becomes toxic at around tenfold higher levels (Pilon-
Smits and Le Duc 2009; Zhu et al. 2009; USDA 2012). Low Se intake can result in 
dysfunction of the immune system, cardiovascular diseases, decreased fertility and 
hypothyroidism, whereas excessive dietary Se can induce adverse cardio-metabolic 
effects, as well as chronic Se poisoning symptoms such as loss of hair and nails, 
generally known as “selenosis” (Rayman 2012).

Selenium supplementation via Se-enriched algae may be used to correct Se 
deficiency-related diseases that affect people living in low Se-regions worldwide. In 
East Asian countries, fresh marine macroalgae are commonly used as food by the 
local populations because they represent a valuable source of proteins, polysaccha-
rides, fiber, vitamins and trace elements (Chapman and Chapman 1980; Dawczynsky 
et  al. 2007; Cornish and Garbary 2010). For instance, the average intake for the 
Japanese population is about 1.6 kg dry weight of sea weed per person per year 
(Chandini et al. 2008).

The form of Se accumulated in algae is also crucial for the establishment of their 
role as powerful supplementary source of this element in human and animal nutri-
tion. The macroalga Laminaria japonica, for instance, possesses high capability to 
accumulate and convert inorganic Se into organic Se-metabolites that function as 
anticarcinogens and promoting agents of immune system and thyroid metabolism 
(Yan et  al. 2004). The unicellular alga C. vulgaris was also reported to produce 
higher antioxidants and organic selenocompounds when supplied with selenite con-
centrations lower than 75 mg/L, and it has been proposed as antioxidative food for 
aquaculture and human health (Sun et al. 2014). Together, these studies show ben-
eficial effects on human and animal health related to the consumption of edible 
seaweeds rich in selenocompounds. Further studies focusing on better understand-
ing the algal mechanisms involved will help optimize their potential.
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Chapter 6
Bacteria Versus Selenium: A View 
from the Inside Out

Lucian C. Staicu, Ronald S. Oremland, Ryuta Tobe, and Hisaaki Mihara

Abstract  Bacteria and selenium (Se) are closely interlinked as the element serves 
both essential nutrient requirements and energy generation functions. However, Se 
can also behave as a powerful toxicant for bacterial homeostasis. Conversely, bacte-
ria play a tremendous role in the cycling of Se between different environmental 
compartments, and bacterial metabolism has been shown to participate to all valence 
state transformations undergone by Se in nature. Bacteria possess an extensive 
molecular repertoire for Se metabolism. At the end of the 1980s, a novel mode of 
anaerobic respiration based on Se oxyanions was experimentally documented for 
the first time. Following this discovery, specific enzymes capable of reducing Se 
oxyanions and harvesting energy were found in a number of anaerobic bacteria. The 
genes involved in the expression of these enzymes have later been identified and 
cloned. This iterative approach undertaken outside-in led to the understanding of the 
molecular mechanisms of Se transformations in bacteria. Based on the extensive 
knowledge accumulated over the years, we now have a full(er) view from the inside 
out, from DNA-encoding genes to enzymes and thermodynamics. Bacterial trans-
formations of Se for assimilatory purposes have been the object of numerous studies 
predating the investigation of Se respiration. Remarkable contributions related to 
the understating of the molecular picture underlying seleno-amino acid biosynthesis 
are reviewed herein. Under certain circumstances, Se is a toxicant for bacterial 
metabolism and bacteria have evolved strategies to counteract this toxicity, most 
notably by the formation of elemental Se (nano)particles. Several biotechnological 
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applications, such as the production of functional materials and the biofortification 
of crop species using Se-utilizing bacteria, are presented in this chapter.

Keywords  Selenium • Bacteria • Anaerobic respiration • Selenium detoxification • 
Selenoenzymes

6.1  �Introduction

Bacteria are involved in the cycling of selenium (Se) through different compartments 
of the environment. Se has several oxidation states: (VI), (IV), (0), and (-II), that 
display variable solubility, bioavailability, and toxicological profiles (Chapman 
et al. 2010). Se oxyanions, SeOx, i.e. selenate (SeO4

2−) and selenite (SeO3
2−), are 

water-soluble, bioavailable, and toxic to aquatic life (Simmons and Wallschlaeger 
2005). Elemental Se (Se0) is considered practically nontoxic in view of its solid 
state and negligible water solubility. However, a number of reports documented 
adverse effects exhibited by Se0 against ecological receptors such as filter-feeding 
mollusks and fish (Chapman et al. 2010). The bioremediation approach employed 
by various bioreactor systems relies on the microbial conversion of SeOx to Se0 
(Staicu et  al. 2015a). Selenide, Se(−II), the most reduced valence state of Se, is 
present in strongly reducing conditions. Both inorganic Se, e.g. hydrogen selenide 
(H2Se and HSe¯), metal selenides (Mn+Se2−), and selenocyanate (SeCNˉ), and organic 
selenides (e.g. methylated species such as dimethylselenide (DMSe), aminoacids 
such as selenocysteine (Sec or SeCys) and selenomethionine (SeMet), and meta-
bolic products (e.g. trimethylselenonium) have been described (Fernandez-Martinez 
and Charlet 2009).

A biogeochemical cycle of inorganic and organic forms of Se was first proposed 
in a seminal article by Shrift (1964). Following this article, bacteria were later found 
to participate in most transformations undergone by Se in aquatic and terrestrial 
ecosystems. A major finding that came out at the end of 1980s was the capacity of 
some anaerobic bacteria to use Se as terminal electron acceptor for cellular respira-
tion (Macy et al. 1989; Oremland et al. 1989). The first bacteria described that carry 
out anaerobic respiration on selenate were Thauera selenatis, belonging to the beta 
subclass (Macy et al. 1993), and Sulfurospirillum barnesii and S. arsenophilus of 
the epsilon subclass of Proteobacteria (Oremland et al. 1994; Laverman et al. 1995; 
Stolz and Oremland 1999). T. selenatis was isolated in California by Joan Macy and 
coworkers from a bioreactor setting treating agricultural wastewater rich in 
Se-oxyanion effluents. S. barnesii was isolated from a Se-rich drainage slough 
located near Fallon, NV (Oremland et al. 1994). Apart from their use in cellular 
respiration, Se compounds can also behave as powerful toxicants due to the produc-
tion of dysfunctional biomolecules when Se is mis-incorporated into sulfur-rich 
proteins (Stadtman 1974). Additionally, the metabolism of SeOx was linked to 
oxidative stress (Hoffman 2002). However, bacteria have evolved different strategies 
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to counteract this toxicity and a major one is the production of Se0 nanoparticles 
with significantly reduced toxicity.

This chapter discusses the bacterial transformations of Se from a molecular biol-
ogy perspective. We briefly examine the main strategies employed by anaerobic and 
aerobic bacteria to transform Se, and then we expound upon the genetics and the 
enzymes that underlie these transformations. The chapter also presents the potential 
use of Se-transforming bacteria for the production of functional materials and the 
biofortification of plant and crop species. The reader is referred to some recent 
reviews for further details on this re-emerging subject of scientific interest (Santos 
et al. 2015; Winkel et al. 2015).

6.2  �Bacterial Metabolism of Selenium

6.2.1  �Selenium Respiration

Under anaerobic conditions, various electron acceptors (e.g. NO3ˉ, SO4
2−, S0, Fe3+ or 

Mn4+) can be utilized by bacteria for respiration as the terminal step of their electron 
transport chain. Macy et al. (1989) showed that selenate can be used by bacteria 
for cellular respiration. This strategy is termed dissimilatory reduction. From a 
thermodynamic point of view, the reduction of selenate to selenite coupled with 
the oxidation of an electron donor, such as formate, acetate (Eq.  6.1) or lactate 
(Eq. 6.2) provides energy to support bacterial growth (Macy et al. 1989; Oremland 
et al. 1994):

	 C H O H H O2 3 2 4
2

3
2

2 24 4 2 2− ++ + → + +SeO SeO CO  
	 (6.1)

	 ∆G kJ molf  = − −556 2 3 2/ ( )acetate C H O 	

	 C H O C H O H3 6 3 4
2

3
2

2 3 2 32 2− − − ++ → + + +SeO SeO HCO  
	 (6.2)

	 ∆G kJ molf  = − −343 1 3 6 3. / ( )lactate C H O 	

Provided the bacteria involved are capable of metabolizing both selenate and 
selenite, usually sequentially, then elemental Se is the end product of selenate reduc-
tion according to Eq. 6.3 (Oremland et al. 1994):

	 3 2 2 3 3 23 6 3 4
2 0

2 3 2 3 2C H O H C H O H O− + − −+ + → + + +SeO Se HCO 
	 (6.3)

	 ∆G kJ molf  = −467 4. / lactate 	

Some species can respire either selenate or selenite, but not both. For example, 
Bacillus selenitireducens, a halo-alkaliphile isolated from Mono Lake, California, 
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can carry out the reductive dissimilation of selenite (Eq. 6.4) that yields energy for 
growth (Switzer Blum et al. 1998):

	 C H O H C H O H O3 6 3 3
2 0

2 3 2 3 2
− + − −+ + → + + +SeO Se HCO 

	 (6.4)

	 ∆G kJ mol pHf  = − =241 6 10. / ( )lactate 	

If provided with an excess of electron donor (lactate) over the available selenite 
supplied, then this microorganism can carry out a further reduction of the accumu-
lated mass of extracellular Se0 to HSe¯, according to Eq. 6.5 (Herbel et al. 2003):

	 C H O H O C H O H3 6 3
0

2 2 3 2 32 2 2 3− − − − ++ + → + + +Se HSe HCO 	 (6.5)

	 ∆G kJ mol pHf  = − =98 8 10. / ( )lactate 	

The time course progression of this reaction is visually quite striking. It starts out 
with the mass accumulation of bright orange amorphous Se0, which grows darker 
and separates into layers, and eventually clears into a tawny-tinged fluid with a 
dense, black precipitate of hexagonal Se0 at the bottom of the large serum bottle 
(Fig. 6.1a). If one removes the rubber stopper allowing air to exchange with the N2 
headspace, a rapid exothermic reaction occurs whereby the accumulated HSe¯ autoxi-
dizes back to Se0, and the bottle turns back to the thick orange color. A scanning 
electron micrograph of the black hexagonal Se0 allotrope is shown in Fig. 1b, where 
the thread-like hairs seen on its surface are strands of Se0 formed by the oxidation 
of HSe¯ upon its exposure to the oxygen in air. A cell of B. selenitireducens also 

Fig. 6.1  Biogenic Se0 and HSe¯: (a) Formation of HSe¯ from accumulated Se0 over a time 
sequence by B. selenitireducens incubated with an excess of the electron donor lactate. The black 
precipitate at the bottom of the bottle was the hexagonal crystalline allotrope of Se0, while the red/
orange was the amorphous/monoclinic allotrope of Se0 (Photos courtesy of M.  Herbel); (b) 
Scanning electron micrograph of a black hexagonal crystal of Se0 taken at the end of the above 
time course. The hair-like threads on the crystal consist of Se0 formed by auto-oxidation of HSe¯ 
when exposed to air (M. Herbel, unpublished)
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adorns the surface of the crystal. Se respiration in Archaea was only marginally 
reported to date (Huber et al. 2000).

6.2.2  �Selenium Assimilation

In contrast to the dissimilatory reduction of SeOx used to energize the bacterial cell, 
the assimilatory reduction of Se oxyanions is employed by both aerobes and anaer-
obes for the synthesis of Se amino acids, namely Sec and SeMet. These amino acids 
are incorporated into selenoproteins having essential roles in the proper functioning 
of bacterial metabolism. In selenoproteins, Se has structural and enzymatic roles, 
serving oxidoreductase functions against reactive oxygen species (ROS) (Labunskyy 
et al. 2014). Sects. 6.3.3, 6.3.4, 6.3.5 from this chapter provide an in-depth presentation 
of the seleno-amino acids metabolism.

6.2.3  �Selenium Detoxification

Se exerts toxic effects on bacteria and several mechanisms have been proposed for 
the reduction of selenite to Se0 in microorganisms, including a glutathione (GSH) 
system, thioredoxin system, siderophore-mediated reduction, sulfide-mediated 
reduction, and dissimilatory reduction (Zannoni et al. 2008).

The reduction sequence of selenite to Se0 by GSH occurs according to the fol-
lowing reactions (Eqs. 6.6, 6.7, 6.8, 6.9, and 6.10) (Ganther 1968):

	 H GSSeO H H O2 3 2 2SeO GSH+ → + 	 (6.6)

	 GSSeO H GSSeOSG H O2 2+ → +GSH 	 (6.7)

	 GSSeOSG GSOH+ → − − +GSH GS Se SG 	 (6.8)

	 GS Se SG GS SeH GSH– – NADPH H – NADP+ + → + ++ +
	 (6.9)

	 GSSeH + → +GSH GSH Se0 	 (6.10)

where GSSeO2H, glutathione selenone; GSSeOSG, diglutathione selenone; GS-Se-SG, 
selenodiglutathione; and GSSeH, l-γ-glutamyl-S-selanyl-l-cysteinylglycine.

Reduced thioredoxin and thioredoxin reductase were hypothesized to be involved 
in the reduction of selenite and GS-Se-SG (Björnstedt et  al. 1992). Reduced 
thioredoxin reacts with GS-Se-SG to form oxidized thioredoxin, reduced GSH, and 
selenopersulfide anion, and then Se0 is released from the reactive selenopersulfide 
anion. In addition, selenite can react with the reactive biogenic sulfide abiotically, 
yielding Se0 and elemental sulfur, S0 (Hockin and Gadd 2003; Pettine et  al. 
2013). An iron siderophore, pyridine-2,6-bis(thiocarboxylic acid), produced by 
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Pseudomonas stutzeri KC, has also been proposed to detoxify selenite through 
reduction and formation of insoluble Se0 precipitates (Zawadzka et al. 2006).

The exposure of bacteria to growth media containing selenite resulted in pheno-
typic changes and altered cell morphology in Wolinella succinogenes (Tomei et al. 
1992) and Desulfovibrio desulfuricans DSM 1924 (Tomei et al. 1995). P. moravien-
sis stanleyae showed impaired growth (40% less bacterial cell density during sta-
tionary phase) and extended lag time when it was exposed to 10 mM sodium selenite 
(Staicu et al. 2015b). Figure 6.2 presents Se0 nanoparticles with a diameter around 
60 nm that were found intracellularly, following exposure of P. moraviensis stan-
leyae to sodium selenite. Additionally, the Se0 enzyme assay identified GSH, nitrite, 
and sulfite reductases as candidate enzymes involved in selenite reduction, sugges-
tive of a detoxification mechanism at play (Ni et al. 2015). Aerobic reduction of 
selenite is ubiquitous amongst phylogenetically diverse bacterial groups, indicating 
shared metabolic pathways used for the reduction of other oxyanions such as nitrate 
or sulfate (Sura-de Jong et al. 2015).

6.2.4  �Metabolic Explorations Using Se Isotopic Techniques

Further detailed investigations into the actual scope and rates of Se biotransforma-
tions occurring within Se-impacted and pristine environments were facilitated by 
the use of both radioisotopes (i.e., 75Se-selenate) and the fact that this element also 
displays six naturally-occurring stable isotopes (i.e. 74Se, 76Se, 77Se, 78Se, and 80Se). 
A radioisotopic procedure was devised whereby 75Se-selenate was injected into sub-
cores recovered from anoxic sediments, and after incubation and washing, the 
amount of 75Se0 was quantified so as to yield rate constants (Oremland et al. 1990). 
Multiplication of the rate constants by the concentration of selenate in pore waters 
(≤ 40 μM) yielded in situ rates of dissimilatory selenate reduction. The rates deter-
mined for a large agricultural evaporation pond located in the Se-impacted San 
Joaquin Valley (California) were calculated to be 300 μM SeO4

2− per m2 per day, 
which was sufficient to sequester all the pond water Se oxyanions as Se0 in the bot-
tom sediments within ~90 days. Similar results were obtained for an agricultural 
drainage slough located in western Nevada (Oremland et al. 1991). To answer the 
question of whether or not this phenomenon was widespread or confined to 
Se-contaminated regions, a broad survey was conducted to assay surficial aquatic 
sediments from a number of different locales and chemistries (e.g. freshwater, estu-
arine, soda lakes, contaminated ponds, and saturated salterns). The results were 
surprising in that rapid dissimilatory selenate reduction was found to be common to 
all of the 11 sediment types investigated, indicating that both the bacteria involved 
and their enzymes were constitutive and active in these diverse biomes (Steinberg 
and Oremland 1990). In stark contrast to these rapid Se(VI) reduction rates, the 
rates of oxidation of 75Se0 back to soluble oxyanions by bacterial cultures, as well as 
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by oxic sediments, were very slow, with turnover rates measured in years rather than 
hours or days (Dowdle and Oremland 1998).

Selenate- and selenite-respiring bacteria are capable of a “classic” biological 
stable isotopic fractionation, selecting for the lighter isotopes, while leaving behind 
the heavier, as was demonstrated with pure cultures (Johnson et al. 1999). Cumulative 
reduction of Se(VI) and Se(IV) resulted in an enrichment of the δ80/76Se of ~11 per 
mil (Herbel et al. 2000). However, although fractionation was observed during incu-
bation of live, manipulated sediment slurries (Ellis et al. 2003), little if any fraction-
ation was observed in Se-contaminated drainages (Herbel et al. 2002). The absence 
of fractionation in situ was probably owing to the rapidity and completeness of the 
biological reactions involved. Nonetheless, Zhu et al. (2014) reported that at one 
particular site of an exposed outcrop in China, very broad ranges in the δ82/76Se 
ratios were observed (−14.2 to +11.37 per mil) reflecting on the alternating seasonal 
oxic vs. anoxic conditions in this subsurface aquifer. Analytical advances have been 
made which explore the use of stable oxygen isotopes (18O/16O) in Se oxyanions 
during dissimilatory reduction (Schellenger et al. 2015) which opens the possibility 
in the near future of employing multiple isotopes of Se and O (i.e. “clumped analy-
ses”) to better characterize the biogeochemical redox cycle of Se in nature.

6.3  �Genes and Enzymes Involved in Bacterial Selenium 
Metabolism

6.3.1  �Overview

As described above, inorganic and organic forms of Se are metabolized in a dissimi-
latory or assimilatory manner by Se-utilizing bacteria (Fig. 6.3). Some bacteria can 
use the Se oxyanions, selenate and selenite, as electron acceptors under anaerobic 
conditions, and other species can use these ions as substrates for producing 

Fig. 6.2  Electron 
tomographic reconstruction 
with osmium staining of P. 
moraviensis stanleyae 
exposed to 10 mM of 
sodium selenite under 
aerobic conditions. 
Legend: The outer 
membrane (in green), inner 
membrane (in yellow), and 
Se0 nanoparticles (in pink) 
(Adapted from Ni et al. 
2015)
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biologically active Se compounds such as seleno-amino acids, selenouridine (SeU), 
and Se-containing cofactors. Until recently, only a few bacterial genes involved in 
Se utilization had been identified. Due to improvements in genome sequencing 
technology, genomic analysis has become a powerful way to predict if a bacterium 
can utilize Se. Previous studies identified genes involved in a specific Se-utilizing 
system. Based on the results of genomic screens using those already-identified 
genes as indicators, an increased number of Se-utilizing bacteria have been 
recognized.

Studies on the metabolism of Se oxyanions have identified genes responsible for 
selenate reduction, like serABCD in Thauera selenatis (Lowe et al. 2010), srdBCA 
in Bacillus selenatarsenatis SF-1 (Kuroda et  al. 2011), and the ygfKLMN and 
ynfEGHdmsD operons in Escherichia coli (Bebien et al. 2002; Guymer et al. 2009). 
The microbial selenite reduction processes can be categorized broadly into either 
detoxification or anaerobic respiration. However, only a few selenite-respiring bac-
teria have been isolated (Stolz et al. 2006), and specific genes involved in selenite 
reduction have not as yet been identified. Various mechanisms have been proposed 
for the reduction of selenite to elemental Se, including the Painter-type reaction, a 
thioredoxin reductase system, siderophore-mediated reduction, sulfide-mediated 
reduction, and dissimilatory reduction (Zannoni et al. 2008).

Metabolic processes of biologically active Se molecules, such as seleno-amino 
acids, SeU, and Se-containing cofactors, have been characterized and their related 
genes have been identified. Such genes identified so far include those for biosynthe-
sis of Sec (selA, selB, selC, and selD in bacteria and PSTK, SepSecS, selB, selC, and 

Fig. 6.3  Selenium metabolism in bacteria
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selD in archaea), 2-SeU (ybbB), and Se-containing cofactors (yqeB and yqeC). 
Since the selD gene encoding selenophosphate synthetase (SelD) is commonly 
required for the synthesis of Sec, SeU, and Se-containing cofactors, it is one of the 
major biomarkers for identifying bacterial species that can utilize Se (Zhang et al. 
2006; Lin et al. 2015). Recently, Peng et al. (2016) applied comparative genomic 
approaches to more than 5200 sequenced bacterial genomes to investigate Se utili-
zation in bacteria. Among the species examined, 1121 Sec-utilizing (21.5%), 980 
SeU-utilizing (18.8%) and 312 Se-cofactor-utilizing (6.0%) organisms were identi-
fied. Se utilization is hypothesized to be an ancient trait that was once common to 
almost all bacterial species. However, this study only detected the presence of selD 
in 1754 organisms (33.7%), suggesting that most species have lost the ability to use 
Se over the long process of evolution.

6.3.2  �Metabolism of Selenium Oxyanions

Bacteria interact with all valence states of Se, thus contributing to the biogeochemi-
cal cycle of this element (Shrift 1964). However, the reduction of high-valence 
states of Se is more often reported and occurs at a considerably faster pace than the 
oxidative side of the cycle.

6.3.2.1  �Selenate Respiration and Reduction

As shown in Eq. 6.11 and 6.12, selenate reduction occurs by a two-step process. 
Selenate reduction to selenite is catalyzed by selenate reductases, and then selenite 
reduction to insoluble Se0 is catalyzed by nonspecific selenite reductases. Such 
reductions can be observed under aerobic, anoxic, and anaerobic conditions. The 
genes and enzymes involved in selenate reduction were investigated especially in 
Thauera selenatis, Enterobacter cloacae SLD1a-1, E. coli, and Bacillus selena-
tarsenatis SF-1.

	 SeO SeO4
2

3
2

22 2   + + → ++e H H O	 (6.11)

	 SeO Se3
2 0

24 6 3  + + → ++e H H O 	 (6.12)

The Gram-negative bacterium T. selenatis can effectively reduce selenate to sel-
enite anaerobically (Rech and Macy 1992). The selenate to selenite reduction reac-
tion occurs in the periplasmic compartment. The first identified respiratory selenate 
reductase of the bacterium was purified and characterized (Schröder et al. 1997). 
This enzyme consists of a catalytic unit (SerA), an Fe-S protein (SerB), a heme b 
protein (SerC), and a molybdenum cofactor (Lowe et al. 2010). Complete inhibition 
of selenate reduction was achieved in the presence of both myxothiazol and 
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2-n-heptyl-4-hydroxyquinoline N-oxide, suggesting the involvement of both a 
quinol cytochrome c reductase and a quinol dehydrogenase in selenate reduction 
(Lowe et al. 2010). In addition, a novel 95-kDa protein, SefA (Se factor A), was 
isolated from the elemental Se secreted from T. selenatis cells into the extracellular 
medium, suggesting that the SefA protein aids in the secretion process by stabiliz-
ing Se nanospheres and preventing their aggregation (Debieux et al. 2011).

Enterobacter cloacae SLD1a-1 is a selenate-reducing bacterium isolated from 
the Se-rich waters of the San Luis Drain in California (Losi and Frankenberger 
1997). Selenate reductase of E. cloacae SLD1a-1 is a membrane-bound trimeric 
complex with a catalytic subunit of 100 kDa, which may contain molybdenum as a 
cofactor (Ridley et al. 2006). In E. coli, at least three systems for selenate reduction 
have been identified. Selenate reductase encoded within the ynfEGHdmsD operon is 
dependent on the twin arginine translocation (Tat) system (Guymer et al. 2009). The 
catalytic subunit YnfE is predicted to bind a bis-molybdopterin guanine dinucleo-
tide cofactor and a [4Fe-4S] cluster. The small subunit YnfG exhibits four [4Fe-4S]-
binding motifs, with each motif containing four conserved cysteine residues. On the 
other hand, it has been demonstrated using gene deletion analyses that another E. 
coli selenate reductase is a structural complex including the proteins YgfK, YgfM, 
and YgfN, encoded by the ygfKLMN putative operon (Bebien et al. 2002). Although 
the specific activity is low, E. coli nitrate reductases A and Z (encoded by narGHIJ 
and narZUWV, respectively) and periplasmic nitrate reductase NapA also possess 
selenate reductase activity (Avazeri et al. 1997).

A Gram-positive bacterium, B. selenatarsenatis SF-1, was also isolated as a 
selenate-reducing bacterium (Fujita et al. 1997). The strain shows a stoichiometric 
relationship between cell growth, lactate consumption, and selenate reduction. It 
was demonstrated using transposon mutagenesis that the srdBCA operon encodes a 
putative oxidoreductase complex as a respiratory selenate reductase complex 
(Kuroda et al. 2011). The selenate reductase SrdBCA is a membrane-bound, tri-
meric molybdoenzyme. Electrons from the quinol pool are channeled to the cata-
lytic subunit SrdA via SrdB, an Fe-S protein, and selenate receives the electrons 
from SrdA via the molybdenum cofactor (Kuroda et al. 2011).

6.3.2.2  �Selenite and Elemental Selenium Respiration and Reduction

Certain selenate-reducing bacteria can also perform dissimilatory selenite reduction 
(Nancharaiah and Lens 2015). However, the investigation of selenite reduction via 
respiratory electron transport pathways is limited to a study using Shewanella onei-
densis MR-1 (Li et al. 2014). Apart from respiration, selenite can also be reduced by 
bacteria as a dissimilatory strategy which includes detoxification.

To date, there are only a few studies on microbial reduction of Se0 to selenide. 
Some of selenate- or selenite-respiring bacteria may have the capacity to reduce Se0 
as well. Bacillus selenitireducens, a selenite-respiring bacterium, produced signifi-
cant amounts of selenide from Se0 or selenite (Herbel et al. 2003). However, the 
reduction of Se0 to selenide was not observed in the case of selenate-respiring bac-
teria, and the responsible catalytic enzymes have not been identified.
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6.3.2.3  �Selenium Nanoparticles

Many bacteria synthesize Se nanoparticles (SeNPs) as a mechanism of Se detoxifi-
cation (Kessi et al. 1999). SeNPs have wide applications in medicine, therapeutics, 
biosensors, and environmental remediation (Wadhwani et al. 2016). Synthesis of 
these nanoparticles can be extracellular, intracellular, or membrane-bound. Se 
deposits were first observed on cell walls and cell membranes of E. coli under elec-
tron microscopy (Gerrard et  al. 1974). After that, several bacterial species, both 
Gram-negative and Gram-positive, like Veillonella atypica and Pseudomonas sp. 
RB, have been demonstrated to synthesize quantum dots such as CdSe and ZnSe 
(Pearce et al. 2008; Ayano et al. 2014). After Se reduction based on the previously 
mentioned mechanisms, SeNPs accumulate in bacterial cells during mid- to late-
exponential growth phases and are secreted into the surrounding medium in the 
stationary phase (Butler et al. 2012). Se factor A (SefA), a protein of approximately 
95 kDa, accompanies SeNPs during their export from the cytoplasmic compart-
ment, and aids in biomineralization and stabilization of the nanoparticles (Butler 
et al. 2012). Furthermore, the metalloid reductase RarA has the highest number of 
peptides with strong affinity for SeNPs, thereby conferring stability (Lenz et  al. 
2011). A reductase enzyme is responsible for the conversion of selenate and selenite 
to nano-Se in bacteria, and this phenomenon has mostly been studied in T. selenatis, 
E. coli, and E. cloacae (Wadhwani et al. 2016). However, the existence of multiple 
electron transport pathways has not been ruled out, and the mechanism by which 
these nanoparticles exhibit antimicrobial action is still unclear.

6.3.3  �Selenoprotein Biosynthesis in Bacteria and Archaea

6.3.3.1  �Selenocysteine Synthesis

The most important and best-characterized biological form of Se is the amino acid 
Sec. Most studies on selenoprotein biosynthesis in bacteria have been carried out 
with E. coli. Böck et al. revealed that at least four Sec-specific genes, selA, selB, 
selC, and selD, are required for bacterial Sec synthesis (Fig. 6.4) (Forchhammer 
et al. 1990; Leinfelder et al. 1990; Forchhammer et al. 1991). The gene selC encodes 
the Sec-specific tRNA (tRNASec) and its anticodon UCA is complementary to the 
Sec codon UGA (Leinfelder et al. 1989). This tRNA is the largest tRNA in E. coli 
and has a unique modification pattern (Schon et al. 1989). However, the most obvi-
ous distinction between tRNASec and canonical elongator tRNAs is the eight-base-
pair aminoacyl-acceptor stem; all other tRNA species have a seven base-pair stem. 
tRNASec is first aminoacylated with l-serine by seryl-tRNA synthetase and then the 
conversion of seryl-tRNASec into selenocysteyl-tRNASec (Sec-tRNASec) is catalyzed 
by Sec synthase (the selA gene product) using selenophosphate. The Sec synthase 
SelA of E. coli binds pyridoxal 5′-phosphate (PLP) as a cofactor, the carbonyl of 
which forms an aldimine linkage with serine’s α-amino group, and 2,3-elimination 
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of a water molecule generates enzyme-bound aminoacrylyl-tRNASec (Forchhammer 
and Böck 1991). Nucleophilic addition of selenide to the aminoacrylyl double bond 
forms Sec-tRNASec. The activated Se donor for the reaction, selenophosphate, is 
synthesized by selenophosphate synthetase, SelD (the product of the selD gene) 
(Veres et  al. 1992). Due to the high Km value of SelD for selenide (HSe¯), it is 
assumed that selenide is not the true substrate, but rather some activated, protein-
bound Se species may specifically supply a substrate to selenophosphate 
synthetase.

Archaeal Sec-tRNASec biosynthesis has some differences from the bacterial sys-
tem (Fig. 6.4). Archaea and bacteria use a similar Sec-tRNASec biosynthesis system, 
but archaea require an additional step, phosphorylation of Ser-tRNASec by 
O-phosphoseryl-tRNASec kinase (PSTK) (Yuan et al. 2006). Investigating the pro-
cess of Sec synthesis and incorporation in archaea started with the genome sequence 
of Methanococcus jannaschii (Bult et al. 1996). This genome encodes tRNASec and 
its predicted structure resembles eukaryotic tRNASec more closely than bacterial 
tRNASec (Commans and Böck 1999). In vitro characterization of a M. maripaludis 
homolog of the eukaryotic O-phosphoseryl-tRNASec:Sec synthase (SepSecS) 
showed its ability to catalyze the selenophosphate-dependent conversion of 
O-phosphoseryl-tRNASec to Sec-tRNASec (Yuan et al. 2006). Briefly, in the case of 
archaeal Sec-tRNASec biosynthesis, after charging tRNASec with serine, 
O-phosphoseryl-tRNASec is synthesized as an intermediate upon phosphorylation of 
the seryl-tRNASec by PSTK.  Ultimately, O-phosphoseryl-tRNASec is converted to 
Sec-tRNASec by SepSecS using selenophosphate as the Se donor.

Fig. 6.4  Selenoprotein biosynthesis in bacteria and archaea. SerRS, seryl-tRNA synthetase; SelA, 
selenocysteine synthase; SelD, selenophosphate synthetase; GTP, guanosine-5′-triphosphate; 
SECIS, selenocysteine insertion sequence; SelB, SECIS-binding protein; PSKT, O-phosphoseryl-
tRNASec kinase; SepSecS, O-phosphoseryl-tRNASec: selenocysteine synthase
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6.3.3.2  �Selenocysteine Insertion

Because of its unique structural features, tRNASec is not recognized by the canonical 
elongation factor EF-Tu (Forster et  al. 1990). Instead, a Sec-specific translation 
elongation factor, SelB, the product of the selB gene, is utilized for Sec insertion 
into a nascent polypeptide (Forchhammer et al. 1989). The N-terminus of SelB from 
E. coli shares significant homology to EF-Tu and it binds Sec-tRNASec and GTP 
stoichiometrically (Baron and Böck 1991). A unique property of bacterial SelB, 
crucial for its function, is its interaction with the selenoprotein mRNA. The segment 
responsible for this interaction, the SECIS element, has a stem-loop structure of 
approximately 40 nucleotides located immediately downstream of the UGA codon. 
Formation of the quaternary complex of SelB, Sec-tRNASec, the SECIS, and GTP is 
cooperative and promotes Sec insertion into bacterial selenoproteins (Fig. 6.4). 
In addition, both selA and selC from the Gram-positive bacterium Moorella 
thermoacetica complement the corresponding genes in E. coli (Tormay et al. 1994; 
Kromayer et al. 1996). Thus, Gram-positive bacteria appear to utilize the same gen-
eral strategy for Sec synthesis as Gram-negative bacteria.

In archaea, the Sec insertion system is still not fully proven. Analysis of Sec-
coding genes in M. voltae first showed that Sec insertion in archaea is also directed 
by UGA (Halboth and Klein 1992). However, archaea do not have conserved SECIS 
sequences within the coding region of selenoprotein mRNAs (Fig.  6.4). Instead, 
conserved hairpin structures for different selenoprotein mRNAs were only found in 
untranslated regions of M. jannaschii transcripts (Wilting et al. 1997; Rother et al. 
2001). In addition, inspection of the M. jannaschii genome revealed a putative 
archaeal SelB homolog, which was able to bind guanosine nucleotides and 
aminoacyl-tRNASec (Rother et al. 2000), suggesting that it is a key component of 
selenoprotein synthesis machinery in archaea.

6.3.4  �Selenoproteins in Bacteria and Archaea

Most intracellular Se is found in selenoproteins in the form of Sec. Since selenol is 
highly nucleophilic and Sec is mostly deprotonated at physiological pH (pKa: 5.2 
for Sec vs. 8.3 for cysteine, Cys), Sec is more reactive than Cys (Zinoni et al. 1987; 
Axley et al. 1991). Therefore, due to the chemical properties of Se, almost all sele-
noproteins with Sec residues in their active site participate in intracellular redox 
systems (Table 6.1). The membrane-bound formate:hydrogen lyase-linked formate 
dehydrogenase H (FdhH encoded by fdhF) from E. coli was cloned, representing 
the first prokaryotic gene encoding a Sec residue, which is encoded by UGA (Zinoni 
et al. 1986). In E. coli, two other selenoprotein formate dehydrogenases, FdhO 
and FdhN, have been identified (Sawers et al. 2004). FDHs represent the most wide-
spread selenoproteins in bacteria and archaea (Peng et al. 2016). FDH catalyzes the 
reversible oxidation of formate to CO2 and is involved in energy metabolism, carbon 
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Table 6.1  Selenoproteins in bacteria

Selenoproteins Gene Characteristic organism References

Formate dehydrogenase α 
subunit

fdhA E. coli, etc. Cox et al. (1981)

Selenophosphate synthetase selD Eubacterium 
acidaminophilum, etc.

Gursinsky et al. (2008)

Glycine reductase protein A grdA Clostridium sticklandii, etc. Cone et al. (1976)
Glycine reductase protein B grdB E. acidaminophilum, etc. Wagner et al. (1999)
Proline reductase pr C. sticklandii, etc. Kabisch et al. (1999)
Sarcosine reductase – E. acidaminophilum, etc. Hormann and 

Andreesen (1989)
Betaine reductase – E. acidaminophilum, etc. Meyer et al. (1995)
Coenzyme F420-reducing 
hydrogenase α subunit

frhA Syntrophobacter 
fumaroxidans, etc.

Zhang et al. (2006)

Coenzyme F420-reducing 
hydrogenase δ subunit

frhD S. fumaroxidans, etc. Zhang et al. (2006)

Heterodisulfide reductase 
subunit A

hdrA S. fumaroxidans, etc. Zhang et al. (2006)

Thioredoxin trx Treponema denticola, etc. Kim et al. (2015)
Glutaredoxin grx Clostridium sp., etc. Kim et al. (2011)
Peroxiredoxin prx E. acidaminophilum, etc. Sohling et al. (2001)
Prx-like thiol:disulfide 
oxidoreductase

– Geobacter metallireducens, 
etc.

Zhang et al. (2006)

Thiol:disulfide interchange 
protein

– Syntrophus aciditrophicus, 
etc.

Zhang et al. (2006)

Fe-S oxidoreductase glpC S. fumaroxidans, etc. Zhang et al. (2006)
NADH oxidase – G. metallireducens Zhang et al. (2006)
Methionine sulfoxide 
reductase

msrA Clostridium sp., etc. Kim et al. (2009), etc.

Electron transfer protein prdC C. sticklandii Fonknechten et al. 
(2010)

Glutathione peroxidase gpx Treponema denticola Zhang et al. (2006)
HesB-like – S. fumaroxidans, etc. Zhang et al. (2006)
SelW-like – Desulfotalea psychrophila, 

etc.
Zhang et al. (2006)

AhpD-like – Alkaliphilus metalliredigenes Zhang et al. (2006)
ArsC-like – D. psychrophila Zhang et al. (2006)
DsbA-like – Anaeromyxobacter 

dehalogenans
Zhang et al. (2006)

DsbG-like – Symbiobacterium 
thermophilum

Zhang et al. (2006)

DsrE-like – Desulfovibrio vulgaris Zhang et al. (2006)
Homolog of AhpF – Carboxydothermus 

hydrogenoformans
Zhang et al. (2006)

Distant AhpD homolog – Geobacter uraniumreducens Zhang et al. (2006)
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fixation, and pH homeostasis (Ferry 1990). It contains an Fe-S cluster and either Mo 
or W (Andreesen and Makdessi 2008) coordinated by a pterin cofactor.

Besides E. coli, several selenoproteins have been characterized in Eubacterium 
acidaminophilum and Clostridium sticklandii, such as glycine reductase proteins A 
and B (Cone et  al. 1976; Hormann and Andreesen 1989; Dietrichs et  al. 1991; 
Garcia and Stadtman 1992; Meyer et al. 1995; Fonknechten et al. 2010). The gly-
cine reductase system is essential for acetate formation via glycine; it comprises 
three proteins: glycine reductase proteins A, B, and C. The substrate-binding gly-
cine reductase protein B is encoded by two genes, grdB and grdE (Wagner et al. 
1999). Glycine reductase A (GrdA) is a small acidic, redox-active protein, which 
accepts the carboxymethyl group from GrdB.  Another selenoprotein, d-proline 
reductase, appears to be similar to glycine reductase protein B and proline reductase 
B (PrdB) contains Sec in a motif similar to that found in GrdB (Kabisch et al. 1999).

In addition to experimentally verified selenoproteins, bioinformatics analyses 
have predicted the presence of additional selenoproteins from DNA sequence data 
(Zhang et al. 2006). A study shows that formate dehydrogenase α subunit (FdhA) 
and SelD are the most widespread selenoproteins in bacteria and that the bacterium 
Syntrophobacter fumaroxidans contains the largest number of selenoprotein genes 
among the bacteria that have been genome-sequenced. S. fumaroxidans has 31 
selenoprotein-encoding genes including 1 for selD, 6 for fdhA, 3 for frdA, 8 for 
frhD, 7 for hdrA, 3 for glpC, prx, hesB-like, and msrA. Although those bioinformat-
ics analyses provided a number of predicted selenoprotein genes, most gene prod-
ucts have not yet been experimentally characterized.

Several selenoproteins have been identified in methanogenic archaea (Table 6.2) 
(Jones et al. 1979; Yamazaki 1982; Halboth and Klein 1992; Vorholt et al. 1997; 
Wilting et al. 1997). The only archaea for which the presence of selenoproteins has 
been suggested, by either experimentation or prediction from genome sequence 
data, are methanogens dependent on the hydrogenotrophic methanogenesis path-
way (Rother et al. 2001; Kryukov and Gladyshev 2004). However, not all hydroge-
notrophic methanogens employ Sec. Within archaeal species, selenoproteins appear 
to be restricted to two genera, Methanococcus and Methanopyrus, according to an 
analysis of 56 available genome sequences representing 43 genera (Rother et  al. 
2001; Kryukov and Gladyshev 2004). Genome sequence analyses, radioactive in 
vivo labeling, and mutational studies identified at least six methanogenesis-related 
selenoproteins in Methanococcus jannaschii, M. voltae, M. maripaludis, M. vann-
ielii, and M. kandleri. Selenophosphate synthetase (SelD) was identified as a sele-
noprotein, suggesting that selenoproteins synthesis is regulated by a selenoprotein 
itself (Wilting et al. 1997).
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6.3.5  �Seleno-Amino Acids Metabolism

Three forms of seleno-amino acids have been identified in bacteria: Sec, selenocystine, 
and SeMet. The enzyme l-Sec lyase exists in various aerobic bacteria (Chocat et al. 
1983) and was purified from Citrobacter freundii (Chocat et al. 1985). This enzyme 
exclusively catalyzes the pyridoxal 5′-phosphate (PLP)-dependent decomposition 
of l-Sec to l-alanine and elemental Se. On the other hand, E. coli possesses three 
cysteine desulfurases, IscS, SufS, and CsdB, which can utilize both l-Sec and l-Cys 
as a substrate (Mihara et al. 2000). Purified IscS from E. coli has been shown in an 
in vitro assay to supply Se from l-Sec for the synthesis of selenophosphate by SelD 
(Lacourciere et al. 2000). Another seleno-amino acid-acting enzyme, d-selenocystine 
α,β-lyase, which PLP-dependently decomposes d-selenocystine into pyruvate, 
ammonia, and elemental Se, was found in the anaerobic bacteria C. sticklandii and 
C. sporogenes. The enzyme was purified from C. sticklandii and characterized 
(Esaki et al. 1988). It consists of two subunits and has a molecular mass of approxi-
mately 74 kDa. In addition to d-selenocystine, other analogous amino acids can be 
used as substrates including d-cystine, d-lanthionine, meso-lanthionine, and d-cys-
teine. The biological roles of both l-Sec lyase and d-selenocystine α,β-lyase remain 
unknown. As Se has a very limited availability as a trace element for microorgan-
isms, these enzymes are proposed to aid in recycling Se from degraded selenopro-
teins containing l-Sec to make new selenoproteins (Tamura et al. 2004).

l-Sec is the predominant seleno-amino acid in bacteria, but SeMet is also incor-
porated into proteins (Berntsson et  al. 2009). Unlike l-Sec, SeMet is randomly 

Table 6.2  Selenoproteins in archaea

Selenoproteins Gene Characteristic organism References

Formate dehydrogenase fdhA Methanococcus 
jannaschii

Wilting et al. (1997)
Jones et al. (1979)

M. vannielii

Selenophosphate synthetase selD M. jannaschii Wilting et al. (1997)
Heterodisulfide reductase hdrA M. jannaschii Wilting et al. (1997)
Formyl-methanofuran 
dehydrogenase

fwuB M. jannaschii Wilting et al. (1997)
Vorholt et al. (1997)M. kandleri

F420-reducing hydrogenase fruA M. jannaschii Wilting et al. (1997)
M. voltae Halboth and Klein 

(1992)
F420-non-reducing 
hydrogenase

vhuD/U M. jannaschii Wilting et al. (1997)
M. voltae Halboth and Klein 

(1992)
M. maripaludis Sorgenfrei et al. 

(1993)
HesB-like protein – M. jannaschii Kryukov and 

Gladyshev (2004)
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incorporated into proteins instead of methionine because there is no specific machin-
ery for selenomethionine. The incorporation of SeMet in place of Met is not 
expected to affect protein function. l-Methionine γ-lyase, which has been purified 
from Pseudomonas putida, decomposes SeMet into α-ketobutyrate, ammonia, and 
methaneselenol (Esaki et  al. 1979). Recently, SeMet has been used in probiotic 
supplements (Krittaphol et al. 2011; Gojkovic et al. 2014) and in experimental anal-
yses such as X-ray crystallography (Berntsson et al. 2009).

6.3.6  �Other Selenium Compounds in Bacteria

Se is used for incorporation into selenoproteins as Sec and is also found in several 
bacterial tRNAs. The modified tRNA nucleoside, 5-methylaminomethyl-2-SeU, is 
located at the wobble position in the anticodons of tRNALys, tRNAGlu, tRNAPro, and 
tRNAGln. The modification likely contributes to tRNA recognition and translation 
efficiency (Chen and Stadtman 1980; Wittwer et al. 1984; Ching et al. 1985a, b; 
Wolfe et al. 2004). SeU is generated by the specific substitution of Se for sulfur in 
2-thiouridine by tRNA 2-SeU synthase (YbbB) (Veres and Stadtman 1994), where 
selenophosphate serves as a Se donor (Veres et al. 1992; Glass et al. 1993). Mutants 
of E. coli and S. typhimurium containing a defective selD gene are unable to incor-
porate Se into proteins and tRNAs (Kramer and Ames 1988; Stadtman et al. 1989).

Comparative genomic and phylogenetic analyses showed the possibility that Se 
is used in Se-dependent molybdenum hydroxylases (SDMH) as a third pathway of 
Se utilization in bacteria and archaea (Haft and Self 2008; Zhang et al. 2008). In this 
pathway, the SelD protein may activate Se for SDMH maturation via two proteins, 
YqeB and YqeC, whose functions are still unknown. Three SDMHs have been char-
acterized from two species: nicotinic acid hydroxylase and xanthine dehydrogenase 
from Eubacterium barkeri (Gladyshev et al. 1994; Schräder et al. 1999) and xan-
thine dehydrogenase and purine hydroxylase from Clostridium purinolyticum (Self 
and Stadtman 2000; Self et al. 2003).

Besides the above seleno-molecules, several minor Se-containing molecules 
have been identified in bacteria, such as Se exopolysaccharide (Ding et al. 2014) 
and Se-containing phycocyanin (Se-PC) (Chen and Wong 2008). Se-PC was identi-
fied and purified from Se-enriched Spirulina platensis (Chen and Wong 2008). 
Se-PC has stronger antioxidant activity than phycocyanin and it shows dose-
dependent protective effects against H2O2-induced oxidative DNA damage in eryth-
rocytes. Although it is artificial, Se-containing exopolysaccharides have been 
obtained using a Rhizobium sp. N6113 exopolysaccharide (Ding et al. 2014). These 
novel organic Se species have been proposed for use in antitumor chemoprevention 
applications.
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6.3.7  �Selenium Detoxification

As mentioned above, Se oxyanions exhibit toxicity to living organisms. Some bac-
teria relieve Se toxicity by glutathionylation and methylation of Se compounds. 
Glutathione is the most abundant low molecular weight thiol in the cell and the 
reduction of selenite with GSH, producing GS-Se-SG and glutathioselenol, was 
demonstrated (Ganther 1968; Ganther 1971). In addition to glutathionylation, 
methyl-selenides and methyl-selenoxides are common degradation and detoxifica-
tion products for toxic Se oxyanions. The volatile forms, dimethyl selenide (DMSe) 
and dimethyl diselenide (DMDSe), are 500–700 times less toxic than other Se 
derivatives (Ganther et al. 1966). The conversion of inorganic and organic Se com-
pounds to their volatile forms by microorganisms was first observed using lake 
water and sediment (Chau et  al. 1976). Rhodocyclus tenuis and Rhodospirillum 
rubrum can produce both DMSe and DMDSe from selenate while growing photo-
trophically, and R. tenuis also produces DMSe from selenite (McCarty et al. 1993). 
One is the bacterial thiopurine methyltransferase (bTPMT) encoded by the tpm 
gene of Pseudomonas syringae (Ranjard et al. 2002). The enzyme is involved in the 
conversion of selenite and Se-methyl-Sec into DMSe and DMDSe. The other is a 
calicheamicin methyltransferase homolog encoded by the mmtA gene (Ranjard 
et al. 2004). Free SeMet is also converted to DMSe and DMDSe via the pathway 
including bTPMT (Ranjard et al. 2003). In addition, a recent report shows that P. 
stutzeri NT-I aerobically transform selenate, selenite, and biogenic elemental Se 
into DMSe and DMDSe; these volatile forms were temporarily accumulated in the 
aqueous phase and then transferred into the gaseous phase (Kagami et al. 2013). 
Demethylation of DMSe in anaerobic Se-contaminated sediments was reported to 
proceed via methanogenic pathways established for growth on dimethylsulfide 
(Oremland and Zehr 1986).

6.3.8  �Transport of Selenium Compounds

Until now, two types of sulfate transporters have been demonstrated to transport Se 
oxyanions: the sulfate-thiosulfate permease type (Turner et al. 1998) and the SulP-
type permease type (Zolotarev et al. 2008). Sulfate-thiosulfate permeases belong to 
the sulfate/tungstate uptake transporter (SulT) family of the ABC transporter super-
family. In E. coli and Salmonella typhimurium, two types of SulT sulfate-thiosulfate 
permeases were identified. They consist of: (1) periplasmic proteins Sbp, (sulfate-
binding protein, Pflugrath and Quiocho 1985) and CysP (thiosulfate-binding pro-
tein, Hryniewicz et al. 1990); (2) membrane proteins CysT and CysW (Sirko et al. 
1990); (3) ATP-binding protein CysA (Sirko et al. 1990). The SulP sulfate permease 
superfamily is a large and ubiquitous protein family with hundreds of sequenced 
members derived from all three domains of life. However, only a few proteins in this 
family have been functionally characterized (Kertesz 2001; Saier et  al. 2006). 
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Selenate transport through the SulP sulfate permease has also been reported in 
Mycobacterium tuberculosis (Zolotarev et  al. 2008) and in Cupriavidus metalli-
durans CH34 (Avoscan et al. 2009).

Recent genomic analyses suggest that the membrane protein YedE may also be 
involved in Se transport (Lin et  al. 2015). This protein, exclusively found in 
Se-utilizing organisms, contains ten transmembrane domains and shows distant 
similarity to a sulfur transporter (Gristwood et  al. 2011). The sulfur-related 
transporters contain several conserved glycines and an invariant Cys, which is prob-
ably an important functional residue. The yedE gene locus is often located next to 
known Se-related genes such as SirA-like, SelD, and Sec lyase in many bacteria of 
different phyla, implying that the protein may be involved in Se metabolism. A simi-
lar relationship between YedE and SelD was observed in archaea, and in this domain, 
the yedE gene is split into two adjacent genes.

6.4  �Biotechnological Applications of Bacterial Selenium 
Metabolism

6.4.1  �Production of Functional Materials by Microbial 
Biofactories

Microbial metabolism can be harnessed for the production of functional materials 
that find multiple industrial and domestic applications. Se0 and metal selenide par-
ticles possess photo-optical and semiconducting physical properties required in 
devices such as photocopiers and microelectronic circuits (Oremland et al. 2004). 
The bulk of the Se0 particles formed during dissimilatory reduction of Se oxyanions 
are not randomly shaped blobs of amorphous material, but instead are discretely 
shaped spheres of nano-sized dimensions (~200–400 nm). The spheres first accumu-
late on cell surfaces and then are sloughed off into the surrounding medium (Fig. 6.5) 
(Oremland et al. 2004). Washed nano-spheres recovered from 3 physiologically and 

Fig. 6.5  Formation of Se0 
nanospheres on the surface 
of B. selenitireducens that 
slough off into the 
extracellular medium. 
Scale bar = 1 micrometer. 
(Adapted from Oremland 
et al. (2004) with 
permission)
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phylogenetically different Se-respirers (S. barnesii, B. selenitireducens, and 
Selenihalanaerobacter shriftii) exhibited different spectral properties, which in turn 
were different from chemically precipitated Se0. It was also found that washed 
Se-nanospheres were unable to undergo further reduction to HSe¯, whereas freshly-
formed material could. Subsequent studies found that the nano-spheres were envel-
oped by a diaphanous layer, some of which consisted of peptides that are essential 
for bacterial adhesion to the materials and ultimately for their spherical shapes and 
sizes (Lenz et al. 2011; Debieux et al. 2011; Jain et al. 2015; Staicu et al. 2015c; 
Gonzalez-Gil et al. 2016). Over the past 12 years, considerable scientific interest 
has been piqued by the phenomenon of bacterial Se0 nanospheres and many differ-
ent species of prokaryotes (and microscopic eukaryotes like yeasts) have been found 
to be able to generate them, as summarized by Shirsat et al. (2015). Most of the 
described organisms carry out a reductive detoxification reaction when exposed to 
Se(IV) and do not use Se oxyanions as terminal electron acceptors.

One particular microorganism, Veillonella atypica, can form HSe¯ by reduction 
of either Se(+IV) or Se(VI) oxyanions (Pearce et al. 2008, 2011). This organism is 
particularly attractive because reduction does not proceed through formation of Se0 
and thus the formed HSe¯ anions can be precipitated with countering divalent cat-
ions of interest (e.g. Zn and Cd) and harvested as truly nanosized particles (~3–5 nm 
range). It remains to be determined whether or not they can somehow be placed 
uniformly in nano-arrays (“quantum-dots”) that allows for quantum photonic effects 
to take place and make them suitable for practical applications in nano-technology 
(Fellowes et al. 2013; Mal et al. 2016). Nonetheless, use of microorganisms rather 
than harsh chemicals to form nanomaterials of Se and other Group 16 (G16) ele-
ments such as tellurium (Baesman et al. 2007, 2009) holds promise of a “green” 
technology that can produce nano-sized materials, perhaps with unique properties 
(Nancharaiah and Lens 2015).

6.4.2  �Biofortification of Plant Species Using Selenium-
Reducing Bacteria

Plant biofortification is a strategy which aims to increase the nutritional value and 
micronutrient levels (e.g. Se) in the edible parts of crop species (Wu et al. 2015). For 
this, various approaches can be used including conventional selective breeding, 
genetic engineering, Se fertilizers or microbial-mediated soil inoculation. Crops are 
the major source of dietary Se worldwide and may be employed to extract this ele-
ment from seleniferous soils, thus providing dietary Se in low-Se areas. Se accumu-
lator plant species have been shown to accumulate 100–1000 mg/kg dry weight 
(DW) Se and Se hyperaccumulators can even accumulate 1000–15,000 mg/kg DW 
Se on seleniferous soils, that is 0.1–1.5% (El Mehdawi and Pilon-Smits 2012). 
Endophytic bacteria were shown to have plant growth promoting properties and 
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displayed extremely high tolerance to toxic Se oxyanions by forming red Se0 parti-
cles (Fig. 6.6) (Sura-de Jong et al. 2015). In numerous studies, beneficial bacteria 
have been inoculated to plant growth medium in an attempt to increase the nutri-
tional value and stimulate biomass production of the plants. Se accumulator Brassica 
juncea (Indian mustard) was inoculated with two Se-tolerant bacterial consortia (G1 
and G2) and was shown to accumulate Se to 711 mg/kg DW in leaves, 276 mg/kg 
DW in pod husks, and 358 mg/kg DW in seeds (Yasin et al. 2015a). Plants inocu-
lated with bacterial consortium G1 showed significantly increased growth (dry bio-
mass and seed weight) as compared to control plants and G2-inoculated plants 
(Yasin et al. 2015a). Furthermore, the growth of B. juncea was stimulated by 1.7-
fold using a novel Se-tolerant bacterium, P. moraviensis stanleyae, although no sig-
nificant effect on Se accumulation was observed (Staicu et al. 2015b). In another 
study, the inoculation of wheat (Triticum aestivum L.) with YAM2 cultures, a bacte-
rium with 99% similarity to Bacillus pichinotyi, resulted in enhanced plant growth. 
YAM2-inoculated wheat plants showed significantly higher dry weight, shoot 
length, and spike length compared to un-inoculated plants and significantly higher 
Se concentration in wheat kernels (167%) and stems (252%) (Yasin et al. 2015b). 
The significance of these studies stems mainly from the fact that wheat is a staple 
food for humans and animals and therefore a useful Se-delivery vehicle. In another 
study, Se biofortification of wheat plants using endophytic bacteria was shown to 
lead not only to enhanced plant growth, but could also act as a control strategy 
against pests such as Gaeumannomyces graminis, the principal soil-borne fungal 
pathogen in volcanic soils from southern Chile (Durán et al. 2014). Plant biofortifi-
cation using Se-reducing bacterial inocula is an emerging research topic in need of 
further research and clarification. The exact contribution of bacteria to plant growth 
enhancement and micronutrient accumulation are open questions to be answered by 
future studies. In addition, it will be valuable to investigate to what extent Se-bacteria 
are colonizing plant organs and whether this colonization is an important factor for 
plant Se accumulation and speciation.

Fig. 6.6  Red Se0 produced by endophytic bacteria isolated from the root tissue of Stanleya pin-
nata and Astragalus bisulcatus that were exposed to progressively higher concentrations [0.1, 1, 
and 10 mM] of SeO3

2− (as Na2SeO3). Control represents a plate containing Luria Bertani growth 
medium without selenite
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6.5  �Conclusions

The relationship between bacteria and Se predates the Oxygen Revolution (~2.3 
Ga). A large number of sequenced bacterial genomes indicate Se is an ancient trait 
once common for all bacterial species. Depending on several factors such as bacte-
rial species, enzymatic repertoire, and geochemical context (e.g., oxygen profile, 
redox conditions, and nutrient availability) bacteria can exploit Se to energize its 
metabolic machinery, but it can also be affected by the toxicity exhibited by various 
forms of Se. On the other hand, being an essential micronutrient, a complex molecu-
lar mechanism is used by bacteria and archaea to incorporate Se into various cellu-
lar components (e.g. amino acids and proteins). Specifically, Se is involved in three 
major metabolic strategies employed by bacteria: assimilatory metabolism (biosyn-
thesis), dissimilatory metabolism (energy generation), and detoxification. Several 
biotechnological applications using Se microbial specialists show high potential for 
the biofabrication of functional materials (e.g. Se0 nanoparticles and quantum dots) 
and for the biofortification of crop species.
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Chapter 7
Selenium and the Plant Microbiome

Alyssa T. Cochran

Abstract  Studies of plant microbiomes, which include all microorganisms that 
occur on and inside plants, are increasingly popular in multiple fields, particularly 
due to advances in next generation sequencing, a technique that has advantages over 
traditional culture-based methods. There are many advances yet to be made with 
regard to the interaction of selenium (Se) and the plant microbiome. This chapter 
will discuss aspects of the plant microbiome as well as the discoveries to date with 
regard to plant-associated microbes and Se, mostly explored through culture-
dependent methods. Selenium hyperaccumulators appear to harbor equally diverse 
microbial communities as non-hyperaccumulators, although the microbial compo-
sition may vary. Investigations have isolated a variety of microbes from plants or 
soil in seleniferous areas including bacteria and fungi with enhanced Se tolerance. 
Inoculation of plants with individual strains or consortia of microbes was able to 
promote plant growth, Se uptake and/or Se volatilization, which shows promise for 
applications in phytoremediation or biofortification. Plant-derived microbes may 
also be applicable for cleanup of Se from wastewaters.

Keywords  Microbiome • Rhizosphere • Endophytes • Hyperaccumulation

7.1  �Introduction to the Plant Microbiome

7.1.1  �General Overview

The plant microbiome, is becoming an increasingly popular area of study in plant 
sciences, but is still poorly understood. Microbiomes include all microorganisms of 
a particular environment, which include bacteria, archaea, fungi, and even some 
protists. Often, plant-associated microbes benefit their host via Plant Growth 
Promoting Properties (PGPP) while their host offers protection and nutrients to the 
microbial symbiont (Compant et al. 2010; Turner et al. 2013b). Microbiomes tend 
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to be specific to plant species, geography, growth conditions and plant developmen-
tal stage (Redford et al. 2010; Chaparro et al. 2014; Mahnert et al. 2015). There is 
even evidence that the plant microbiome was responsible for the ability of early 
plants to colonize land (Knack et al. 2015).

Studying the composition of plant microbiomes has become increasingly popu-
lar with the onset of affordable next generation sequencing, offering a broader per-
spective on microbial diversity than culture-based methods. Studies have shown that 
microbial flora in planta is much more diverse and abundant than originally thought, 
with many samples containing hundreds more taxa via a 16S rRNA sequence analy-
sis compared with culture-dependent methods (Kent and Triplett 2002; Visioli et al. 
2015). Even though microbiomes are generally biogeography-specific, there tends 
to be taxonomic overlap between plant bacterial communities, with most samples 
containing Actinobacteria, Proteobacteria, and Bacterioides (Redford et al. 2010; 
Chaparro et al. 2014; Turner et al. 2013a; Panke-Buisse et al. 2014).

The plant microbiome is more easily studied when broken up into its three com-
ponents, the rhizosphere, endosphere, and phyllosphere. Each of these spheres of 
the plant microbiome are unique and have their own intra- and intercommunity 
interactions relative to each other, which are dependent on biotic and abiotic condi-
tions (Turner et al. 2013a). The phyllosphere includes the microbes that occur on the 
surface of plant shoots. This group of microbes, unlike the endosphere and rhizo-
sphere, is exposed directly to the atmosphere and therefore must be resilient to 
many abiotic factors including high winds, UV, desiccation, and wet conditions 
(Turner et al. 2013a). Endophytes are microbes that live inside plant tissues (Alford 
et al. 2010) and can protect the plant from herbivores and pathogens was well as 
promote plant growth. The rhizosphere is the area underground that is within 5 mm 
of the roots. The microbes in the rhizosphere also include bacteria with PGPP, often 
referred to as PGP Rhizobacteria (PGPR). Like some endophytes, PGPR have been 
shown to produce or make available to plants compounds that promote plant growth 
including IAA, nutrients such as phosphates, nitrogen or iron (via iron-carrying 
siderophores), or compounds that inhibit pathogens or upregulate plant defenses 
(Jha et al. 2013). This chapter will focus on rhizosphere and endosphere microbes; 
the phyllosphere microbiome remains to be studied in relation to Se.

7.1.2  �Introduction to Se in the Plant Microbiome System

Selenium is mainly taken up into plants as selenate and can leave plants in a volatile 
form, usually as dimethyl diselenide (DMDSe) or dimethyl selenide (DMSe) (Terry 
et al. 2000). Other ways in which Se can be deposited by plants is via litter, root 
turnover, or root exudation (Galeas et al. 2007; El Mehdawi et al. 2012). Depending 
on the species, plants also assimilate inorganic selenate to seleno-amino acids, and 
make this available to microbes (Terry et al. 2000). These seleno-amino acids are an 
attractive food source to microbes since they provide C, N and Se, all of which are 
essential nutrients for many bacteria. Inside the plant, several other forms of Se may 
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be present, some of which are toxic to the plant. Se hyperaccumulator (HA) plant 
species have evolved ways to avoid this toxicity by converting selenate to methyl-
selenocysteine, gamma-glutamyl-methylselenocysteine or selenocystathionine, 
which they can sequester in the vacuoles of epidermal tissues or transform to vola-
tile DMDSe (Pilon-Smits and LeDuc 2009; Evans and Johnson 1967).

Bacterial Se metabolism shows similarities to that in plants, with capacity to 
assimilate inorganic Se to organic forms and to form organic volatile forms, DMSe 
or DMDSe (Frankenberger and Karlson 1994; Zayed and Terry 1994; Turner et al. 
1998; Winkel et al. 2015). Bacteria are also capable of reducing selenite (and some-
times selenate) to elemental Se nanoparticles (Turner et al. 1998; Zayed et al. 1998; 
Husen and Siddiqi 2014; Staicu et al. 2015a, b; Winkel et al. 2015). These processes 
are shown in Fig.  7.1. Bacteria in general seem to be very tolerant to Se, some 
strains surviving and even benefiting from concentrations of selenate and selenite 
up to 200 mM; this capacity was not dependent on the Se concentration of the site 
or plant host they were isolated from (Sura-de Jong et al. 2015). In one study on 
Se-dependent litter decomposition by Quinn and coworkers it was found that litter 
from Se hyperaccumulator species harbored more culturable bacteria and decom-
posed faster than litter from related non-hyperaccumulator species (Quinn et  al. 
2011). Thus, while most other ecological partners associated with hyperaccumulators 

DM(D)Se

DM(D)Se

SeO3 Se
0

SeO /SeO4

Selenoamino acids

Fig. 7.1  Schematic depiction of plant and microbial processes in the plant-rhizosphere-soil sys-
tem that affect the fate of selenium. Bacteria and fungi occur in rhizosphere, phyllosphere and 
endosphere of plants. Both plants and microbes can reduce selenate to selenite and produce organic 
forms of Se, including volatile DMSe/DMDSe. Microbes can also produce elemental Se (Se0) and 
increase Se accumulation in plants from selenite and selenate (SeO3

2− and SeO4
2−). 

Hyperaccumulator plants produce selenoamino acids, which offer an additional source of (organic) 
Se to microbes when decomposed
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are by default sensitive to Se (El Mehdawi and Pilon-Smits 2012), bacteria appear 
to be by default Se-resistant and may even benefit from and seek out high-Se plant 
material to colonize. Fungi, on the other hand, are much more sensitive to Se than 
bacteria (Wangeline et al. 2011). Thus, not all plant-associated microbes are equally 
resistant to Se. It has been shown that systemic supply of Se was able to protect 
Brassica juncea from fungal pathogens Fusarium sp. and Alternaria brassicicola 
(Hanson et al. 2003). A protective effect of Se supply has not yet been investigated 
on bacterial pathogens.

7.2  �Rhizosphere Microbes

7.2.1  �Introduction to the Rhizosphere

The rhizosphere is a dynamic environment, constantly changing and influenced by 
multiple biotic and abiotic factors. Rhizosphere processes are a fascinating area of 
plant-microbe interaction research; the soil, host plants and microbial components 
of the system affect each other in a complex relationship triangle (Turner et  al. 
2013a). Among the different components of the plant microbiome, the rhizosphere 
has the highest abundance of microbes, about 1000 fold higher in microbial abun-
dance than in bulk soil (Bergs and Smalla 2009). This phenomenon is often referred 
to as the rhizosphere effect. Plant exudates are rich in sugars and acids and maycon-
tain specific secondary plant compounds that can induce bacterial pathways (Morgan 
and Whipps 2001; Bergs and Smalla 2009). The plant uses these strategies to build 
specific microbial communities in the soil to aid its survival and potentially that of 
its offspring (Lapsansky et al. 2016).

Some rhizosphere microbes, including strains of Burkholderia, Ralstonia and 
Pseudomonas are opportunistic pathogens, which can take advantage of a weakened 
immunity in the host (Berg et al. 2005; Mendes et al. 2013). Even though some 
rhizosphere microbes are pathogens or parasites, the majority of the bacteria found 
here is traditionally categorized as mutualistic with their hosts (Newton et al. 2010). 
There is a multitude of bacterial taxa that fall into the PGPR category, some of 
which can benefit a wide range of host plants and some of which are host-specific 
(Kloepper 1996). In order to identify PGPR, experiments are necessary showing 
that the host plant grows better after inoculation with the specific PGPR strain.

Rhizobacteria-legume interactions are one example of a widely studied host-
specific interaction. These nitrogen (N2)-fixing PGPR can enter into the roots and 
establish themselves inside root nodules, which gives the nodulated plant the ability 
to fix nitrogen. There are multiple genera capable of this symbiosis in the bacterial 
family Rhizobiaceae (Gray and Smith 2005). Among the most popular of these 
genera is Rhizobium, usually found in symbiosis with the plant family Fabaceae. 
The molecular cross-talk between the plant roots and the specific rhizobacteria 
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often starts with plant root exudate signal compounds that induce bacterial signal 
compounds, which then leads to nodule formation (Gray and Smith 2005).

An example of a more promiscuous plant-microbe interaction is the large group 
of fungi that live in association with plant roots called mycorrhizae; in this mutual-
istic relationship the plant benefits from the fungus through increased water and 
nutrient uptake and the fungus benefits from the organic carbon compounds released 
by the plant (Marschner and Dell 1994). The most common mycorrhizae are the 
vesicular arbuscular mycorrhizae (VAM), defined by the colonization of the host 
root cortex by the fungal symbiont, which then uses its mycelium to reach into the 
soil to gather water and minerals (Barea et al. 2005; Wang and Qui 2006). The fungi 
responsible for these interactions are generally obligate in their symbioses, needing 
a host plant to colonize in order to survive and reproduce (Barea et al. 2005). Most 
plant families (92%) and even plant species (80%) are thought to have mycorrhizal 
partners (Wang and Qui 2006).

7.2.2  �Selenium and the Rhizosphere

The plant family Fabaceae includes 25 species that hyperaccumulate Se, e.g. 
Astragalus bisulcatus (Beath et al. 1939). The enhanced nitrogen acquisition capac-
ity associated with root nodulation is not only beneficial for plant growth, but also 
was found to enhance Se accumulation in the form of seleno-aminoacids in hyper-
accumulators (HAs) including A. bisculatus (Alford et al. 2014). While it could be 
hypothesized that high plant concentrations of Se would inhibit root nodule forma-
tion in symbioses between A. bisulcatus and Rhizobium, there is no evidence for this 
(Alford et al. 2012). Increasing Se concentration in hyperaccumulators was associ-
ated with enhanced nodule formation, and tenfold higher levels of the N-rich com-
pound gamma-glutamyl-MetSeCys (Alford et  al. 2012, 2014). Thus, rhizobia in 
root nodules may play a role in Se hyperaccumulation in A. bisculatus by providing 
nitrogen for the selenoaminoacids that these plants accumulate up to 1% of their dry 
weight (Alford et al. 2012, 2014). Multiple species of Rhizobium have been shown 
to reduce selenite to elemental Se (Se0), which may influence Se speciation in plants 
(Basaglia et al. 2007; Hunter and Kuykendall 2007; Valdez Barillas et al. 2012). 
While organic C-Se-C compounds make up close to 100% of Se in the roots of A. 
bisulcatus, it constituted only 75% of Se in root nodules, where the remaining sub-
stantial fraction (25%) was Se0 (Valdez Barillas et al. 2012).

Like bacteria, many fungi have been shown to reduce selenite to Se0, despite the 
generally lower Se tolerance of fungi to high concentrations of Se, as compared to 
bacteria (Gharieb et al. 1995; Wangeline et al. 2011; Lindblom et al. 2013). In a 
study by Wangeline and coworkers, hundreds of fungi were isolated from rhizo-
sphere soil collected from seleniferous and non-seleniferous sites, identified, and 
characterized for their Se tolerance. The fungi isolated from seleniferous soils were 
more tolerant to Se than those isolated from non-seleniferous soils, indicating that 
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the fungi living in seleniferous soils have evolved to be more resilient to the high 
concentrations of Se in the soil (Wangeline et al. 2011).

In addition to reduction to Se0, rhizobacteria and fungi isolated from rhizosphere 
soils have been shown to volatilize Se in the forms of DMSe or DMDSe from sel-
enate or selenite (de Souza et al. 1999a). Because these volatile forms of Se are less 
toxic and remove Se from the site, Se volatilization has applications in bioremedia-
tion (Barkes and Fleming 1974; Azaizeh et al. 1997, 2003).

There have been multiple studies on the effects of rhizosphere microbes on 
growth and plant accumulation of Se and other elements. These studies are sum-
marized in Table 7.1, showing that the presence of rhizosphere microbes can con-
tribute to the growth and Se accumulation of HAs as well as non-HAs. In many 
instances, bacterial inoculation increased the biomass of the inoculated plant and 
enhanced Se accumulation (de Souza et al. 1999a, b; di Gregorio et al. 2005; Wenzel 
2009; Durán et al. 2013; El Mehdawi et al. 2015; Sura-de Jong et al. 2015). In one 
study, rhizosphere soil slurry of HA Symphyotrichum ericoides stimulated growth 
and Se accumulation in the same species when grown from surface-sterilized seed 
on autoclaved naturally seleniferous or non-seleniferous soils (El Mehdawi et al. 
2015). In another study, inoculation with a single environmental strain enabled 
wheat to take up more Se, as well as iron (Yasin et al. 2015). Furthermore, Se accu-
mulation and volatilization could be enhanced in Brassica juncea and several 
aquatic species by inoculation with environmental bacteria isolated from a Se-rich 
sediment (de Souza et al. 1999a, b) or from the rhizosphere of Se hyperaccumulator 
A. bisulcatus (di Gregorio et al. 2005).

Effects on plant Se accumulation were also observed after inoculating plants 
with rhizosphere fungi. Some rhizosphere fungi isolated from Se HA were shown to 

Table 7.1  Overview of plant inoculation studies that used fungi or bacteria from Se 
hyperaccumulators s and their effects on plant Se metabolism

Promoted 
growth

Affected Se 
speciation

Can tolerate 
high Se

Increased Se 
accumulation

Fungi from HA Lindblom 
et al. (2012b)

Lindblom et al. 
(2012a, b)

Wangeline et al. 
(2011)

Lindblom et al. 
(2013)

Bacteria from HA Alford et al. 
(2014)

di Gregorio 
et al. (2005, 
2006)

Di Gregorio 
et al. (2005)

de Souza et al. 
(1999a, b)

Sura-de Jong 
et al. (2015)

Valdez Barillas 
et al. (2012)

Sura-de Jong 
et al. (2015)

di Gregorio et al. 
(2005)

Yasin et al. 
(2015)

Alford et al. 
(2014)

Alford et al. 
(2014)

Staicu et al. 
(2015b)

Yasin et al. (2015)

Microbe 
Consortium from 
HA

El Mehdawi 
et al. (2015)

*** *** Quinn et al. 
(2011)
El Mehdawi et al. 
(2015)

Boxes with stars denote areas for future research
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increase Se accumulation in the roots of Se HA Stanleya pinnata (Lindblom et al. 
2013). There have also been several studies on the effects of mycorrhizal fungi on 
Se accumulation and uptake. Most of these studies found that when a mycorrhizal 
relationship formed, the concentration of Se increased in the plant compared to a 
plant growing in seleniferous conditions without mycorrhizal inoculation (Wanek 
et al. 1999; Larsen et al. 2006; Yu et al. 2011). In some cases the effects of inocula-
tion depended on the Se concentration supplied; even though the rhizosphere fungi 
were shown to able to increase Se concentrations in plants, at lower concentrations 
of Se it was actually shown to decrease Se accumulation (Munier-Lamy et al. 2007; 
Yu et al. 2011).

7.3  �Endosphere Microbes

7.3.1  �Introduction to Endophytes

Endophytes are bacteria and fungi that live inside plants, colonizing the roots, 
shoots, and reproductive portions (Jha et al. 2013). These microbes can either be 
inherited from the parent plant, introduced via a vector, or can colonize the plant 
during its life through sites of lateral root emergence or open areas in the plant epi-
dermis (Reinhold-Hurek and Hurek 2011). As with rhizosphere microbes, endo-
phytes can be pathogenic, parasitic or mutualistic. The PGPP endophytes are 
generally host-specific, and the mechanism(s) by which PGPP bacteria promote 
plant growth are similar to those of PGPR (Long et al. 2008). Endophytes have been 
shown to promote plant growth via production of IAA, nitrogen fixation, phosphate 
solubilization and production of metal chelating agents like siderophores (Hardoim 
et al. 2008; Long et al. 2008; Weyens et al. 2009a,b; Durán et al. 2014; Lins et al. 
2014).

The ability of endophytes to escape the host immunity response is still poorly 
understood. It is known, however, that endophytes are able to modulate ethylene 
levels in plants, which could have some role in the plant immune response (Hardoim 
et al. 2008; Reinhold-Hurek and Hurek 2011). Some endophytes can induce attack 
against endophytic pathogens, increasing the host immunity to defend against these 
pathogens (Nejad and Johnson 2000; Arnold et al. 2003). It has been shown that 
some endophytes do this by triggering the host’s systemic jasmonic acid or salicylic 
acid responses and can prime the plant immune response in preparation for future 
attacks (Van Wees et  al. 2008; Reinhold-Hurek and Hurek 2011). In addition to 
growth promotion and immune regulation, endophytes are able to alleviate plant 
abiotic stresses and increase nutrient availability by regulation of host genes and 
increasing levels of abscisic acid (Hesse et al. 2003; Sziderics et al. 2007; Jha et al. 
2013).
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7.3.2  �Selenium and the Endosphere

In a study done by Sura-de Jong et al. (2015), endophytic bacteria were isolated 
from Se hyperaccumulators A. bisulcatus and S. pinnata and tested for physiologi-
cal properties as well as the ability to enhance growth and Se uptake in plants. When 
exposed to Se, the isolates were shown to be tolerant to high concentrations (up to 
200 mM) of selenate and selenite, and to have the ability to reduce selenite to Se0 
(Sura-de Jong et al. 2015; Staicu et al. 2015a, b). A selection of endophytes from Se 
hyperaccumulators were inoculated to Brassica juncea and Medicago sativa, result-
ing in increased dry weight when compared to un-inoculated control plants; Se 
accumulation was not significantly affected (Sura-de Jong et al. 2015).

In addition, studies evaluated the potential use of bacterial endophytes in Se 
biofortification and phytoremediation. Durán et  al. (2014) found that endophytic 
bacteria including Acinetobacter, Bacillus and Klebsiella tolerated high levels of Se 
and promoted plant growth (Durán et al. 2014). In addition to these properties, these 
endophytic bacteria were able to protect wheat crops from Gaeumannomyces 
graminis, a soil-borne pathogen that destroys many cereal crops (Durán et al. 2014). 
Since endophytes live in the plant and are generally host specific, they often possess 
abilities to degrade certain pollutants in the host plant environment (Doty 2008). 
Endophytic microbes have been used in a number of studies on other pollutants and 
have potential uses in cleaning up polluted areas (Doty 2008). For example, it was 
shown that an endophytic Pseudomonas strain isolated from Se hyperaccumulator 
Stanleya pinnata was able to completely remove up to 100 mM of selenite from 
water by precipitating it as Se0 (Staicu et al. 2015a).

A study done by Lindblom et al. (2012a) showed that speciation in HAs may be 
affected by microbial endophytes that produce Se0: the HA accumulated this form 
of Se up to 30% of their total Se in the field, but not in a laboratory setting. Elemental 
Se was particularly found in root nodules (Lindblom et al. 2012a). A selenophilic 
fungus known as Alternaria astragali which was isolated from the root of A. bisul-
catus was used for further studies. Seeds of A. bisulcatus containing A. astragali 
had a significantly higher fraction of Se0 (up to 30%) than those without this endo-
phytic fungus (Valdez Barillas et al. 2012). A follow up study showed that A. astrag-
ali enhanced the growth of some Astragalus species but inhibited the growth of 
others (Lindblom et al. 2012b). This indicates that, like bacteria, endophytic fungi 
may also be capable of enhancing growth, changing Se speciation and affecting the 
Se accumulation of inoculated plants. These studies are also included in Table 7.1.

7.4  �Future Directions

There have been many recent advances and discoveries in the area of plant microbi-
omes and Se. However, there is still much to be discovered and there are many 
research questions to be addressed. For instance, is there a core microbiome 
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associated with Se hyperaccumulators that may contribute to Se accumulation and 
that can be used for bioremediation and phytoremediation? Do individual plants 
select their microbiomes or have plant species and their microbiomes coevolved? 
The advances in the understanding of plant microbiomes and Se could very well be 
useful to increase effectiveness of bioremediation, phytoremediation, and biofortifi-
cation. Overall, the phyllosphere and endosphere need more attention, with almost 
no studies on the phyllosphere and Se to date. It is expected that the implementation 
of next generation sequencing will give additional insights into the plant microbi-
ome, which will complement the limited existing studies.
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Chapter 8
Selenium Metabolism in Herbivores 
and Higher Trophic Levels Including 
Mammals

Lutz Schomburg and Elias S.J. Arnér

Abstract  Plants provide dietary selenium (Se) for higher trophic levels including 
livestock and humans that depend on Se for their survival, but may also suffer Se 
toxicity upon excessive ingestion. Therefore, the fate of Se in plants and algae is 
relevant for mammals as well as for Se cycling in ecosystems. Conversely, the fate 
of Se in higher trophic levels is relevant for Se cycling back to soil and plants. This 
chapter focuses on the fate of dietary Se in humans and other animals, and health 
issues related to Se status. Selenium is an essential trace element for all mammals, 
implying that mammals develop disease upon Se deficiency. This is explained by 
the fact that certain selenoproteins, i.e. proteins containing the rare co-translationally 
inserted amino acid selenocysteine, have essential functions for physiology and 
health. Humans have 25 selenoprotein genes, about 0.1% of all protein-encoding 
genes. Among these, two thioredoxin reductases and one isoenzyme of glutathione 
peroxidase are essential for embryogenesis. For maintaining health and minimizing 
disease risks the human recommended daily intake is at least 50 μg Se per day. The 
majority of nutritional Se is provided in the form of two amino acids, selenocysteine 
or selenomethionine, and their derivatives, mainly in form of ingested proteins, as 
well as low molecular weight selenocompounds or rarely, in form of inorganic Se 
salts. If chronically ingested at high levels, above approximately 1 mg per day for 
an adult human, Se may become toxic. In this chapter, we give a brief overview of 
the main nutritional sources of Se for mammals, mammalian pathways of Se metab-
olism and excretion, and the biochemical and physiological functions that are sus-
tained by mammalian selenoproteins. Established health risks of Se deficiency 
along with rare cases of inherited defects in selenoprotein biosynthesis will comple-
ment the picture on its essentiality.
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8.1  �Introduction

Selenium (Se) was discovered about 200 years ago by the Swedish chemist Jöns 
Jacob Berzelius ( Berzelius 1818), but it was not until the mid-1900s that Se intake 
levels were found to affect the well-being of mammals. First, it was recognized that 
livestock ingestion of plants containing high levels of Se could cause toxicity 
(Franke and Potter 1935). The symptoms of intoxicated mammals were later con-
firmed to include impaired vision, low appetite and wandering in circles (called 
“blind staggers disease”) and/or emaciation, loss of hair, deformation and shedding 
of hooves, loss of vitality and erosion of the joints of long bones (called “alkali 
disease”). If acute and severe, Se intoxication can also yield paralysis and death by 
respiratory failure (Barceloux 1999). However, Se is not only toxic at high levels, 
but also an essential trace element for mammals, i.e. a severe Se deficiency predis-
poses to developmental abnormalities and increases disease risks. In the 1950s, 
Schwarz and Foltz observed that trace amounts of Se can protect against vitamin 
E-induced liver necrosis in rats (Schwarz and Foltz 1957). Indeed, Se deficiency can 
lead to wasting syndromes and white muscle disease in livestock, wherefore addi-
tional Se was later started to be given as supplement to cattle and other livestock and 
proved effective to prevent disease (Oldfield 1997; Whanger et al. 1977). Thus, Se 
intake levels are of major importance for maintaining health and reducing disease 
risks in mammals.

As herbivores feed on local plants, the Se content of the flora is a major factor 
controlling their Se status. The flora, in turn, reflects soil Se availability which 
depends on environmental deposition, pH, mineral pattern and other soil-specific 
characteristics (Winkel et al. 2015). While certain Se accumulating plants have been 
identified, the major factor controlling plant Se content is soil quality. This interac-
tion in turn highlights that the nutritional intake of Se by herbivores may differ 
considerably, depending on their geographical area of residency. Soil differences in 
Se content and availability are thus affecting local flora, fauna as well as the human 
residents and are of high importance for outcome of clinical studies relating Se, 
selenoproteins and health in different populations (Rayman 2008). While it is gen-
erally accepted that the populations in mainland Europe and large parts of Africa 
and Asia are rather insufficiently supplied with Se through their regular nutritional 
intake, the soils in North America used for agricultural production of plants and 
animals feeding thereon are typically rich sources of Se, conferring an important 
difference in basal Se status between North Americans and many other human pop-
ulations (Combs 2015). Here, we shall briefly discuss this topic, with a focus on the 
biochemistry of Se and the molecular mechanisms that underpin Se pathology in 
mammals.
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8.2  �Nutritional and Toxic Levels of Se for Mammals

As afore mentioned, Se intake of herbivores differs considerably, depending on food 
preferences and local Se availability in soils. Even within a given country, Se intake 
may vary grossly, e.g. in China, both areas with low average Se intake and excep-
tionally high average Se intake are described. Health effects of insufficient and 
excess Se intake can therefore be observed within the same population although 
otherwise being highly similar in way of living, genetics and other environmental 
factors. Indeed, symptoms of selenosis are well-described from residents in the 
Enshi region in Hubei, China, who chronically consumed >500 μg Se/day and 
developed nail and hair loss among other symptoms (Huang et al. 2013). Another 
source of information for defining the upper limit of safe Se intake is from inten-
tional or unintentional oversupply, as observed e.g. in the course of homo- or sui-
cide attempts (Hunsaker et al. 2005), as consequence of nutritional overconsumption 
(Senthilkumaran et al. 2012), or in response to the intake of wrongly formulated 
commercially available supplements (Sutter et al. 2008). A phase I clinical trial has 
intentionally tested the upper safe limit of selenite intake in cancer patients, the so-
called maximum tolerated dose (MTD), which was determined as 10.2 mg Se per 
m2 body surface per day, i.e. around 20 mg Se per day per individual (O Brodin et al. 
2015 Nutrients 7:4978); however, selenite is not a major nutritional Se source.

Collectively, the examples indicate that fatigue, hair and nail loss besides a num-
ber of additional symptoms (skin, teeth, gastrointestinal, nervous) are among the 
most evident, early and indicative symptoms of Se intoxication, besides the gener-
ally described unpleasant smell of exhaled selenocompounds. As the average intake 
of Se in Enshi has declined in recent years, together with a disappearance of the 
overt selenosis symptoms, a chronic intake of >500 μg Se/day can be assumed to be 
close to the toxic limit. In the US, lack of adverse effects is reported from areas with 
an average intake of 700 μg/day (Longnecker et  al. 1991), indicating that other 
dietary factors, body weight or form of the Se source contribute to the risk for sel-
enosis upon chronic excessive intake. Especially the correction to body weight 
seems to be of physiological importance when considering health effects of Se 
intake. A recent study has convincingly demonstrated that daily Se intake is inversely 
associated to markers of obesity, while no statistically significant interaction 
between Se intake and biomarker data remained if body weight of the Se consuming 
subject was ignored during the biostatistical analysis (Wang et al. 2016).

The same dependence on total body mass is likely underlying our current 
assumptions on the minimally needed Se supply in humans. Clinical signs of Se 
deficiency in the poor Se areas of China include the appearance of Kashin-Beck and 
Keshan disease, which show some common molecular alterations (Wang et  al. 
2013). In both cases, low Se intake appears as a common risk factor for the develop-
ment of these two endemic diseases, without being the sole cause. The intake deter-
mined in different studies of subjects living in the Se-poor area of China (the 
so-called Keshan disease belt, an area extending from the northeast to the south-
west) averages at 20 μg Se/day or even less, hereby clearly defining a minimally 
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needed essential amount of Se intake. It can safely be assumed that subjects with 
higher body weight are in need of higher daily intakes for avoiding deficiency 
symptoms. Collectively, these studies indicate that Se intakes of below 20 μg/day or 
above 500–800 μg/day can be considered as a health risk. Hence, there is only a 
factor of 30 between clear deficiency and risk of selenosis, which constitutes a rela-
tively small margin.

Considering the available studies in more detail, and focusing on a single human 
disease which has been intensively studied in recent years, it becomes obvious that 
already small differences in Se intake can have a significant effect on disease risks. 
Thyroid disease prevalence has been determined and compared between two neigh-
boring counties of China with considerably different soil Se concentrations; in this 
study, mainly farmers were included to obtaining a more reliable reflection of soil 
Se dependence. Indeed, average serum Se status differed two-fold (103.6 vs 57.4 
μg/l) in the subjects residing in these two neighboring regions, while other anthro-
pometric, life-style or likely also genetic parameters were highly similar. Notable, 
this moderate difference in Se intake and Se status already associated with a two-
fold higher incidence of thyroid diseases in those subjects from the Se-deficient area 
(Wu et al. 2015a). Similar significant associations between Se intake, Se status and 
disease risk are clearly documented for cancer at various sites in different studies, 
among other wide-spread diseases (see further below). It can thus be summarized 
that there is a margin of about 30-fold difference between toxicity and deficiency in 
chronic daily Se intake for humans, likely depending on the form of the Se com-
pound, individual genotype, other nutritional components and body weight. There 
are also a number of clinical studies reporting differences in disease risks upon very 
slight differences in average Se intake levels. From these studies, it can be extrapo-
lated that an optimal intake should exceed 50 μg Se/day, with a likely optimum in 
the range of 2–3 μg Se/day/kg body weight.

8.3  �Major Molecular Se Species in Mammalian Food 
Sources

As mentioned, Se is a micronutrient and essential trace element for animals. From 
a physico-chemical point of view, Se belongs to the group of chalcogens, group 16 
(VIa), period 4, with chemical properties similar to sulphur (S), same group, period 
3, in the table of elements. The chemical similarity also explains much of its distri-
bution in food sources, as it can replace S in a number of molecules, and S-rich food 
sources typically also contain high Se levels. Selenium enters the food chain mainly 
from soil via uptake into plants, in the form of the inorganic ions selenite (SeIV) or 
selenate (SeVI) (White 2016), or even in the form of the Se-containing amino acids 
selenomethionine (SeMet) and selenocysteine (Sec) (White and Broadley 2009). 
However, Se is not an essential trace element for plants, rather a growth promoting 
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factor within a certain concentration range, depending on the plant species and 
genotype.

Plants can be divided into Se-sensitive, Se-indicating and Se-accumulating spe-
cies, depending on their response to different Se supply. The Se concentrations 
reached in accumulating plants can reach up to >1 g/kg dry mass (Cappa et  al. 
2014), and reflect soil Se phytoavailability, which is a function of soil type, soil pH, 
mineral composition, humidity and many more biogeochemical parameters. Upon 
uptake, selenite becomes fast metabolized to organic selenocompounds while sele-
nate can enter the xylem for systemic transport and uptake into shoot plastids, from 
where it can be activated and reduced to selenite in order to enter biochemical path-
ways (Pilon-Smits et al. 2009). Further enzymatic steps convert the inorganic sele-
nite mainly to SeMet, Sec, Se-cystine and methylated derivatives of these 
selenoaminoacids, predominantly methyl-selenocysteine (MSec). Besides these 
amino acids, selenocystathionine and selenohomocysteine are formed as 
Se-containing intermediate metabolites. Several additional Se-containing molecules 
have been detected in plants, including the pungent but potentially healthy seleno-
glucosinolates and a number of sweet selenosugars. The relative amount of these 
organic selenocompounds differs considerably between different plant species, 
plant compartments and may be modulated by plant genotypes (Thavarajah et al. 
2011). Elemental Se is found in some plants, especially when carrying symbiotic 
bacteria or fungi, which are capable of reducing selenocompounds to elemental Se 
and forming Se-rich granules. Several Se-accumulating plants deposit Se in their 
vacuoles, potentially as a detoxification strategy, as also shown in yeast (Gharieb 
and Gadd 1998). Food sources of Se for omnivores naturally encompass also ani-
mals. Table 8.1 summarizes the major food sources of Se for mammals.

Different strategies have been followed in order to increase Se concentrations in 
plants, including regular breeding and selection, transgenic approaches or supple-
menting the soil or the plants directly via increasing Se in the fertilizers or via 
foliar spray (Wu et al. 2015b). In combination with the different atmospheric and 
geological selenocompounds, the environmental influences on the Se supply to and 
uptake in different species of plants are subject to variation, as are the absolute 
quantities of the different plant selenocompounds (Winkel et al. 2015). For all of 

Table 8.1  Major molecular Se species in mammalian food sources

Selenium compound Major food sources

selenocysteine (Sec) Animals having selenoproteins, to some extent also 
plants

selenomethionine (SeMet) Plants, especially high-Se accumulators, and to some 
extent animals

Methylated inorganic and organic Se 
species

Plants, especially high-Se accumulators

Selenite and selenite Plants grown in selenium-rich soil

Levels and species of Se compounds can vary much between different mammalian food sources 
and is also highly variable between regions. This table only serves as a short illustration of the 
major Se compounds found in different food sources
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these reasons, it is impossible to predict the form and quantity in which Se is pres-
ent in a given plant harvested from a natural environment, e.g. even the famous 
Se-rich Brazil nuts differ in Se concentration depending on their regional source 
within Brazil from 0.03 to 512.0 mg/kg (Chang et al. 1995). Quantitative analysis 
and speciation are thus essentially needed for determining Se content and composi-
tion of selenocompounds in plants in order to obtain a reliable picture. Importantly, 
this information should be provided with commercial plant-derived products in 
case these plants are known to be effective accumulators of Se, in order to inform 
the customer and enable an adequate Se intake via these products. But despite the 
complexity of Se metabolism in plants and the heterogeneity of plant selenocom-
pounds, the nutritional and quantitative most relevant selenocompounds in plants 
are the organic Se-containing amino acids SeMet and Sec and their derivatives, 
which constitute the largest fraction of selenocompounds in both naturally grown 
and Se supplemented plants (Winkel et al. 2015; Rayman et al. 2008).

The situation is fundamentally different in herbivores and higher trophic levels 
including mammals, as Se constitutes an essential micronutrient, indispensable for 
the biosynthesis of the essential selenoproteins. Hence, the metabolism of Se is 
regulated in a way that tries to ensure a sufficiently high biosynthetic rate of seleno-
proteins, while at the same time avoiding Se concentrations exceeding the threshold 
towards toxicity. To this end, a complex and tightly regulated molecular machinery 
has been developed for controlling biosynthesis of Sec-containing selenoproteins 
according to Se availability, tissue requirements, and other inputs from the environ-
ment and feedback regulatory signals (Gladyshev and Hatfield 1999). In parallel, a 
relaxed and promiscuous pathway is in operation for generating a pool of reserve Se 
in form of SeMet-containing selenoproteins (Lyons et al. 2007). Both systems are 
connected by the methionine gamma-lyase, capable of releasing methylselenol 
from SeMet as substrate for the anabolic reactions towards selenoproteins (Esaki 
et al. 1979), or via the transsulphuration/transselenation pathway converting SeMet 
into Sec which can then be degraded further by the beta-lyase for selenoprotein 
biosynthesis (Beilstein and Whanger 1992).

Accordingly, the major molecular Se species from plant food sources are SeMet, 
either free or in proteins, followed by Sec derivatives including Se-methyl-
selenocysteine and γ-glutamyl-Se-methyl-selenocysteine, along with some selenite, 
selenate and a set of selenosugars and intermediary selenocompounds. The spec-
trum of selenocompounds from animal food sources is more restricted, mainly to 
the two organic selenoamino acids SeMet and Sec as part of selenoproteins and 
SeMet-containing proteins, respectively (1).

Depending on the Se status and plant-derived SeMet consumption rate of the 
animal, the relative concentrations of SeMet versus Sec may vary considerably. 
From a quantitative perspective, the intermediary selenocompounds generated and 
metabolized during SeMet and Sec turnover and selenoprotein biosynthesis are only 
minor selenocompounds in mammals. As soil Se concentrations and bioavailability 
vary drastically between different regions used for plant and animal production, the 
Se concentrations in plants may vary as drastically as the soil contents; however, as 
Se is essential for animals and disease symptoms along with poor fertility result 
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from Se deficiency, the range of Se concentrations found in mammals is much more 
restricted than in plants, e.g. Brazil nut Se concentrations may differ up to 10.000-
fold (Chang et al. 1995), while human serum Se concentrations may be as low as 21 
μg/l in the Se-poor areas of China (Xia et al. 2005), and reach up to 600 μg/l in 
subjects on high dosage Se supplementation (Schrauzer and White 1978), hereby 
showing a maximal difference of 30-fold only.

8.4  �Major Molecular Se Species in Mammalian  
Excretion of Se

The Se status of mammals is controlled by both intake and excretion, and feedback 
regulatory systems are in place trying to maintain an optimal level. Among the 
routes via which Se becomes excreted, one has to take the Se status into account, as 
the relative contributions of different excretory products are being adapted to the 
supply, the needs and other metabolic and health-related parameters. Under normal 
conditions, the selenosugars, especially methyl-2-acetamido-2-deoxy-1-seleno-
beta-D-galactopyranoside, dominate Se excretion via urine (Kobayashi et al. 2002). 
High Se exposure progressively leads to the formation of methylated Se compounds, 
such as trimethylselenonium ions that can be secreted via urine (Nahapetian et al. 
1983), and volatile dimethylselenide that can be exhaled contributing to the garlic 
odor as a characteristic sign of selenosis (McConnell and Portman 1952).

Besides these quantitatively adaptable and regulated routes, some Se is regularly 
lost in fertile women in the course of blood loss during menstruation and in men 
during ejaculation (Michaelis et  al. 2014). In addition, a constant loss can be 
expected in the form of cellular selenoproteins in faeces from intestinal epithelial 
cell shedding and as consequence of apoptosis (Suzuki et al. 2013). Interestingly, 
some sex-specific differences in Se excretion in humans have been observed in a 
large supplementation trial (Combs et al. 2012). The major forms of Se species in 
mammalian excretion are summarized in Table 8.2.

Table 8.2  Major molecular 
Se species in mammalian 
excretion of Se

Selenium species Route of excretion

Dimethyl-
selenide

Breath

Selenosugars Urine
Selenonium Urine, possible sweat
Selenoproteins Shedded skin and intestinal cells
SELENOP, GPx3 Blood (plasma)
SELENOP, GPx4 Ejaculate

This table shortly summarizes routes for mammalian 
excretion of Se
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8.5  �Mammalian Selenoproteins

Selenoproteins are a unique family of proteins defined by containing one, or rarely 
several, selenocysteine (Sec) residues in their amino acid sequence. Selenocysteine, 
today recognized as the 21st proteinogenic amino acid, is in many aspects truly 
unique. It is co-translationally inserted into a growing polypeptide chain by a redefi-
nition of a predefined UGA amber codon that usually leads to termination (stop 
codon) of translation. In the context of selenoprotein synthesis, UGA is interpreted 
as a sense codon for Sec insertion through the use of Sec-specific synthesis and 
translation machineries that interact with a secondary structure in the selenoprotein-
encoding mRNA that, furthermore, are species specific and different when compar-
ing different subsets of bacteria with archaea or mammals (Allmang et al. 2009; 
Castellano et al. 2008; Zhang et al. 2006; Schomburg et al. 2004; Mehta et al. 2004; 
Kryukov and Gladyshev 2004; Lescure et al. 2002; Nasim et al. 2000). It is also 
quite extraordinary that many organisms completely lack selenoproteins, such as 
higher plants, yeasts and many microorganisms, while others have only one (e.g. C. 
elegans), three (e.g. E. coli) or up to more than 35 selenoproteins (e.g. many fish 
species) (Castellano et  al. 2008, 2009; Schomburg et  al. 2004; Kryukov and 
Gladyshev 2004; Lobanov et al. 2009; Kim et al. 2009; Lobanov et al. 2007, 2008; 
Zhang et  al. 2005; Taskov et  al. 2005; Kryukov et  al. 2003). Among mammals, 
humans have 25 selenoproteins and mouse has 24 (Kryukov et al. 2003), and some 
of these are essential for embryonic survival, as shown with knockout studies in 
mice for the two genes for mitochondrial or cytosolic thioredoxin reductase 
(Bondareva et al. 2007; Jakupoglu et al. 2005; Conrad et al. 2004), phospholipid 
hydroperoxide glutathione peroxidase (Yant et al. 2003) and also the tRNA for car-
rying Sec to the ribosome (Bosl et al. 1997).

Apart from selenoprotein P (SePP), which is the only form with several Sec resi-
dues, is synthesized in the liver and secreted into plasma to have a Se transport 
function (Renko et al. 2008; Hill et al. 2007), the mammalian selenoproteins are all 
believed to be enzymes with oxidoreductase activities, utilizing Sec as a catalytic 
residue in their active sites (Schomburg et al. 2004; Fomenko et al. 2008; Nauser 
et al. 2006; Johansson et al. 2005; Reich and Hondal 2016; Arnér 2010; Wessjohann 
et al. 2007; Papp et al. 2007; Birringer et al. 2002; Köhrle et al. 2000; Flohe et al. 
2000). Indeed, Sec has rather specific biochemical and chemical features as a cata-
lytic residue compared with its sulfur-containing Cys analog, including higher 
nucleophilicity, lower pKa, stronger resistance to overoxidation and generally 
higher reactivity (Schomburg et  al. 2004; Reich and Hondal 2016; Arnér 2010; 
Wessjohann et al. 2007; Fomenko et al. 2008; Nauser et al. 2006; Johansson et al. 
2005; Papp et al. 2007; Birringer et al. 2002; Köhrle et al. 2000; Flohe et al. 2000; 
Metanis and Hilvert 2014; Castellano 2009). Such features of Sec are believed to be 
evolutionary drivers explaining its inclusion in selenoproteins, although major 
questions regarding the necessity of Sec remain because of the fact that many organ-
isms, such as plants, can thrive without selenoproteins (Castellano et al. 2009; Reich 
and Hondal 2016; Arnér 2010; Lothrop et  al. 2009, 2014). Still, it is clear that 
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selenoproteins carry out a number of important functions in mammals, with the 
human genes encoding selenoproteins being summarized in Table 8.3. The inter-
ested reader is referred to the literature cited in this chapter for further in-depth 
information on specific selenoproteins, as that topic is beyond the scope of this 
contribution.

Table 8.3  Human selenoproteins

Human selenoprotein-encoding 
genes, in alphabetical order Identities of the corresponding selenoproteins

DIO1 Type 1 thyroid hormone deiodinase, Dio1
DIO2 Type 2 thyroid hormone deiodinase, Dio2
DIO3 Type 3 thyroid hormone deiodinase, Dio3
GPX1 Cytosolic glutathione peroxidase, Gpx1
GPX2 Gastrointestinal glutathione peroxidase, GPx2/GI-GPx
GPX3 Plasma glutathione peroxidase, pGPx/GPx3
GPX4 Phospholipid hydroperoxide glutathione peroxidase, GPx4
GPX6 GPx6, less studied GPx in embryos and olfactory 

epithelium
MSRB1 Methionine sulfoxide reductase B1, MsrB1
SELENOF Selenoprotein of 15 kDa in endoplasmic reticulum, Sel15/

Sep15
SELENOH Chromosome 11 Open Reading Frame 31, Selenoprotein H/

SelH
SELENOI Ethanolaminephosphotransferase 1, Selenoprotein I/SelI
SELENOK Selenoprotein K in the endoplasmic reticulum, SelK
SELENOM Perinuclear selenoprotein M, SelM
SELENON Selenoprotein N in endoplasmic reticulum, SelN
SELENOO Selenoprotein O with yet unknown function, SelO
SELENOP Selenoprotein P in plasma, SEPP1/SelP
SELENOS Selenoprotein S in the endoplasmic reticulum, SelS/VIMP
SELENOT Selenoprotein T with yet unknown function, SelT
SELENOV Paralog of Selenoprotein W of yet unknown function, SelV
SELENOW Cytosolic Selenoprotein W expressed in muscle tissue, 

SelW
SEPHS2 Selenophosphate synthetase, SPS2
TXNRD1 Cytosolic thioredoxin reductase, TrxR1/TR1
TXNRD2 Mitochondrial thioredoxin reductase, TrxR2/TR3
TXNRD3 Testis-specific thioredoxin glutathione reductase, TGR

The human genome encompasses 25 genes encoding selenoproteins, several of which giving rise 
to alternative forms of protein products by splicing or posttranslational modification. This table 
summarizes the 25 human genes encoding selenoproteins, using the newly approved HUGO gene 
names and selected keywords regarding function
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8.6  �Mammalian Se Metabolism – Putting It All Together

With different Se species derived from food ingestion being metabolized and 
secreted or excreted in other forms it is important to note that Se, of course, is abso-
lutely required for the synthesis of selenoproteins. For selenoprotein synthesis, Se 
metabolites must be reduced to selenide, which is the precursor of selenophosphate 
that needs to be formed for conversion of the phosphoseryl moiety of the tRNA for 
selenocysteine into a final selenized variant that can be utilized for selenoprotein 
biosynthesis (Xu et al. 2007). In addition, selenoproteins can themselves catalyze 
the metabolism of certain Se-containing metabolites, such as reduction of meth-
ylseleninate or selenite by thioredoxin reductase (Gromer and Gross 2002; 
Björnstedt et al. 1996; Kumar et al. 1992), and regulate tissue-specific uptake of Se, 
such as uptake of SePP as a Se source from plasma (Renko et al. 2008; Hill et al. 
2007; Valentine et al. 2008). Selenium can also be reutilized from the breakdown of 
Sec derived from selenoproteins through the actions of selenocysteine lyase, the 
lack of which leads to metabolic syndrome in mice (Seale et al. 2012). Thus, Se 
metabolism in mammals, and their health, is intricately linked to the status of sele-
noproteins, their translation and their activities. The importance of Se metabolism 
(Fig. 8.1) and selenoproteins (Table 8.3) is illustrated by the mammalian pheno-
types and diseases linked to Se deficiency, as discussed next (Table 8.4).

8.7  �Established Health Risks of Se Deficiency and Lessons 
from Inherited Diseases in Selenoprotein Biosynthesis

By the mid-1950s it was discovered that supplementation with Se to livestock sup-
ports good health and since then it has remained common practice in agricultural 
production to provide additional Se to cattle and other domestic animals, with sig-
nificant value for this industry (Oldfield 1997). In humans it has long been known 
that people living in Se-deprived areas and only eating local food, i.e. establishing 
nutritional Se deficiency, have high risks of developing Keshan or Kashin-Beck 
disease with cardiomyopathy, immune dysfunction, impaired bone development 
and joint inflammation, male infertility and possibly increased incidence of cancer 
(Köhrle et al. 2000; Rayman 2000). The exact underlying molecular mechanisms 
explaining such disease spectra upon Se deficiency have, however, remained uncer-
tain. As genetic traits with links between aberrations in selenoprotein synthesis and 
disease are discovered, specific phenotypes may increasingly be understood and 
causally explained (Schomburg 2010).

Of interest in this context are patients with defects in the SECISBP2 protein, also 
known as SBP2, participating in co-translational Sec insertion, which present with a 
syndrome encompassing azoospermia, muscular dystrophy, immune dysfunction, thy-
roid hormone insufficiency and enhanced insulin sensitivity, with these complex symp-
toms likely reflecting a mixture of effects from deficiency of several different 
selenoproteins (Schoenmakers et al. 2010). For example, muscular dystrophy may be 
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Selenium in  soil
and water

Plants

Np biological importance

Essential

Herbivore or
Omnivore

Selenosugars

Methylated selenium species

SeMet Selenite, selenate,...

Sec

H2Se
Selenoproteins

SeMe in proteins

tRNAsec

Se°

SeMet, sec,
Methylated Se species

Fig. 8.1  Schematic overview of mammalian Se metabolism. This figure schematically summa-
rizes the major forms of Se found in herbivores or omnivores, their metabolism (solid arrows) and 
forms in excretion (dashed arrows)

Table 8.4  Clinical symptoms related to defects in selenoprotein-related genes

Gene Year Symptoms/Disease References

SELENON 2001 Muscular dystrophy with spinal 
rigidity

(94) Moghadaszadeh et al. (2001)

SECISBP2 2005 Resistance to thyroid hormones, 
delayed development

(95) Dumitrescu et al. (2005)

SEPSECS 2010 Progressive cerebello-cerebral 
atrophy

(96) Agamy et al. (2010)

tRNA[Ser]Sec 2016 Abdominal pain, fatigue, muscle 
weakness

(97) Schoenmakers et al. (2016)

TXN2 2016 Cerebellar atrophy, epilepsy, 
dystonia, neuropathy

(98) Holzerova et al. (2016)

TXNRD2 2015 Glucocorticoid deficiency 
syndrome

(87) Prasad et al. (2014)

This table summarizes the findings of clinical symptoms or diseases yet linked to specific human 
selenoprotein-linked genes together with their years of discovery

explained by deficiency of selenoprotein N (SEPN), where a single nucleotide polymor-
phism decreasing binding of the SEPN-encoding mRNA to SECISBP2 has been linked 
to disease (Allamand et al. 2006). In another study it was found that deficiency in the 
mitochondrial thioredoxin reductase 2 (TXNRD2) leads to a glucocorticoid deficiency 
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syndrome in humans (Prasad et al. 2014). Not many monogenic selenoprotein-related 
deficiencies have yet been discovered in humans (4), but quite a number of knockout 
mouse models have been made that further help to unravel the functions of mammalian 
selenoproteins. Among these it was shown that, in mouse, both the cytosolic and mito-
chondrial thioredoxin reductases are essential for healthy embryogenesis (Bondareva 
et al. 2007; Jakupoglu et al. 2005; Conrad et al. 2004) as is glutathione peroxidase 4 
(Yant et al. 2003). Several additional mouse models have revealed important roles of Se 
and selenoproteins in signaling or specific tissue-related diseases, with the interested 
reader being referred to more extensive review articles for details (Allmang et al. 2009; 
Schomburg et al. 2004; Lobanov et al. 2009; Papp et al. 2007; Lei et al. 2016; Kim and 
Gladyshev 2007; Hatfield et al. 2006). Here we shall solely note that it is well estab-
lished that the symptoms of Se deficiency syndromes are related to insufficient functions 
of one or several selenoproteins, while the exact mechanisms that link selenoprotein 
function to disease in many cases awaits to be characterized at the molecular level.

8.8  �Conclusions

Higher herbivores including mammals metabolize Se compounds present in 
ingested plants and utilize the trace element by well-controlled and tightly regu-
lated pathways for biosynthesis of selenoproteins, many of which have crucial 
functions for maintaining health. Excessive Se can be excreted by different routes 
in the form of distinct metabolites. Conversely, too low daily intake of Se can result 
in endemic deficiency syndromes and increases the risk for a number of common 
human diseases including cancer at various sites, infections, autoimmune diseases 
and others. With the identification of distinct mutations in human selenoprotein 
genes or components of the selenoprotein biosynthesis machinery, complemented 
with detailed studies of targeted genetic mouse models, the understanding of 
molecular links between Se metabolism, selenoproteins and mammalian pathology 
and health is rapidly increasing.
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Chapter 9
The Genetics of Selenium Accumulation 
by Plants

Philip J. White

Abstract  Genetics is broadly defined as the study of how genes control the charac-
teristics of organisms. In this chapter, emphasis has been placed on differences in 
metabolic pathways, and their associated genes, that could account for variation in 
the ability of angiosperm species to tolerate large tissue selenium (Se) concentra-
tions. The current view of the molecular biology of Se uptake and assimilation by 
plants is presented and differences between plant species likely to affect their ability 
to tolerate large tissue Se concentrations are identified. In particular, it is noted that 
plants that hyperaccumulate Se generally exhibit constitutive expression of genes 
encoding Se-transporters and enzymes involved in primary Se assimilation, biosyn-
thesis of non-toxic Se metabolites and Se volatilisation. A plausible scheme for the 
evolution of differences in Se accumulation between angiosperm species is 
described. Since Se is an essential mineral element for animals, and the diets of 
many humans lack sufficient Se, the possibility of breeding crops with greater Se 
concentrations in their edible tissues is discussed. It is observed that, although Se 
concentrations in plants are largely determined by the phytoavailability of Se in the 
environment, there is significant intraspecific genetic variation in the Se concentra-
tions of most edible crops that might be utilised to improve human diets. However, 
although molecular markers might be developed to known chromosomal quantita-
tive trait loci (QTL) impacting Se concentration in edible tissues to assist breeding 
programmes, the actual genes underpinning this variation are largely unknown.
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9.1  �Introduction: An Ecological Perspective on Selenium 
Accumulation by Plants

Selenium (Se) is not an essential element for flowering plants (angiosperms), 
although there is evidence that it might benefit their growth and survival under cer-
tain circumstances (Pilon-Smits and LeDuc 2009; White and Brown 2010). In par-
ticular, adequate Se nutrition can mitigate the oxidative stresses caused by various 
environmental factors and, if present in sufficient amounts in plant tissues, Se can 
protect against herbivores and pathogens (Pilon-Smits et al. 2009; El Mehdawi and 
Pilon-Smits 2012; Feng et al. 2013). By contrast, excess Se accumulation is toxic to 
most plants, presumably because the indiscriminate incorporation of the Se-amino 
acids, selenocysteine (SeCys) and selenomethionine (SeMet) into proteins impairs 
their activity and results in biochemical and physiological malfunction (Brown and 
Shrift 1982; White et al. 2004; Van Hoewyk 2013).

The accumulation of Se by plants is largely influenced by Se phytoavailability in 
the soil, although there are differences between angiosperm species in their ability 
to acquire Se under identical environmental conditions (Fig. 9.1) (White et al. 2004, 
2007a; White 2016). Soil Se concentrations differ greatly. Although most soils have 
Se concentrations between 0.01 and 2.0 mg/kg, some soils associated with particu-
lar geological formations can reach concentrations of 1200 mg/kg (Dhillon and 
Dhillon 2003; Fordyce 2013; Pilbeam et al. 2015). The phytoavailability of Se in 
soils is influenced by a number of factors including pH, redox potential and organic 
matter content (Mikkelsen et al. 1989; White et al. 2007b; Fordyce 2013; Pilbeam 
et al. 2015). Plant roots can acquire Se from the soil solution as selenate (SeO4

2−), 
selenite (SeO3

2−, HSeO3
−, H2SeO3) or organoselenium compounds, such as SeCys 

and SeMet, but are unable to take up selenide (Se2−) species or colloidal elemental 
Se (White and Broadley 2009; White 2016). In oxic soils (pH + pE > 15), selenate 
is the main water-soluble form of Se, whereas in anaerobic soils with a neutral to 
acidic pH (pH + pE = 7.5–15) selenite (SeO3

2−) is the main water-soluble form. 
Selenides occur only in severely anaerobic and often acidic soils (pH + pE < 7.5). 
Selenate is relatively mobile in the soil solution, but selenite is strongly absorbed by 
iron and aluminum oxides/hydroxides and, to a lesser extent, by clays and organic 
matter (Fordyce 2013; Pilbeam et al. 2015).

Distinct plant communities exist on soils with high Se phytoavailability 
(Rosenfeld and Beath 1964; Brown and Shrift 1982). Since the accumulation of Se 
is potentially toxic, plant species growing on seleniferous soils must either exclude, 
or actively remove, Se from their tissues or tolerate the Se they accumulate. There 
are marked differences between plant species in their ability to tolerate Se in their 
tissues and, since all plants growing on seleniferous soils have elevated tissue Se 
concentrations, it is hypothesised that the colonisation of seleniferous soils required 
a minimal ability to tolerate elevated tissue Se concentrations (Rosenfeld and Beath 
1964; Brown and Shrift 1982; El Mehdawi and Pilon-Smits 2012).

Angiosperm species have been divided into three ecological types according to 
their ability to accumulate Se in their tissues (Table 9.1) (Rosenfeld and Beath 1964; 
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Brown and Shrift 1982; White et  al. 2004, 2007a; El-Mehdawi and Pilon-Smits 
2012; White 2016). Most angiosperm species are designated “non-accumulator” 
species. These species cannot tolerate tissue Se concentrations greater than  
10–100 μg/g dry matter (DM) and cannot colonize seleniferous soils (Rosenfeld 
and Beath 1964; White et al. 2004; Fordyce 2013; White 2016). Species that can 
tolerate tissue Se concentrations approaching 1 mg/g DM are designated 
“Se-indicator” plants. These species can colonize both non-seleniferous and selenif-
erous soils (Rosenfeld and Beath 1964; Moreno Rodriguez et al. 2005). Their tissue 
Se concentrations are directly related to the Se phytoavailability in the soil and, 
thereby, ‘indicate’ soil Se phytoavailability (cf. Baker 1981). Species tolerating 
tissue Se concentrations greater than 1 mg/g DM are designated “Se-accumulator” 
species. These species are generally restricted to seleniferous soils (Rosenfeld and 
Beath 1964; Brown and Shrift 1982; El-Mehdawi and Pilon-Smits 2012). The 
appellation “Se-hyperaccumulator” is given to a plant whose leaves contain more 
than 1 mg/g DM when sampled from its natural environment (Reeves and Baker 
2000; White 2016), although some experts argue that this threshold should be low-
ered to 100 μg/g DM (Reeves and Baker 2000; van der Ent et al. 2013).

Although there are notable differences between species in their ability to accu-
mulate Se, which are manifested, for example, in their ecological strategies towards 
soils with high Se phytoavailability, there appear to be no systematic phylogenetic 
effects on shoot Se concentration within the angiosperms (White et al. 2004, 2007a; 
Watanabe et  al. 2007). The majority of the variation in shoot Se concentrations 
among angiosperms appears to occur between species within orders and between 
ecotypes within species (White et al. 2004, 2007a; Watanabe et al. 2007; Feist and 
Parker 2001; Cappa et al. 2014; El Mehdawi et al. 2015; White 2016). Thus, varia-
tion in shoot Se concentration is most apparent within plant families that contain 

Fig. 9.1  Relationship 
between shoot Se and S 
concentrations in 39 
angiosperm species grown 
hydroponically with 0.91 
mM sulphate and 0.63 μM 
selenate. The line indicates 
a shoot Se/S quotient of 
1.725 mg Se per g S. 
Closed symbols represent 
species from the 
Brassicales (Data from 
White et al. 2007)
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Se-accumulator or Se-indicator plants (White et al. 2004; White 2016). Nevertheless, 
it is noteworthy that, when plants are sampled from the same environment, there is 
a stoichiometric relationship between shoot Se and sulphur (S) concentrations 
across most angiosperm species and plants. For example, alliums and brassicas, 
which have greater S concentrations also have greater Se concentrations (Fig. 9.1) 
(White et al. 2007a). This can, in part, be attributed to the fact that S and Se share 
common pathways for uptake by roots, translocation between organs, and metabo-
lism within the plant (Fig. 9.2) (White et al. 2007b; White 2016).

9.2  �Molecular Biology of Selenium Uptake and Assimilation 
by Plants

Selenate is taken up by plant roots through high-affinity sulphate transporters 
(HASTs) homologous to the arabidopsis (Arabidopsis thaliana [L.] Heynh.) 
AtSULTR1;1 and AtSULTR1;2 transporters (Sors et al. 2005b; White et al. 2007b; 

Table 9.1  Classification of angiosperm species into ecological types according to their ability to 
accumulate Se in their tissues

Classification

Leaf Se 
concentration 
(μg/g DM) Soil ecology

Biochemical and physiological 
characteristics

non-accumulator < 10–100 non-seleniferous Se uptake induced by S-starvation
High S/Se selectivity for uptake

Se-indicator < 1000 seleniferous & 
non-seleniferous

Se transport to shoot induced by 
S-starvation
Se volatilisation as 
dimethylselenide (DMSe)
Sequestration highest in leaves

Se-accumulator > 100 seleniferous Main Se form selenate (sometimes 
SeMet)

Se-hyperaccumulator > 1000 seleniferous Constitutive, S-independent Se 
uptake
Low S/Se selectivity for uptake
Constitutively large Se transport to 
shoot
Constitutively large Se metabolic 
flux
Large Se volatilisation as 
dimethyldiselenide (DMDSe)
Sequestration highest in 
reproductive organs
Main Se form MSeCys

The broad biochemical and physiological characteristics thought to differentiate 
Se-hyperaccumulator and non-hyperaccumulator species are also indicated. DM dry matter
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Shinmachi et al. 2010; Gigolashvili and Kopriva 2014; White 2016). AtSULTR1;2 
catalyses most Se uptake by roots of S-replete plants (Shibagaki et  al. 2002; El 
Kassis et al. 2007; Barberon et al. 2008). AtSULTR1;1 generally contributes little to 
Se uptake in S-replete plants, but its relative contribution increases in S-deficient 
plants or when Se supply is increased (El Kassis et al. 2007; Rouached et al. 2008; 
Shinmachi et al. 2010). Selenite can be taken up by roots as HSeO3

− through phos-
phate transporters, such as rice OsPT2 (Zhang et al. 2014), and as H2SeO3 through 
aquaporins, such as OsNIP2;1 (Zhao et al. 2010). It is thought that roots might take 
up SeCys and SeMet through transporters for Cys and Met (Kikkert and Berkelaar 
2013; White 2016). After uptake, selenate traverses the root cylinder and is loaded 
into the xylem for transport to the shoot, whereas selenite is rapidly converted to 
organoselenium compounds (White et al. 2004; Li et al. 2008; Wang et al. 2015). It 
is thought that a member of the ALMT family of transporters (organic acid trans-
porters) loads selenate into the xylem, although AtSULTR2;1, AtSULTR2;2 and 

Fig. 9.2  Generalised scheme of Se metabolism in the leaves of higher plants. A detailed explana-
tion can be found in the text and in papers by White et al. (2007b), Pilon-Smits and LeDuc (2009), 
Pilon-Smits (2012) and White (2016). Abbreviations: SeO4

2− selenate, SULTR3;1 transporter on 
plastid membrane, APS adenosine triphosphate sulphurylase, APSe adenosine 5′-phosphoselenate, 
APR adenosine 5′-phosphosulphate reductase, SeO3

2− selenite, SiR sulphite reductase, Se2− sele-
nide, SAT/OAS-TL cysteine synthase, which contains both serine acetyl transferase (SAT) and 
O-acetylserine (thiol) lyase (OAS-TL) subunits, SeCys selenocysteine, CGS cystathionine 
γ-synthase, CBL cystathionine β-lyase, SeHCys selenohomocysteine, MTR methionine synthase, 
SeMet selenomethionine, cpNifS chloroplast SeCyslyase, Se0 elemental Se, SMT selenocysteine 
methyltransferase, SeMSeCys Se-methylselenocysteine, γ-GluSeMSeCys γ-glutamyl-SeMSeCys, 
DMDSe dimethyldiselenide, SeMSeMet Se-methylselenomethionine, MMT S-adenosyl-
methionine: methionine methyl transferase, γ-GluSeMSeMet γ-glutamyl-SeMSeMet, DMSeP 
dimethylselenonium propionate, DMSe dimethylselenide
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AtSULTR3;5 have also been implicated in modulating the process by catalysing the 
uptake of selenate into pericycle and xylem parenchyma cells (Kataoka et al. 2004a; 
Takahashi et  al. 2011; Gigolashvili and Kopriva 2014). The expression of 
AtSULTR2;1 and AtSULTR2;2 in arabidopsis, and their homologues in other non-
accumulator species, is induced by S starvation and by increasing Se supply 
(Takahashi et al. 2000; Van Hoewyk et al. 2008b; Gigolashvili and Kopriva 2014), 
whereas their homologues in Se-hyperaccumulator species are expressed constitu-
tively (Table 9.1; Cabannes et al. 2011; Schiavon et al. 2015).

Members of the SULTR family are thought to catalyse selenate uptake by leaf 
cells (Takahashi et al. 2011; Gigolashvili and Kopriva 2014). In non-accumulator 
species selenate is often sequestered in the vacuoles of cells within the vasculature 
and leaf mesophyll (Ximénez-Embún et al. 2004; Mazej et al. 2008; Wang et al. 
2015). Selenium is readily redistributed in the phloem as both selenate and the 
organoselenium compounds SeMet and Se-methylselenocysteine (SeMSeCys) 
(Carey et  al. 2012). In arabidopsis, AtSULTR1;3 is thought to catalyse selenate 
uptake into the phloem (Yoshimoto et al. 2003). Homologues of AtSULTR4;1 and 
AtSULTR4;2 are thought to catalyse the efflux of selenate from the vacuole (Kataoka 
et al. 2004b; Gigolashvili and Kopriva 2014). The expression of genes encoding 
these transporters is greater in shoots of Se-hyperaccumulator species, such as 
Stanleya pinnata (Pursch) Britton, than in congeneric Se-indicator or non-
accumulator species (Freeman et al. 2010). It has also been suggested that genes 
encoding ABC transporters whose expression is increased upon exposure to Se 
might be involved in Se transport within the plant (Byrne et  al. 2010), although 
there is no direct evidence of this.

Selenate is assimilated into organoselenium compounds in plastids (Fig. 9.2). 
Selenium and S share the same primary metabolic pathway (White et al. 2007b; 
Pilon-Smits and LeDuc 2009; Pilon-Smits 2012; White 2016). It is thought that 
AtSULTR3;1, which is located on the chloroplast membrane (Cao et  al. 2013), 
catalyses selenate transport into plastids and is expressed constitutively in 
Se-hyperaccumulator species (Table 9.1). Selenate is first activated by adenosine 
triphosphate sulphurylase (APS) to form adenosine 5′-phosphoselenate (APSe), 
which is then reduced to selenite (SeO3

2−) by adenosine 5′-phosphosulphate reduc-
tase (APR) using reduced glutathione (GSH) as the electron donor. The conversion 
of selenate to selenite appears to be the rate-limiting step in the assimilation of Se 
into organic compounds (Pilon-Smits et al. 1999b). Selenite is reduced to selenide 
enzymatically by sulphite reductase (SiR) or non-enzymatically by GSH. Selenide 
is then converted to SeCys by the enzyme complex cysteine synthase, which con-
tains both serine acetyl transferase (SAT) and O-acetylserine (thiol) lyase (OAS-TL) 
subunits. The conversion of SeCys to SeMet proceeds via selenocystathionine and 
selenohomocysteine (SeHCys) and is catalysed by cystathionine γ-synthase (CGS), 
cystathionine β-lyase (CBL) and methionine synthase (MTR). Tissues of several 
Se-hyperaccumulator species accumulate high concentrations of selenocystathio-
nine (Birringer et al. 2002; Freeman et al. 2006, 2010) and the predominant form of 
Se in the Se-hyperaccumulator species Cardamine hupingshanensis is selenocys-
tine (SeCys2) (Yuan et al. 2013). The enzymes catalysing Se metabolism are encoded 
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by small multi-gene families. For example, the arabidopsis genome contains four 
genes encoding APS, three genes encoding APR, five genes encoding SAT, nine 
genes encoding OAS-TL, two genes encoding CGS, one gene encoding CBL, and 
three genes encoding MTR (Hesse et al. 2004; Bermúdez et al. 2013; Schiavon et al. 
2015). In most angiosperm species, genes encoding enzymes involved in the pri-
mary S/Se assimilation pathway are upregulated when they become S-deficient or 
when Se supply is increased, whilst in Se-hyperaccumulator species genes encoding 
APS, APR, SAT/OAS-TL and MTP exhibit constitutively high expression 
(Table 9.1) Van Hoewyk et al. 2005, 2008b; Freeman et al. 2010; White 2016).

Many plants accumulate Se as SeCys or SeMet (Birringer et  al. 2002; White 
et al. 2007b; Fairweather-Tait et al. 2011; Drahoñovský et al. 2016; White 2016). 
These Se-amino acids can replace Cys and Met in proteins, which impairs protein 
activities and ultimately results in physiological malfunction. The conversion of 
SeCys and SeMet to non-toxic or volatile Se metabolites can increase the tolerance 
of plants to Se in their tissues and in the environment (Sors et al. 2005b; White et al. 
2007b; Pilon-Smits and LeDuc 2009; Van Hoewyk 2013). In addition, plant 
genomes contain genes encoding putative Se-binding proteins (SBPs) that might 
contribute to Se tolerance in plant tissues (Agalou et al. 2005; Dutilleul et al. 2008). 
Selenocysteine can be converted to elemental Se by a SeCys lyase (cpNifS) that is 
located in the chloroplast (Fig.  9.2) (van Hoewyk et  al. 2008a; Pilon-Smits and 
LeDuc 2009). In addition, SeCys and SeMet can be methylated to form SeMSeCys 
and Se-methylselenomethionine (SeMSeMet) through the activities of SeCys meth-
yltransferase (SMT) and S-adenosyl-methionine: methionine methyl transferase 
(MMT), respectively (Sors et al. 2005b; White et al. 2007b; Pilon-Smits and LeDuc 
2009; Van Hoewyk 2013; White 2016). However, genes encoding functional SMT 
are not thought to exist in non-accumulator plants such as arabidopsis (Lyi et al. 
2005; Van Hoewyk 2013; Zhao et  al. 2015), and arabidopsis possesses only one 
gene encoding MMT (Tagmount et al. 2002). In species that hyperaccumulate Se, 
genes encoding functional SMT appear to be expressed constitutively (Table 9.1) 
(Pickering et al. 2003) and differences between species within the genera Astragalus 
and Stanleya, which both contain Se-hyperaccumulator species, in their ability to 
accumulate Se appear to be directly related to their SMT activity (Sors et al. 2005a, 
2009; Freeman et al. 2010). The most abundant form of Se in Se-hyperaccumulator 
species, such as Astragalus bisulcatus (Hook.) A. Gray and Stanleya pinnata, is 
SeMSeCys (Birringer et al. 2002; Pickering et al. 2003; Sors et al. 2005a; Freeman 
et al. 2006, 2010; Lindblom et al. 2013; Alford et al. 2014). Large concentrations of 
SeMSeCys are also found in alliums (chive, garlic, leek, onion) and brassicas (broc-
coli, Brussels sprouts, cabbage, cauliflower, Chinese cabbage, kale) fertilised with 
selenate or selenite (Birringer et al. 2002; Fairweather-Tait et al. 2011; White 2016), 
although it has been speculated that the accumulation of SeMSeCys might be a 
characteristic of the Poales rather than other angiosperm species, which preferen-
tially accumulate SeCys2 (Drahoñovský et  al. 2016). Both SeMSeCys and 
SeMSeMet can be conjugated with glutamate to form γ-glutamyl-SeMSeCys 
(γ-GluSeMSeCys) or γ-glutamyl-SeMSeMet (γ-GluSeMSeMet), or converted to 
dimethylselenide (DMSe) or dimethyldiselenide (DMDSe) and volatilized (Fig. 9.2) 
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(Sors et al. 2005b; White et al. 2007b; Pilon-Smits and LeDuc 2009; Van Hoewyk 
2013). The production of DMSe appears to be limited by the conversion of SeCys 
to SeMet (Van Huysen et al. 2003; Pilon-Smits and LeDuc 2009). SeMSeMet can 
also be converted to dimethylselenonium propionate (DMSeP) and thence to DMSe 
(Grant et  al. 2004). Many Se-hyperaccumulator species, such as A. bisulcatus 
(Freeman et al. 2006; Alford et al. 2014), and allium crops grown on Se-rich soils 
can contain large concentrations of γ-GluSeMeSeCys (White et  al. 2007b; 
Fairweather-Tait et al. 2011; White 2016). In general, Se is volatilized as DMSe in 
non-hyperaccumulator species and as DMDSe in Se-hyperaccumulator species 
(Table 9.1) (Pilon-Smits and LeDuc 2009), and angiosperm species differ greatly in 
their ability to volatilize Se (Terry et al. 1992; Pilon-Smits et al. 1999a; de Souza 
et al. 2000).

Differences in Se uptake and metabolism between genotypes underlie differ-
ences in their ability to tolerate Se in the rhizosphere and within their tissues. These 
differences can be exploited for practical purposes, such as the phytoremediation of 
soils contaminated with excess Se or the delivery of Se to livestock and humans, for 
whom Se is an essential mineral nutrient that is often in insufficient supply in their 
diets (White 2016).

9.3  �Evolution of Differences in Selenium Accumulation 
Between Angiosperm Species

Natural genetic variation in Se uptake and metabolism has determined the ecologi-
cal strategies of angiosperm species towards soils with high Se phytoavailability, 
and the evolutionary progression towards Se-hyperaccumulation has fascinated 
plant scientists for many years. The core eudicot families Amaranthaceae 
(Caryophyllales), Asteraceae (Asterales), Brassicaceae (Brassicales), Fabaceae 
(Fabales), Orobanchaceae (Lamiales) and Rubiaceae (Gentianales) all contain 
Se-hyperaccumulator species (Fig. 9.3). It is thought that tissue Se tolerance and 
Se-hyperaccumulation arose independently in these plant families by convergent 
evolution of appropriate biochemical pathways (Brown and Shrift 1982; White 
et al. 2004; Cappa and Pilon-Smits 2014; White 2016). However, the phylogeny of 
Se-hyperaccumulation has been studied in detail in only a few genera, namely 
Astragalus (Fabaceae) and Stanleya (Brassicaceae). The trait of Se-hyperaccumulation 
appears to have evolved several times among the North American Astragalus: in the 
Homaloboid Phalanx within the seleniferous Homalobi, for which it can be used as 
a taxonomic character (Barneby 1964), and the Preussiani (Fig.  9.4), and in the 
Piptoloboid and Ceridothrix Phalanxes (White 2016). By contrast, the trait of 
Se-hyperaccumulation seems to have evolved only once among the North American 
Stanleya, on the eastern side of the Rocky Mountains in the bipinnata/pinnata clade, 
and was subsequently lost in various ecotypes (Fig. 9.5) (Cappa et al. 2014, 2015). 
The trait of Se-tolerance appears to have evolved before, and was possibly a 
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prerequisite for, the evolution of Se-hyperaccumulation in Stanleya (Fig.  9.5) 
(Cappa et  al. 2015). These two genera provide model species for studies of the 
physiology and genetics of Se-hyperaccumulation.

El-Mehdawi and Pilon-Smits (2012) have suggested a plausible sequence of 
events leading to the evolution of Se-hyperaccumulator species. First, since Se is a 
beneficial element, variation in the ability of plants to acquire Se led to the selection 
of individuals with greater tissue Se concentrations in which Se mitigated the oxida-
tive stresses caused by various environmental factors and improved growth. There 
is considerable genetic variation in the ability to accumulate Se, both within and 
between plant species, that would facilitate the evolution of species with greater 
tissue Se concentrations (White et al. 2004, 2007a; Watanabe et al. 2007; Sasmaz 
et al. 2015; Szakova et al. 2015; Drahoñovský et al. 2016, White 2016). Second, 
further genetic variation in non-accumulator species allowed the selection of plants 

Fig. 9.3  The distribution of Se-hyperaccumulator species among the core eudicot orders. 
Phylogenetic relationships between orders are reproduced from the Angiosperm Phylogeny Group 
(2016). The number of Se-hyperaccumulating genera and Se-hyperaccumulating species in each 
order are given in parentheses based on data presented by White (2016)
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Fig. 9.4  Distribution of proposed Se-hyperaccumulating taxa among sections of the Homaloboid 
astragali of North America. Taxonomic relationships are derived from Barneby (1964). The num-
ber of Se-hyperaccumulating taxa and Se-hyperaccumulating species in each section and are given 
in parentheses based on data presented by White (2016)

Fig. 9.5  Phylogenetic relationships within the Brassicaceae suggesting that the evolution of toler-
ance to large tissue Se concentrations (Left: biomass production exceeding half-maximum at tissue 
Se concentrations >1000 μg/g dry matter) occurred before the evolution of Se hyperaccumulation 
(Right: maximum shoot Se concentration > 1000 μg/g dry matter when sampled from the natural 
environment). Taxa exhibiting tolerance of large tissue Se concentrations or exhibiting Se hyperac-
cumulation are indicated by filled circles (Data from Cappa et al. 2015)
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with greater tissue Se tolerance that were able to colonize seleniferous soils and 
evolve into Se-indicator species. This could have been achieved by the evolution of 
metabolic pathways that allow more Se to be accumulated in tissues in non-toxic 
forms and Se removal from tissues by volatilization. These characteristics are shared 
by many Se-indicator and Se-accumulator species and, again, there is considerable 
genetic variation in their expression both within and between plant species (White 
et al. 2007b; Pilon-Smits and LeDuc 2009; White 2016). Third, Se-hyperaccumulation 
evolved because large Se concentrations in tissues protect them against pathogens 
and herbivores and, thereby, confers an evolutionary advantage (Quinn et al. 2007). 
This is consistent with the greatest Se concentrations occurring in the reproductive 
tissues of Se-hyperaccumulator species (El-Mehdawi and Pilon-Smits 2012) and 
the accumulation of large Se concentrations leaf trichomes and epidermal cells 
(Freeman et al. 2006, 2010). Large tissue Se concentrations in leaf litter might also 
prevent competition by plant species with less tolerance of Se in the rhizosphere 
(El Mehdawi et al. 2011). Ecotypes of Se-hyperaccumulator species growing in the 
same environment can differ significantly in their shoot Se concentrations (Feist and 
Parker 2001; Cappa et al. 2014; El Mehdawi et al. 2015), which suggests that the 
evolution of Se-hyperaccumulation required not only the ability to tolerate high tis-
sue Se concentrations but also the efficient acquisition of Se by roots and transport 
of Se within the plant. Thus, Se-hyperaccumulator species are characterised by con-
stitutive expression of (1) genes encoding Se transporters, which promote Se uptake 
and movement to the shoot, (2) genes involved in primary Se assimilation, which 
allows a large metabolic flux to SeCys and SeMet, (3) genes involved in the conver-
sion of SeCys and SeMet to non-toxic or volatile compounds, such as SeMSeCys, 
γ-GluSeMeSeCys and DMDSe (Table 9.1). Species that hyperaccumulate Se also 
differ from other angiosperms by exhibiting (1) elevated leaf Se/S quotients and (2) 
a reduction in their Mo accumulation with increasing rhizosphere sulphate or sele-
nate concentrations (White et al. 2007a; Harris et al. 2014). This is likely to reflect 
differences in the selectivity and regulation of their complement of Se transporters.

Insights into the molecular mechanisms of tissue Se tolerance and 
Se-hyperaccumulation have not only been gained by comparing the biochemistry 
and physiology of Se-hyperaccumulator species with other angiosperms but have 
also been provided by the manipulation of gene expression in non-accumulator spe-
cies, such as arabidopsis, and Se-indicator species, such as Indian mustard (Brassica 
juncea [L.] Czern.). Arabidopsis mutants lacking AtSULTR1;2 and rice mutants 
lacking OsPT2 take up less Se than wild-type plants and tolerate greater rhizosphere 
concentrations of selenate and selenite, respectively (Shibagaki et  al. 2002; El 
Kassis et al. 2007; Barberon et al. 2008; Zhang et al. 2014). The overexpression of 
genes encoding SMT, CpNifS or cytosolic SeCys lyase enables arabidopsis to accu-
mulate greater Se concentrations in shoot tissues and confers tolerance to greater 
concentrations of selenate and selenite in the rhizosphere (Ellis et al. 2004; LeDuc 
et  al. 2004; Pilon et  al. 2003; Van Hoewyk et  al. 2005). The overexpression of 
AbSMT1 in arabidopsis also results in increased production of volatile Se-compounds 
(LeDuc et  al. 2004). The overexpression in arabidopsis of genes encoding APS, 
APR or SAT result in greater concentrations of organic Se shoot tissues, but lower 
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Se concentrations, and the overexpression of genes encoding APR and SBP confer 
tolerance to greater concentrations of selenate and selenite in the rhizosphere, 
respectively (Agalou et al. 2005; Sors et al. 2005a). Consistent with these observa-
tions, arabidopsis mutants lacking AtAPR2 and accessions with less APR activity 
have larger Se concentrations in their shoots (Chao et  al. 2014). An arabidopsis 
mutant lacking CSM1, which exhibits elevated activities or glutathione peroxidase 
and other peroxidases, shows greater Se tolerance (Jiang et al. 2015). Similar results 
were obtained in Indian mustard following the overexpression of genes encoding 
SMT, but the overexpression of genes encoding APS not only conferred tolerance to 
greater concentrations of selenate in the rhizosphere, but also resulted in increased 
concentrations of both total and organic Se in the shoot (Pilon-Smits et al. 1999b; 
Van Huysen et  al. 2004; Bañuelos et  al. 2005, 2007; LeDuc et  al. 2004, 2006; 
Kubachka et al. 2007). The overexpression of CGS in Indian mustard resulted in 
greater tolerance of selenite in the rhizosphere, reduced shoot Se concentrations and 
greater Se volatilization (Van Huysen et  al. 2003, 2004) and overexpression of 
genes involved in glutathione synthesis, such as glutathione synthetase and 
γ-glutamyl-cysteine synthetase, resulted in greater shoot Se concentrations and 
improved growth on seleniferous soils (Bañuelos et al. 2005).

9.4  �Natural Genetic Variation in Selenium Accumulation 
Within Crop Species

Selenium is an essential mineral nutrient for humans and other animals (White and 
Broadley 2009; Fairweather-Tait et al. 20,011; Fordyce 2013). Unfortunately, up to 
15% of the world’s human population might lack sufficient Se in their diets (Combs 
2001). One strategy to rectify this, termed “biofortification”, is to produce crops 
with greater Se concentrations in their edible portions (Broadley et al. 2006; White 
and Broadley 2009). However, since Se deficiency in humans and livestock often 
occurs when crops are grown on soils with little phytoavailable Se, Se-biofortification 
must be achieved through the application of Se-fertilisers (Broadley et  al. 2006; 
White and Broadley 2009; Alfthan et al. 2015; Joy et al. 2015; White 2016). The 
efficiency of Se-fertilisers in Se-biofortification of crops can be improved by the 
development of crop genotypes that can acquire more of the Se applied and accu-
mulate it in their edible portions. There has, therefore, been considerable work to 
determine the genetic basis of variation in Se accumulation in edible portions of 
numerous crops (Table 9.2) (White and Broadley 2009; Pilbeam et al. 2015; White 
2016).

Significant genetic variation in grain Se concentration has been reported for sev-
eral cereals including bread wheat (Triticum aestivum L.) (Garvin et  al. 2006; 
Murphy et al. 2008; Rodríguez et al. 2011; Pu et al. 2014), durum wheat (Triticum 
turgidum L.; Rodríguez et al. 2011; Yang et al. 2013), barley (Hordeum vulgare L.) 
(Ilbas et al. 2012; Mangan et al. 2015), wild barley (Hordeum spontaneum K. Koch) 
(Yan et al. 2011), oat (Avena sativa L.) (Eurola et al. 2004) and rice (Orzya sativa L.) 
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Table 9.2  Variation in the Se concentration of edible tissues among genotypes of common crops 
grown in the same environment

Crop Plant Species Tissue Studies ns P<0.05 P<0.01 P<0.001

Wheat Triticum aestivum L. Grain 12 9 1 2

Durum Wheat Triticum turgidum L. Grain 2 1 1

Einkorn Wheat Triticum monococcum L. Grain 1 1

Emmer Wheat 
Triticum dicoccon (Schrank)

Schübl.
Grain 2 2

Spelt Wheat Triticum spelta L. Grain 2 2

Barley Hordeum vulgare L. Grain 3 2 1

Wild Barley Hordeum spontaneum K.Koch Grain 1 1

Oat Avena sativa L. Grain 2 1 1

Rice Oryza sativa L. Brown grain 1 1

Common Bean Phaseolus vulgaris L. Seed 3 3

Field Pea Pisum sativum L. Seed 1 1

Chickpea Cicer arietinum L. Seed 2 1 1

Lentil Lens culinaris Medik. Seed 13 4 8 1

Mung bean Vigna radiata (L.) R.Wilczek Seed 1 1

Soybean Glycine max (L.) Merr. Seed 1 1

Onion Allium cepa L. Bulb 1

Broccoli Brassica oleracea L. Leaves/Floret 6 3 2 1

Cauliflower Brassica oleracea L. Sprouts 1 1

Kale Brassica oleracea L. Sprouts 1 1

Chinese Cabbage Brassica rapa L. Sprouts 1 1

Indian Mustard Brassica juncea (L.) Czern. Leaves 1 1

Kale Brassica oleracea L. Sprouts 1 1

Chinese Cabbage Brassica rapa L. Sprouts 1 1

Indian Mustard Brassica juncea (L.) Czern. Leaves 1 1

Chicory Cichorium intybus L. Leaves 1 1

Tomato Solanum lycopersicum L. Fruit 1 1

Pepper Capsicum annuum L. Fruit 1 1

Potato Solanum tuberosum L. Tubers 1 1

1

Data indicate the total number of studies and, of these, the number of studies reporting no signifi-
cant differences between genotypes (ns) or differences between genotypes with P < 0.05, P < 0.01, 
and P < 0.001. Original data are presented by White (2016)
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(Zhang et al. 2006; Norton et al. 2010, 2012; Huang et al. 2015). In addition, chro-
mosomal loci (QTLs) influencing grain Se concentration have been identified using 
populations derived from (1) crosses between bread wheat genotypes (Pu et  al. 
2014), (2) a cross between wild emmer wheat (Triticum dicoccoides [Körn. ex Asch. 
and Graebn.] Schweinf.) and tetraploid durum wheat (Yang et al. 2013), (3) a cross 
between an indica and a japonica rice variety (Norton et al. 2010, 2012), and (4) an 
association mapping panel of rice accessions (Huang et  al. 2015). However, no 
genes affecting grain Se concentrations have yet been identified in any cereal spe-
cies. Similarly, significant genetic variation in seed Se concentration has been 
reported for several legumes including chickpea (Cicer arietinum L.) (Thavarajah 
and Thavarajah 2012; Ray et al. 2014), lentil (Lens culinaris Medik.) (Thavarajah 
et al. 2011; Ray et al. 2014; Rahman et al. 2015), mung bean (Vigna radiata [L.] 
R.Wilczek) (Nair et al. 2015) and soybean (Glycine max [L.] Merr.) (Yang et al. 
2003; Ramamurthy et al. 2014). Two QTLs affecting seed Se concentrations were 
identified using a population derived from a cross between two soybean cultivars, 
one of which includes a gene encoding GmSULTR2;1 that might facilitate Se trans-
location from the root to the shoot (Ramamurthy et al. 2014).

Significant genetic variation has also been reported for Se concentrations in vari-
ous leafy vegetables (Table 9.2) including onion bulbs (Allium cepa L.) Kopsell and 
Randle 1997), leaves of rapid-cycling Brassica oleracea (Kopsell and Randle 2001), 
broccoli florets (B. oleracea L. Italica Group) (Bañuelos et al. 2003; Farnham et al. 
2007; Ramos et al. 2011b), sprouts of cauliflower (B. oleracea L. Botrytis Group), 
kale (B. oleracea L.  Acephala Group) and Chinese cabbage (Brassica rapa L.) 
(Ávila et al. 2014), leaves of Indian mustard (Bañuelos et al. 1997), leaves of chic-
ory (Cichorium intybus L.) (Mazej et al. 2008) and leaves of lettuce (Lactuca sativa 
L.) (Ramos et al. 2011a). The ability of lettuce genotypes to accumulate Se supplied 
as selenate was positively correlated with the expression of LsSULTR1;1, LsAPS1 
and LsAPR1 (Ramos et al. 2011a). Significant genetic variation in Se concentration 
has also been reported for leaves of tea (Camelia sinensis [L.] Kuntze) (Zhao et al. 
2016) and fruit of tomato (Solanum lycopersicum L.) (Guil-Guerrero and Rebolloso-
Fuentes 2009) and pepper (Capsicum annuum L.) (Guil-Guerrero et al. 2006) and 
for tubers of potato (Solanum tuberosum L.) (Perla et al. 2012).

9.5  �Conclusions: The Genetics of Selenium Accumulation 
by Plants

Selenium is an essential element for animals, but is not essential for plants (White 
and Brown 2010). Nevertheless, small concentrations of Se in plant tissues can miti-
gate the oxidative stresses caused by various environmental factors and greater con-
centrations can protect plants against herbivores and pathogens (El Mehdawi and 
Pilon-Smits 2012). However, Se is toxic to most plants when it is present at exces-
sive concentrations in their tissues and only plant species that can tolerate elevated 
tissue Se concentrations are able to colonise seleniferous soils (Rosenfeld and 

P.J. White



157

Beath 1964; Brown and Shrift 1982). The ability of Se-hyperaccumulator species to 
tolerate large (>1 mg/g DW) tissue Se concentrations appears to have evolved by 
convergent evolution in several angiosperm clades by appropriate modification of 
their Se metabolism (Brown and Shrift 1982; White et al. 2004; Cappa and Pilon-
Smits 2014; White 2016).

Genetics is broadly defined as the scientific study of how genes control the char-
acteristics of organisms. It encompasses both knowledge of the genetic variation in 
a characteristic and the genes, and their alleles, affecting the characteristic. In this 
chapter, emphasis has been placed on differences in metabolic pathways, and their 
associated genes, that could account for variation among angiosperm species in 
their ability to tolerate large tissue Se concentrations (Table 9.1). First, the current 
view of the molecular biology of Se uptake and assimilation by plants is presented 
(Fig. 9.2) and differences between plant species likely to affect their ability to toler-
ate large tissue Se concentrations are identified. In particular, it is noted that plants 
that hyperaccumulate Se generally exhibit constitutive expression of genes encod-
ing Se-transporters and enzymes involved in primary Se assimilation, biosynthesis 
of non-toxic Se metabolites and Se volatilisation (Table 9.1). A plausible scheme for 
the evolution of differences in Se accumulation between angiosperm species is 
described. Since Se is an essential mineral element for animals (White and Broadley 
2009), and the diets of many humans lack sufficient Se (Combs 2001), the possibil-
ity of breeding crops with greater Se concentrations in their edible tissues is also 
discussed. It is observed that, although Se concentrations in plants are largely deter-
mined by the phytoavailability of Se in the environment, there is significant genetic 
variation in the Se concentrations of most edible crops (Table 9.2) that might be 
utilised to improve human diets. However, although molecular markers might be 
developed to QTL impacting Se concentration in edible tissues to assist breeding 
programmes, the actual genes underpinning this variation are still largely unknown. 
Nevertheless, our knowledge of the genetics of Se acquisition, metabolism and 
accumulation in plants is increasing rapidly and the combined application of multi-
omics technologies is likely to reveal more genes affecting Se accumulation in the 
immediate future.
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Chapter 10
Manipulating Selenium Metabolism in Plants: 
A Simple Twist of Metabolic Fate Can Alter 
Selenium Tolerance and Accumulation

Doug Van Hoewyk and Ozgur Çakir

Abstract  Selenium (Se) is a micronutrient for many organisms including humans. 
But like many trace elements, Se can be toxic at high concentrations and become a 
public health concern if it accumulates in soils or groundwater. Although higher 
plants don’t require Se, plants can still accumulate and metabolize Se via the sulfur 
assimilatory pathway. Genetic manipulation of plant selenium metabolism primar-
ily stems from two areas of interest: it has the potential to improve the phytoreme-
diation of Se in contaminated areas, and it may aid the development of Se-containing 
phytochemical compounds that possess health benefits. This review highlights stud-
ies that have successfully altered Se metabolism in plants, and concludes by focus-
ing on novel genes and pathways that might be targeted to manipulate Se metabolic 
processes.

Keywords  Selenium • Metabolism • Oxidative stress • Selenoprotein • miRNA

10.1  �Introduction

Selenium (Se) is an essential trace element for mammals, bacteria, and some green 
algae (Stadtman 1996). However, it is unlikely to be required by higher plants even 
though it can be beneficial (El Mehdawi and Pilon-Smits EAH 2012; Feng et al. 
2013). As a nutrient in humans, Se is an essential component of the 21st amino acid 
selenocysteine, which is used to make 25 selenoproteins (Papp et al. 2007). A daily 
intake of 55 micograms of Se is recommended (Institute of Medicine 2000).  
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A deficiency in dietary Se decreases the abundance of selenoproteins, and can lead 
to Kashin-Beck and Keshan disease, which alters bone and cardiac function,  
respectively. Additionally, numerous in vitro studies have reported the protective 
properties of Se compounds, particularly against cancer (Davis 2012). Due to its 
anticarcinogenic properties, Se supplementation or Se-fortified crops may be bene-
ficial, but this is still controversial.

While Se levels in most soils are between 0.01 and 2 Se/kg, Se naturally accumu-
lates in certain Cretaceous shale sediments. Such seleniferous soils can contain up 
to 100 mg/kg Se (Pilbeam et al. 2015). Anthropogenic activities, such as irrigation, 
can also result in Se accumulation in soil and potentially crops (Zhu et al. 2009). 
Selenium is chemically very similar to S, and its inadvertent accumulation in plants 
occurs primarily when selenate is transported into roots via sulfate transporters 
(White 2015). Selenate is readily translocated into shoot tissue, where is can be 
metabolized by chloroplastic enzymes involved in S assimilation.

Se decreases growth of most plants at concentrations exceeding 10–25 μM 
(Zhang et  al. 2006). In non-hyperaccumulating plants- including most crops- Se 
toxicity occurs if its foliar accumulation exceeds 10–100 μg, as recently reviewed 
(White 2015). Selenium toxicity stems from two separate processes (Van Hoewyk 
2013). Inorganic Se, particularly selenite, can redox cycle with thiols and generate 
reactive oxygen species (Spallholz 1994), including hydrogen peroxide (Tamaoki 
et  al. 2008) and mitochondrial superoxide that alters respiration (Dimkovikj and 
Van Hoewyk 2014). Additionally, Se is likely toxic when it replaces S in protein. 
This hypothesis originated by the discovery that Se-tolerant Astragalus species 
were found to have nearly tenfold lower concentration of Se in protein compared 
with non-tolerant Astragalus species (Brown and Shrift 1981). In particular, the 
substitution of cysteine with selenocysteine (Sec) is believed to cause protein mis-
folding (Stadtman 1990). Several lines of evidence bolster the hypothesis that Se 
causes protein misfolding. Selenocysteine causes severe toxicity in Arabidopsis 
plants with a mutation in Bip2 (Sabbagh and Van Hoewyk 2012), an endoplasmic 
reticulum protein that participates in the unfolded protein response and renders 
mutant plants sensitive to agents that cause protein misfolding. Arabidopsis plants 
with mutations in ER protein quality control are also sensitive when treated with 
selenate (Van Hoewyk 2016). Additional support for the malformed selenoprotein 
hypothesis comes from the observation that selenoproteins can be removed by  
the ubiquitin-proteasome pathway in a variety of plants, including the 
Se-hyperaccumulator Stanleya pinnata (Sabbagh and Van Hoewyk 2012), canola 
(Dimkovikj et  al. 2015), and the green algae Chlamydomonas (Vallentine et  al. 
2014).

Averting Se toxicity may potentially improve efforts to clean polluted soils and 
water via phytoremediation (Pilon-Smits 2005). Additionally, the development of 
crops with fortified levels of Se is appealing, as a source of both nutrition and 
Se-based therapeutics. Therefore, in some circumstances it may be desirable to use 
plants more efficiently for phytoremediation or as Se-fortified foods. To meet this 
aim, several different plant genetic engineering strategies have been designed and 
used successfully to further enhance plant Se metabolism, including its uptake and 
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accumulation, volatilization, and tolerance (Pilon-Smits and LeDuc 2009). Most 
genetic engineering approaches have targeted enzymes participating in S uptake or 
assimilation. However, a few studies have manipulated Se metabolism by focusing 
on genes unrelated to S metabolism, and there is compelling evidence that other 
unidentified pathways may also control plant Se tolerance and accumulation. These 
strategies are discussed below and summarized in Fig. 10.1.

10.2  �Targeting Sulfur Transporters Alters Selenium 
Accumulation in Plants

In terrestrial ecosystems, selenate is the most bioavailable form of Se in soil (Terry 
et al. 2000). Although a selenate-specific transporter in plants remains elusive, it can 
be transported into roots via sulfate transporters. Mutation of sulfate transporter 
SULTR1;2 in Arabidopsis improved selenate tolerance by restricting selenate entry 
into the plant, and therefore decreased Se accumulation; mutations in ten other sul-
fate transporters did not affect selenate tolerance (El Kassis et al. 2007). Although it 
remains to be confirmed, overexpression of SULTR1;2 would likely increase Se 
accumulation in crops, but comes with the caveat that that increased Se content may 
also potentially decrease Se tolerance.

In aquatic ecosystems or flooding conditions that promote anaerobia, selenite is 
likely to be the predominant Se metabolite available for plant uptake. Similar to 
selenate, a selenite-specific transporter has yet to be identified. However, overex-
pression of phosphate transporter (OsPT2) in rice increased selenite uptake and Se 

selenate soil
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volatilization.10-11
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Fig. 10.1  Schematic diagram highlighting transgenic approaches that have altered selenium 
metabolism in plants. Black: Se metabolites; Red: manipulated enzymes and their impacts on sele-
nium metabolism
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accumulation in rice grains (Zhang et al. 2014). Additionally, a silicon transporter 
in rice (OsNiP2;1) appears to assist in selenite transport under acidic conditions 
(Zhao et al. 2010). Lastly, in addition to transporters, exogenous glutathione (GSH) 
can increase selenite transport in rice (Zhang 2015), indicating that perhaps GSH 
content in roots can control selenite uptake. Whether or not genetic engineering of 
GSH content in roots can augment selenite transport and accumulation remains to 
be determined.

10.3  �Manipulation of the Sulfate Reduction Pathway Alters 
Metabolism

The sulfate reduction pathway controls the flux of the assimilation of sulfate into 
cysteine, as extensively reviewed (Çakır et al. 2012; Hawkesford and De Kok 2006; 
Pilon-Smits 2015; White 2015). Given that Se and S behave similarly, initial 
attempts aimed at manipulating Se metabolism have targeted enzymes involved in 
sulfate assimilation. The reduction of sulfate to sulfide occurs in plastids and 
involves the concerted actions of ATP sulfurylase (ATPS), adenosine 
5-phosphoreductase (APR), and sulf﻿ite reductase (SiR). The reduction of selenate to 
selenite is likely a rate-limiting step for the assimilation of selenate into organic Se. 
This conclusion is based on studies reporting that plants treated with selenate accu-
mulated mainly selenate, while plants that were fed selenite accumulated mainly 
organic Se (de Souza et al. 1998; Zayed et al. 1998). To overcome this apparent rate 
limitation in Se metabolism, Arabidopsis APTS- which activates sulfate- was over-
expressed in Brassica juncea (Pilon-Smits et al. 1999). When treated with selenate, 
these transgenic plants accumulated an organic form of Se, in contrast to wild-type 
plants that accumulated selenate. Although Se volatilization was unaltered, the 
ATPS transgenics were more tolerant to selenate and accumulated threefold to five-
fold more Se than wild type in both laboratory and in the field (Bañuelos et  al. 
2005); this phenotype was explained by their ability to quickly metabolize inorganic 
Se into organic forms. However, an alternative explanation to their improved Se 
tolerance may also be envisioned. When ATPS was overexpressed in Arabidopsis, it 
also resulted in increased Se accumulation and assimilation of organic Se, but was 
also accompanied by increased levels of cysteine and GSH (Sors et  al. 2005). 
Elevated levels of GSH can maintain redox poise during oxidative stress (Noctor 
et  al. 2012), and is associated with improved Se tolerance (Grant et  al. 2011). 
Therefore, it is possible that improved Se tolerance in ATPS transgenics could have 
at least partially stemmed from an elevated GSH status.

APR catalyzes the reaction of activated sulfate to sulfite. When APR from 
Pseudomonas aeruginosa was overexpressed in Arabidopsis, it also increased the 
proportion of organic Se and improved tolerance when treated with selenate (Sors 
et  al. 2005). Although an Arabidopsis APR isoform has not been overexpressed, 
knockout of APR in Arabidopsis was associated with decreased Se accumulation 
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and tolerance, which was explained by the observed decrease in glutathione and 
superoxide accumulation (Grant et al. 2011). Taken together, these data indicate that 
APR also controls the flux of selenate into organic forms, similar to ATPS.

Sulfite is converted into sulfide via sulfite reductase (SiR), but it is doubtful that 
the enzyme also has selenite reductase activity (Ng and Anderson 1979). Rather, 
GSH likely non-enzymatically reduces selenite to selenide, and in doing so gener-
ates superoxide (Seko et  al. 1989; Kessi and Hanselmann 2004). Additionally, 
Arabidopsis plants with decreased levels of SiR do not display altered tolerance 
when stressed with selenite (Fisher et al. 2016), suggesting that knockdown of SiR 
does not play an important role in determining Se tolerance or accumulation.

10.4  �Minimizing Se-Cysteine Incorporation in Protein 
Improves Se Tolerance in Plants

Astragalus bisulcatus’ tolerance to Se is attributable to the presence of a chloroplas-
tic enzyme with selenocysteine methyltransferase (SMT) activity (Neuhierl and 
Bock 1996). This enzyme methylates Sec and prevents its incorporation into pro-
tein; therefore, the formation of malformed selenoproteins is avoided. Methyl-Sec 
is the predominant Se-containing metabolite in Se hyperaccumulators (Whanger 
2002). SMT has been cloned and characterized from different plant species  
(Cakir and Ari 2013; Lyi et al. 2005; Neuhierl and Bock 1996; Sors et al. 2009; Zhu 
et  al. 2008), and it is widely believed that this enzyme confers Se tolerance in 
Se-hyperaccumulating plants. Methyl-Sec can be further metabolized to non-toxic 
dimethyl-diselenide, a volatile molecule that is emitted into the atmosphere (de 
Souza et al. 1998). The A. bisulcatus SMT enzyme has been overexpressed in A. 
thaliana and B. juncea (Ellis et al. 2004; LeDuc et al. 2004). In both species, sele-
nite-treated SMT-transgenic plants converted Sec to methyl-Sec. The ability to con-
vert Sec to methyl-Sec was associated with increased total Se accumulation, 
improved Se tolerance, and enhanced volatilization of dimethyl-diselenide. The 
non-hyperaccumulator Astragalus drummondii also possesses an SMT-like gene 
(Sors et al. 2009). Despite its homology to the gene from A. bisulcatus, biochemical 
studies revealed that the enzyme from A. drummondii lacks SMT activity, thus 
likely rendering the plant intolerant to Se. Mutagenesis of the A. drummondii gene 
to make it more similar to the one from A. bisulcatus provided some SMT activity, 
but still the mutated enzyme was not as active as its homologue in A. bisulcatus 
(Sors et  al. 2009). Additionaly, B. juncea over-expressing both APS and SMT 
increased Se accumulation up to ninefold compated to WT plants (LeDuc et  al. 
2006). Collectively, these experimental studies reveal that SMT activity plays a vital 
role in Se hyperaccumulation, and A. bisulcatus SMT provides both increased Se 
tolerance and accumulation when genetically engineered in non-hyperaccumula-
tors. This may ultimately prove useful for the environmental cleanup of seleniferous 
soils or to fulfill the human dietary needs of Se.
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Cystathionine gamma synthase (CgS) can also prevent the formation of non-
specific selenoproteins by catalyzing the reaction of Sec to seleno-cystathionine, a 
precursor metabolite of Se-methionine. Overexpression of Arabidopsis CgS in B. 
juncea improved Se tolerance, which was explained by a twofold to threefold 
increase in Se volatilization (Van Huysen et al. 2003). As a result of enhanced vola-
tilization, the CgS transgenics accumulated 40% less Se compared to wild-type 
plants. These results indicate that CgS is involved and rate limiting in Se 
volatilization.

In another approach to divert Sec from being incorporated into proteins, genetic 
engineering approaches have also targeted Sec-lyases, which catabolize Sec into 
alanine and elemental Se. Initially, a mouse Sec-lyase was over-expressed in 
Arabidopsis, which decreased the amount of Se in protein, yet increased Se accu-
mulation (Pilon et al. 2003). Overexpression of Sec-lyase in the cytosol improved 
Se tolerance, but intriguingly, targeting of this enzyme to the chloroplast increased 
sensitivity to Se. This could potentially be explained by the ability of elemental Se 
to replace S in chloroplastic Fe-S proteins. Fe-Se clusters are known to be unstable 
and their incorporation into proteins can decrease activity (Hallenbeck et al. 2009). 
Sequencing of the Arabidopsis genome revealed a chloroplastic Sec-lyase called 
CpNifS. Overexpression of CpNifS in Arabidopsis increased Se accumulation and 
selenate tolerance almost twofold, and this phenotype was associated with a 33% 
decrease of Se in protein and increased S levels (Van Hoewyk et  al. 2005). 
Additionally, B. juncea over-expressing a Sec-lyase also accumulated Se twofold 
when grown in soil polluted with Se (Bañuelos et al. 2007). In summary, these data 
indicate that overexpression of CpNifS prevents the formation of selenoproteins in 
plants, which likely explains their improved tolerance to selenate.

10.5  �Manipulation of Oxidative Stress Response Genes 
Alters Se Metabolism

As mentioned above, Se is known to induce oxidative stress in plants. Thus, antioxi-
dant systems may contribute to plant Se tolerance. Indeed, several studies have indi-
cated that overexpression of genes associated with an oxidative stress response 
improve Se tolerance and alter plants’ ability to accumulate Se.

Arabidopsis selenium-binding protein (SBP1) was the first gene unrelated to sul-
fur metabolism whose overexpression improved Se (Agalou et al. 2005). Expression 
of this gene is tightly linked to oxidative stress, and is also induced during sulfur 
starvation. Although its biological function remains unknown, SBP1 has been spec-
ulated to have antioxidant properties (Hugouvieux et al. 2009), as its overexpression 
in Arabidopsis also improves tolerance to cadmium and hydrogen. However, 
recently it was discovered that SPB1 can bind to a variety of heavy metals; addition-
ally, it can bind to and reduce selenite, but not selenate (Schild et al. 2014). Therefore, 
increased tolerance in SBP1 transgenics may also be attributed to its capacity to 
prevent selenite-induced oxidative stress that can impair mitochondrial function 
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(Dimkovikj and Van Hoewyk 2014). In agreement with this conclusion, human cells 
with mutant SBP1 are sensitive to selenite and suffer from mitochondrial damage 
(Ying et al. 2015).

The story of a broccoli methyltransferase (BoCOQ5–2) expressed in Arabidopsis 
further demonstrates that manipulating Se metabolism can be achieved by targeting 
pathways independent of sulfur metabolism (Zhou et  al. 2009). BoCOQ5–2 is 
involved in the biosynthesis of ubiquinone, which has a role in respiration; addition-
ally, it is an antioxidant in plants (Ohara et al. 2004) and likely protects mitochon-
dria during stress (Bergamini et al. 2012). Transgenic COQ5–2 plants had improved 
Se tolerance, which was associated with decreased levels of hydrogen peroxide and 
increased dimethyl diselenide volatilization. Ubiquinone levels were not elevated in 
these plants. The authors conclude that increased volatilization was unlikely to be a 
direct consequence of manipulating the ubiquinone pathway. Rather, increased 
dimethyl diselenide volatilization likely stemmed from an improved antioxidant 
status in the COQ5–2 plants. If that is the case, then it is possible that increased 
levels of other antioxidants- such as vitamin C and vitamin E- may also alter Se 
metabolism in plants (Zhou and Li 2010). In line with the hypothesis that improved 
oxidative stress tolerance can alter Se metabolism in plants, overexpression of GSH 
synthetase also increases Se tolerance and accumulation in B. juncea (Bañuelos 
et  al. 2005). In Arabidopsis, tolerance to selenite correlates tightly with internal 
GSH concentrations (Grant et al. 2011). More recently, overexpression of a peroxi-
dase implicated in drought and salt stress also protected Arabidopsis plants against 
Se (Jiang et al. 2015). In summary, Se metabolism can be altered by genetic engi-
neering approaches aimed at improving oxidative stress tolerance.

10.6  �Transcriptomics Reveal Additional Genes That May 
Alter Se Metabolism and Tolerance

The advent of high-throughput sequencing has allowed researchers to identify genes 
and pathways responsive to stress conditions. For example, the transcriptome of 
selenate-treated Arabidopsis revealed an upregulation of many transcripts involved 
in ethylene and abscisic acid synthesis and signaling (Van Hoewyk et  al. 2008). 
Indeed, further genetic analysis demonstrated that decreased levels of these two 
hormones increase both selenate and selenite sensitivity (Tamaoki et  al. 2008), 
likely by mediating an oxidative stress response. A more recent transcriptome study 
used RNA-seq to determine the effects of selenate in Astragalus chrysochlorus, a 
secondary Se accumulator (Çakır et al. 2015). This study revealed an upregulation 
of genes involved in ABC transport, plant pathogen interactions, and biosynthesis of 
secondary metabolites. Additionally, many putative transcription factors were 
upregulated, including: TCP13-like, bZIP, bHLH041-like, heat stress A-3-like, tri-
helix GT-3b-like, and WRKY32. Additional experimentation is needed to elucidate 
if manipulation of these identified genes play a role in Se tolerance and 
accumulation.
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Increased GSH concentration in plants is associated with improved tolerance to 
agents that induce oxidative stress, including Se (Noctor et al. 2012; Grant et al. 
2011). Optimal glutamate and glutathione metabolism in Arabidopsis plants is 
maintained by glutamyl cyclotransferase (GGCT2; 1); this enzyme participates in 
the glutamyl cycle by recycling glutamate from GSH-conjugates, which can subse-
quently be used to make new GSH. Overexpression of GGCT2;1  in Arabidopsis 
improved arsenate tolerance; this phenotype was explained by the increased cyto-
solic breakdown of GSH conjugated to arsenic and decreased demand of de novo 
glutamate generated by the TCA cycle (Paulose et al. 2013). Selenate-treatment has 
been reported to decrease glutamate concentration in Arabidopsis (Van Hoewyk 
et al. 2008; Grant et al. 2011). It is possible that GGCT2;1 transgenics also confer 
Se tolerance, as suggested by a transcriptome study (Van Hoewyk et  al. 2008). 
GGCT2;1 mRNA increased almost 100-fold in selenate-treated Arabidopsis (Van 
Hoewyk et al. 2008). Additionally, GGCT2;1 protein increases in B. napus treated 
with selenite (Dimkovikj and Van Hoewyk 2014), further implicating its involve-
ment in a Se-stress response. Future studies may reveal that GGCT2;1 overexpres-
sion alleviates Se toxicity.

MicroRNAs (miRNAs) have also been recently implicated in mediating a Se 
response, as depicted in Fig. 10.2. Noncoding miRNAs post-transcriptionally regu-
late gene expression by participating in the degradation of target mRNAs (Bartel 
2004), thereby inhibiting translation. miRNAs are known to function in many devel-
opmental and physiological processes (Zhang and Wang 2015). Two recent studies 
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miR1507a

miR2867‐3p

miR1507‐5p

miR395
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Pandey et al. 2015
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Fig. 10.2  Se treatment in plants alters the expression of miRNAs. Green: up-regulation. Red: 
down-regulation
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have explored how Se affects miRNA expression in plants. In one study, Se-induced 
miRNAs were identified in A. chrysochlorus using next generation sequencing anal-
ysis (Çakir et al. 2016). Computational studies revealed that Se induced miRNAs 
that target mRNAs controlling hormone signaling, plant-pathogen interactions, and 
sulfur metabolic pathways. The most significantly affected miRNAs were miR1507a, 
miR1869 and miR2867-3p, miR1507-5p and miR8781b; however, it is unknown 
what these miRNAs target or how they might mediate Se tolerance and accumula-
tion. In another study performed in rice, Se increased expression of miR171, 
miR399 and miR1433, but decreased expression of miR395 (Pandey et al. 2015). 
miR395 targets ATP sulfurylases ATPS1 and ATPS4 and the sulfate transporter 
SULTR2;1 (Kawashima et al. 2009; Huang et al. 2010). These genes control sulfate 
accumulation and assimilation, and their expression was inversely correlated with 
decreased miR395 expression in rice. This result nicely coincides with transcrip-
tome studies in Arabidopsis demonstrating that selenate induces genes involved in 
sulfur transport and assimilation (Van Hoewyk et al. 2008). In summary, manipulat-
ing miRNAs may also provide new approaches to alter Se metabolism.
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Chapter 11
Ecology of Selenium in Plants

Colin F. Quinn, Ali F. El Mehdawi, and Elizabeth A.H. Pilon-Smits

Abstract  Selenium (Se) is both essential at low levels and toxic at higher levels to 
most organisms. Plant Se accumulation therefore may affect interactions with eco-
logical partners positively or negatively. The ecological implications of plant Se 
accumulation are especially intriguing for Se hyperaccumulator species, which have 
evolved the capacity to take up Se to extraordinarily high levels, around 1% of dry 
weight. In this chapter, we summarize ecological aspects of Se in plants, including 
how Se can act as a defense mechanism against herbivores, how some herbivores 
have disarmed this defense, how Se can be transferred to higher trophic levels, how 
Se hyperaccumulating plants alter soil Se distribution and speciation around them 
and how this affects other plant species. The effects of plant Se on plant-microbe 
interactions are not reviewed here, since they are covered elsewhere. Insight into 
ecological implications of plant Se accumulation sheds light on evolutionary pres-
sures that led to Se hyperaccumulation, and the importance of plant Se (hyper)accu-
mulation for Se cycling. In addition, better understanding of the ecological impacts 
of Se in plants can help manage seleniferous habitats and optimize crop Se bioforti-
fication and the use of plants in phytoremediation to clean up Se polluted areas.

Keywords  Hyperaccumulation • Elemental defense • Allelopathy • Ecology

11.1  �Introduction to the Ecology of Selenium in Plants

Selenium (Se), an essential element for animals and toxic to both plants and animals at 
higher concentrations, is found in different concentrations in soils throughout the world 
(Kabata-Pendias 1998). Many plant species, either inadvertently or advertently, take up 
Se when growing on soils with elevated concentrations of Se, called seleniferous soils. 
Plants can be separated into three categories, Se nonaccumulators, Se accumulators and 
Se hyperaccumulators (Baker et al. 2000). All of these categories of plants take up and 
assimilate Se using the sulfur (S) assimilation pathway, but to different extent: when 
growing in natural habitats, Se nonaccumulating plants have less than 100 mg Se per kg 
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dry weight (DW) in their tissues, while Se accumulating plants have 100–1000 mg Se 
per kg DW and hyperaccumulating plants have more than 1000 mg Se per kg DW 
(Baker et al. 2000). Hyperaccumulators often have Se concentrations 100 times higher 
than other species growing at the same site, which would be toxic to other plant species 
and may confer an ecological advantage for Se hyperaccumulating plants (Baker et al. 
2000). Hyperaccumulation is not specific to Se. This phenomenon is found for a num-
ber of elements (including As, Co, Cu, Pb, Mn, Ni, Se and Zn) and occurs in over 500 
species of plants (Cappa and Pilon-Smits 2014; Pollard et al. 2014). Selenium hyperac-
cumulating plants, which are found in approximately 45 plant taxa, are found on sele-
niferous soils such as those in the Western United States which was covered by an 
ocean during the Cretaceous Period (approximately 65 million years ago) that depos-
ited large quantities of Se. For example, many species of Astragalus as well as some 
Stanleya, Symphyotrichum, Xylorhiza and Oonopsis species native to this region have 
evolved to become Se hyperaccumulators (Beath et al. 1939; Galeas et al. 2007).

Since there is no known essential function for Se in plants, and the beneficial 
effects of Se occur typically at very low tissue levels, it is intriguing why plants 
would accumulate so much of this element. There are several theories for why some 
species have evolved to take up elevated concentrations toxic elements like Se. 
These include: to serve as a mechanism to increase drought resistance, to use as an 
allelopathic chemical to prevent other plants from competing for the same resources, 
to protect plants from herbivores and pathogens (the elemental defense hypothesis), 
as a tolerance mechanism to the toxic element, or as an inadvertent side effect (Boyd 
and Martens 1992). The bulk of the research investigating the ecological aspects of 
Se in plants has focused on, and supported, the elemental defense hypothesis. There 
is also some evidence for elemental allelopathy (El Mehdawi et al. 2011a). In this 
chapter we examine the ecological significance of Se in plants by reviewing research 
that investigates how plants with elevated levels of Se interact with their environ-
ment. A summary of Se effects on ecological interactions is shown in Fig. 11.1.

Fig. 11.1  Ecological interactions involving Se hyperaccumulator plants
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11.2  �Selenium in Plants Impacts Plant-Animal Interactions

As a result of Se being toxic to animals, it is expected that elevated levels of Se in 
plants will protect plants from herbivores and pathogens. However, it should be 
noted that plant species vary in the forms of Se accumulated, and these different 
forms of Se have different toxicity levels. As compared to other species, Se hyperac-
cumulators store and distribute Se differently, which may result in different effects 
of the accumulated Se on ecological interactions (Freeman et al. 2006a; Prins et al. 
2011; Quinn et al. 2011b). Hyperaccumulators typically show preferential uptake of 
Se over S (higher tissue Se/S ratio), translocate more Se to the shoot and to sink 
organs, assimilate Se more readily into organic forms and store Se preferentially in 
specific tissues such as the epidermis. The elemental defense hypothesis proposed 
by Boyd and Martens (1992) states that toxic elements are hyperaccumulated to 
protect plants from herbivory and/or pathogen attacks. Research has supported the 
elemental defense hypothesis for a number of elements, including Se. Plants that 
(hyper)accumulate Se are protected from a wide variety of herbivores, as reviewed 
below, and by El Mehdawi and Pilon-Smits (2012).

As early as the 1930s, ranchers in the Western U.S. knew that Se was a toxic com-
pound in certain “locoweeds”, which, when ingested, can cause toxicity and death in 
livestock (Wilber 1980). More recently, controlled feeding studies have helped deter-
mine how Se can act as a defensive mechanism against animals. In choice and non-
choice laboratory and field studies, plants with elevated levels of Se were shown to 
be protected from a variety of herbivores with different feeding mechanisms, both 
due to herbivore avoidance of high-Se plants, and to herbivore Se toxicity after feed-
ing. Some varieties of saltbush (Atriplex), a Se accumulator, were protected from 
beet armyworm (Spodoptera exigua) herbivory due to toxicity (Vickerman et  al. 
2002). Selenium accumulator Indian mustard (Brassica juncea) was protected by Se 
from cabbage looper (Trichoplusi ni) and cabbage white butterfly (Pieris rapae) her-
bivory due to both toxicity and deterrence (Banuelos et al. 2002; Hanson et al. 2003). 
Both Indian mustard and the related Se hyperaccumulator Prince’s plume (Stanleya 
pinnata) were protected from herbivory by orthopteran species due to both toxicity 
and deterrence (Freeman et al. 2007). Aphids, a phloem feeding insect, also preferred 
to feed on Indian mustard with lower levels of Se and suffered toxicity after feeding 
on plants with high levels of Se (Hanson et al. 2004). Furthermore, the Se hyperac-
cumulators two-grooved milkvetch (Astragalus bisulcatus) and Prince’s plume con-
taining elevated levels of Se both suffered less herbivory from spider mites and 
thrips, both cell-disruptor herbivores, than plants of the same species with low levels 
of Se (Quinn et al. 2010). A field study found that plants containing elevated tissue 
Se levels harbored fewer arthropods and fewer arthropod species than other plants at 
the same site with lower levels of Se (Galeas et al. 2008). Even vertebrate herbivores, 
such as prairie dogs, avoided plants with elevated levels of Se in the field (Quinn 
et al. 2008). When plants grown in the greenhouse with high- and low levels of Se 
were placed in the field, prairie dogs fed more on the plants with less Se. Furthermore, 
plants with elevated levels of Se that were placed in the field exposed to prairie dogs 
and other herbivores survived better over a two-year time period than plants of the 
same species containing less Se (Freeman et al. 2009).
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The threshold where Se in plants starts to provide protection from herbivores is 
low. Levels as low as 50 mg Se per kg DW were shown to protect Prince’s plume 
from prairie dog herbivory, and 230–447 mg Se per kg DW was shown to protect 
Indian mustard from Lepidoptera (El Mehdawi and Pilon-Smits 2012). In natural 
environments it is common for Se accumulating plants to have >100 mg Se per kg 
DW and hyperaccumulators commonly contain >1000 mg Se per kg DW. Thus, 
both Se accumulator and hyperaccumulator plants can receive ecological benefit in 
the form of decreased herbivory, with higher levels likely protecting more effec-
tively and from more herbivore species. Both inorganic and organic forms of Se 
apparently offer herbivore protection, since Indian mustard accumulates mostly sel-
enate while Prince’s plume accumulates mainly methyl-SeCys. These findings gives 
insight into the ecological selection pressures that may have led to Se hyperaccumu-
lation. Hyperaccumulators likely evolved to take up Se to serve as an ecological 
advantage, potentially as protection from herbivores and pathogens.

The particular location where plants sequester Se may also significantly affect 
the degree of elemental defense conferred. Hyperaccumulators, such as Prince’s 
plume and two-grooved milkvetch store Se more in young leaves and reproductive 
organs as compared to older leaves, and they store the Se mainly in the periphery of 
leaves and in pollen and ovules (Freeman et  al. 2006a; Quinn et  al. 2011b). 
Interestingly, these specific Se sequestration patterns in hyperaccumulators are dif-
ferent from those of sulfur. These findings suggest that hyperaccumulators pur-
posely store Se in specific areas, potentially to protect their most valuable structures 
as well as the likely entry points for herbivores and pathogens. In Se accumulators 
such as Indian mustard, Se is more evenly distributed and follows the same patterns 
as S, which suggest that these plants have not evolved ways to specifically use Se 
for the same ecological function as Se hyperaccumulators. The high Se levels in 
flowers may also have ecological consequences for plant-pollinator interactions, as 
discussed in more detail later in this chapter.

The form of Se found in nonaccumulators and accumulators is different than the 
form found in Se hyperaccumulators. The primary form of Se in many non-
hyperaccumulators is selenate, the same form found in most seleniferous soils, 
while the primary form of Se in hyperaccumulators is methyl SeCys (Freeman et al. 
2010). Both selenate and methyl SeCys are toxic to animals; while inorganic Se 
causes oxidative stress, methyl SeCys (when demethylated) disrupts protein 
function if it replaces Cys in proteins (Van Hoewyk 2013). Perhaps as an evolution-
ary response to the form of Se stored in hyperaccumulators, methyl SeCys, some 
herbivores of these species have evolved Se tolerance and some may even prefer to 
feed on Se hyperaccumulating plants. Some case studies are reviewed below.

In a laboratory study, a variety of diamondback moth (Plutella xylostella) from 
a non-seleniferous area, known to be sensitive to Se was compared with a variety 
of the same species collected at a seleniferous field site feeding on Se hyperaccu-
mulators. The moth larvae collected from the seleniferous field site (referred to 
henceforth as the Se tolerant variety) showed no toxic effects when fed Prince’s 
plume with elevated concentrations of Se, while the Se-sensitive variety suffered 
toxicity and death when forced to feed on Prince’s plume leaves with elevated lev-
els of Se (Freeman et al. 2006b). The Se tolerant variety of moth was found to store 
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the ingested Se as methyl SeCys, the same form found in the plant, while the Se 
sensitive variety stored SeCys. If methyl-SeCys is not demethylated to SeCys (as in 
the Se tolerant moth) it likely is not toxic to animals because it is not incorporated 
into proteins. In contrast, the SeCys accumulating in the Se-sensitive moth likely 
caused toxicity due to incorporation into proteins (Stadtman 1990). Thus, the dif-
ference in Se tolerance between the two moth varieties appears to be that the Se 
tolerant variety has lost the capacity to demethylate methyl SeCys, leading to Se 
tolerance. Another apparent difference between the two moth varieties was that the 
Se tolerant moth sequestered Se in its hindgut while the Se sensitive moth did not; 
this may also contribute to Se tolerance (Freeman et al. 2006b). Interestingly, the 
Se-sensitive variety of diamondback moth preferred to oviposit (lay eggs) and feed 
on plants with lower Se levels, while the Se tolerant variety showed no preference 
in this respect between high- and low- Se plants (Freeman et al. 2006b). The find-
ings that the Se tolerant variety of this diamondback moth has lost its aversion to 
feed and oviposit on high-Se plants and can feed on Se hyperaccumulators without 
ill effects suggest that this herbivore is able to occupy the exclusive niche offered 
by the high-Se plant host, and may even have become a Se specialist.

Another Se hyperaccumulator, two-grooved milkvetch (A. bisulcatus) was also 
found to be subject to herbivory by moth larvae from two species (Apamea sordens 
and a Gelechiidae) while growing in its natural seleniferous habitat (Valdez et al. 
2012). Seeds of the same plant species were colonized by two herbivores, seed 
beetle Acanthoscelides fraterculus and seed chalcid Bruchophagus mexicanus 
(Freeman et al. 2012). Both seed herbivores apparently excluded Se, since they con-
tained around 1000-fold lower Se levels than was in the seed.

While it has not been tested directly, it is likely that herbivores and other animals 
can identify plants with high levels of Se due to the odorous volatile Se that they 
release. Indeed, aphids were observed in choice studies to prefer a low-Se leaf disk 
over a high-Se leaf disk of the same species, solely based on smell (Hanson et al. 
2004). Even for humans it is easy to identify a stand of Se hyperaccumulating plants 
in the field, based on the strong smell of volatile Se. Herbivores that can exclusively 
feed on high-Se plants may actually use the volatile Se as a cue to find their host – 
this has not been investigated for Se, but has been found for other herbivores that are 
specialist feeders on toxic plants. The fascinating arms race of plant defense versus 
disarmament may also impact ecological processes at higher trophic levels, which 
is discussed later in this chapter. In addition to plant herbivore interactions, elevated 
Se in plants may impact pollinators, as will be discussed next.

Like leaves, flowers can contain substantial Se levels, particularly in Se hyperac-
cumulators. Selenium levels up to 4000 mg Se per kg DW were found in the flower 
parts of the Se hyperaccumulator Prince’s plume (Quinn et al. 2011b). This could 
negatively impact reproduction if floral Se deters or is toxic to pollinators, or if Se 
inhibits plant physiological processes involved with reproduction. In fact, when 
Indian mustard grown in a greenhouse and supplied with selenate accumulated over 
500 mg Se per kg DW, pollen and seed germination decreased (Quinn et al. 2011b). 
This suggests a reproductive disadvantage when Se accumulator plants sequester Se 
to levels higher than 500 mg Se per kg DW. However, accumulators in the field rarely 
contain more than 100 mg Se per kg DW, making it unlikely Se impacts pollen and 
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seed germination in the field. The Se hyperaccumulator Prince’s plume, in contrast, 
did not have decreased pollen or seed germination rates, even at 4000 mg Se kg−1 
DW (Quinn et al. 2011b). Within Prince’s plume flowers, the pistils and anthers con-
tained the highest levels of Se, with Se highly concentrated in the pollen and ovules, 
areas that are targeted by pollinators such as bees. Nectar of Prince’s plume, which 
is collected by bees, also contained significant Se levels: 200 mg Se per kg DW. This 
amount is ecologically relevant because it has been shown to be an order of magni-
tude higher than those toxic to some insects (Hanson et al. 2003). The majority of Se 
in floral issues of Prince’s plume was methyl-SeCys, the same form found in the 
plant’s leaves (Quinn et al. 2011b). Indian mustard contained somewhat lower levels 
of Se in floral parts as compared to the rest of the plant. Interestingly, the form of Se 
in Indian mustard flowers was around two-thirds methyl-SeCys, while its leaves con-
tained primarily selenate (Freeman et al. 2006a; Quinn et al. 2011b).

To help determine the ecological impacts of elevated levels of Se in plants on 
pollination and reproductive fitness, Indian mustard and Prince’s plume containing 
high and low levels of Se were placed in the field and pollinator visits were moni-
tored. Even when plants contained up to 4000 mg Se per kg DW, pollinator visita-
tion was not influenced (Quinn et al. 2011b). Honey bees and bumble bees did not 
appear to be deterred by high-Se plants, and actively collected high-Se pollen and 
nectar (Quinn et al. 2011b). There remains much to study about how Se impacts 
pollination and pollinators. For example, if Se is accumulated by pollinators forag-
ing on naturally occurring high-Se plants, this could have a positive or negative 
impact on pollinator health. If Se is ingested and is toxic to pollinators it could have 
a negative impact, but if Se is ingested and tolerated by pollinators, it may play a 
role in protecting these pollinators from predators or serve as a nutrient. A limited 
survey showed that honeybees collected on seleniferous sites in the Western United 
States, where honeybees are not native, contained around 20 mg Se per kg DW 
while bumble bees native to the seleniferous areas contained 250 mg Se per kg DW 
(Quinn et  al. 2011b). More studies are needed to explain this difference and to 
investigate the effect of Se on pollinator health. Furthermore, if Se is accumulated 
in honey from Se-rich habitats then this honey could potentially be used as a 
commercial or dietary product as Se fortified food, to supplement Se-poor human 
diets. Honey collected from northern Colorado, a seleniferous area, contained, on 
average, 1 mg Se per kg DW, a level at which a few tablespoons per day correspond 
with the suggested daily dietary Se requirement of humans (Quinn et al. 2011b).

11.3  �Effects of Plant Se Accumulation at Multiple Trophic 
Levels

As discussed above, some species of herbivores have evolved Se tolerance, feed on 
hyperaccumulators and accumulate high levels of Se, which may be toxic to preda-
tors and impact higher trophic levels. Indeed, a generalist predator, the spined sol-
dier bug (Podisus maculiventris) grew slower and had higher mortality rates when 
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fed Lepidopteran that had elevated Se concentrations (Vickerman and Trumble 
2003). Thus, Se tolerant herbivores may enjoy similar protection from their accu-
mulated Se from predators as Se hyperaccumulating plant species enjoy from herbi-
vores. However, some predators may overcome such protection, as suggested by 
observations of the Se tolerant diamondback moth in the field hosting the parasitic 
wasp Diadegma insulare (Freeman et al. 2006b). Further investigation revealed that 
this wasp had similar Se concentrations to its host, the Se tolerant diamondback 
moth, and was able to tolerate such high concentrations of Se using the same mech-
anism as its host. Diadegma insulare accumulated Se in the form of methyl-SeCys, 
the same form found in the Se tolerant diamondback moth and Se hyperaccumulat-
ing plant species (Freeman et al. 2006b). Similarly, a Se tolerant moth that feeds on 
hyperaccumulator A. bisulcatus in its natural seleniferous habitat was found to be 
parasitized by a wasp (Valdez et al. 2012). These findings indicate that in selenifer-
ous areas there is a gateway for Se to enter the local ecosystem through Se tolerant 
plant, herbivore and predator species. Little is known about the impact of Se on 
higher trophic levels and it would be interesting to conduct future studies.

11.4  �Plant Se Hyperaccumulation Impacts Neighboring 
Plants

Another fascinating area of study that is receiving increasing attention in the litera-
ture is the ecological role of Se in plant-plant interactions. Since Se hyperaccumula-
tors contain up to 100 times more Se than other plants growing on the same soils, it 
is possible that this Se impacts ecological interactions between plant species grow-
ing in close proximity.

The process by which plants concentrate high levels of certain elements in their 
surrounding soil, possibly as the result of deposition of litter, root exudation and 
root turn-over is called phytoenrichment (Morris et  al. 2009). Since Se 
hyperaccumulators typically concentrate Se to around 1000-fold higher levels than 
those in the soil, and are perennials that shed their leaves annually, they may be 
expected to phytoenrich their surrounding soil. In support of this hypothesis, the Se 
concentration in soil surrounding hyperaccumulator plants such as A. bisulcatus and 
S. pinnata was 7- to 13-fold higher (up to 266 mg/kg) than Se in soil surrounding 
non-hyperaccumulator species Medicago sativa and Helianthus pumilus growing 
on the same site (El Mehdawi et al. 2011a, b). Also, Se hyperaccumulators were 
found to exude selenocompounds from their roots (El Mehdawi et al. 2012) and soil 
Se levels were enhanced when Se-rich hyperaccumulator leaf material was allowed 
to decompose for 12 month in a seleniferous habitat (Quinn et al. 2011a). If hyper-
accumulators indeed enrich their surrounding soil with Se, and perhaps also convert 
the form of Se from inorganic to organic (which is taken much more readily by 
plants), this could impact Se concentration, growth and competition in neighboring 
plants. Indeed, tissue levels of Se were up to 20-fold higher in plant species Artemisia 
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ludoviciana and Symphyotrichum ericoides growing within 1 m of Se hyperaccu-
mulators than when growing more than 4 m away from these hyperaccumulators (El 
Mehdawi et  al. 2011a, b) (Fig.  11.2). While it is plausible to assume that these 
enhanced Se levels in soil and plants surrounding hyperaccumulator plants are the 
result of phytoenrichment by the hyperaccumulator, it cannot be excluded that soil 
Se distribution is simply heterogeneous and that Se hyperaccumulators are more 
abundant in Se ‘hot spots’.

The high Se levels in plants that neighbor Se hyperaccumulators may have a 
negative effect on their germination and growth, if they are Se-sensitive species. 
Indeed, when Arabidopsis thaliana, a Se sensitive species, was sown in soil col-
lected adjacent to hyperaccumulator plants it showed significantly reduced germi-
nation and growth compared to when it was sown on soil collected from around 
non-hyperaccumulators (El Mehdawi et al. 2011a) (Fig. 11.3). This may be indica-
tive of elemental allelopathy, a process by which plants concentrate toxic elements 
as a means to better compete with neighboring plants, and one of the hypothesized 
functions of hyperaccumulation (Boyd and Martens 1992). The allelopathy hypoth-
esis was further supported by the finding that ground cover was about 10% less and 
species diversity slightly lower around Se hyperaccumulator species A. bisulcatus 
and S. pinnata than around non-accumulators (El Mehdawi et al. 2011a). Thus, it is 
possible that Se hyperaccumulator plant species benefit from their accumulated Se 
through decreased competition from surrounding vegetation. This may also influ-
ence the species composition in these plant communities, and with that, species 
composition at higher trophic levels. This will be interesting to further investigate.

As mentioned, Se sensitive plants germinate and grow slower on soils collected 
under the canopy of Se hyperaccumulators. This can create reduced competition, 
and may increase growth of Se tolerant plants in close proximity to hyperaccumula-
tors. Indeed, the increased soil Se concentration around hyperaccumulators was 
shown to facilitate growth of Se-tolerant plant species through reduced herbivory 
and potentially enhanced physiological fitness (El Mehdawi et al. 2011b). Artemisia 
ludoviciana and S. ericoides, when growing in the sphere of influence of Se hyper-
accumulators, thrived and grew bigger than individuals from the same species 
growing further away from hyperaccumulators despite, or perhaps even because of, 
their elevated Se levels (El Mehdawi et al. 2011b). Artemisia ludoviciana and S. 
ericoides growing less than a meter from hyperaccumulators were twofold larger, 
harbored fewer arthropods and showed less herbivory damage, as compared to 
plants of the same species growing further than four meters from hyperaccumula-
tors. These Se-enriched neighbors of hyperaccumulator plant species, some of 
which contained over 1000 mg Se per kg DW, were used in controlled herbivory 
studies in comparison with their low-Se counterparts collected next to non-accumu-
lators. In choice experiments, grasshoppers gathered from the same area preferred 
to feed on low-Se A. ludoviciana and S. ericoides plants collected farther away from 
hyperaccumulators, and when given no choice, the grasshoppers showed high Se 
accumulation in their tissues and increased mortality after feeding on the high-Se 
plants. Hence, Se phytoenrichment associated with growing next to Se hyperaccu-
mulator plants appears to offer a competitive advantage Se-tolerant neighboring 
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Fig. 11.2  Arabidopsis 
thaliana growth is 
impaired on soil collected 
around hyperaccumulator 
species S. pinnata and A. 
bisulcatus (left) as 
compared to soil collected 
around non-
hyperaccumulator species 
Helianthus pumilus and 
Medicago sativa (right)

Fig. 11.3  When growing next to Se hyperaccumulators plants (HA) in the field, A. ludoviciana 
and S. ericoides are bigger in size compared to when growing next to non-hyperaccumulators 
(non-HA) species (a, c). In addition, plants growing next to hyperaccumulators have higher con-
centrations of Se (data not shown) and are better protected against grasshopper herbivory, likely as 
a result of the elevated Se (b, d) (Adapted from El Mehdawi et al. 2015)

11  Ecology of Selenium in Plants



186

plants via reduced herbivory (El Mehdawi et al. 2011b). In addition to the ecologi-
cal benefit, A. ludoviciana and S. ericoides plants may experience a physiological 
benefit from their hyperaccumulator mediated Se enrichment. Selenium has been 
shown to enhance growth for a variety of plant species (Pilon-Smits et al. 2009), and 
the growth of S. ericoides clearly responded favorably to selenate treatment in 
herbivore-free greenhouse experiments (El Mehdawi et  al. 2015). Therefore, it 
appears that Se hyperaccumulator plant species facilitate their Se-tolerant neighbors 
A. ludoviciana and S. ericoides via enhanced Se concentration, which promotes 
their growth and protects them from herbivory.

11.5  �Practical Implications and Research Gaps

The state of the knowledge of the ecology of Se in plants has important implications 
for how seleniferous habitats are managed and for the phytoremediation of Se pol-
luted lands. For example, understanding the ecological roles of Se hyperaccumula-
tors in seleniferous ecosystems could help land owners manage seleniferous habitats 
in the Western United States. Understanding the ecological implications of Se accu-
mulation in plants may also help optimize phytoremediation, via cocropping or 
intercropping with Se hyperaccumulator species, and reducing herbivore losses.

The study of the ecological effects of Se in plants is still in its infancy. Recent 
studies investigating how elevated plant Se impacts higher trophic levels and plant 
community composition have laid the groundwork for future research. There is 
much more to learn about how Se impacts various trophic levels by following the 
concentration and speciation of Se throughout the food web. In addition, more 
research into how Se hyperaccumulating plants change the distribution of Se in soils 
and associated ecological consequences will help expand our knowledge. Ultimately, 
it will be useful to look ecosystem-wide, and understand better how seleniferous 
habitats differ ecologically from similar, low Se habitats, and how seleniferous hab-
itats with and without Se hyperaccumulators compare. Furthermore, the ecological 
impacts of Se accumulation in plants likely are similar to the impacts of other accu-
mulated toxic elements, such as arsenic, nickel, lead and zinc. Through continued 
interdisciplinary approaches, the field of plant elemental ecology is expected to 
continue to expand and provide increasingly better insight into these fascinating and 
likely impactful ecological effects.
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Chapter 12
Evolutionary Aspects of Plant Selenium 
Accumulation

R. Jason B. Reynolds, Jennifer J. Cappa, and Elizabeth A.H. Pilon-Smits

Abstract  Essential selenium (Se) metabolism, as found in some photosynthetic 
cyanobacteria and algae, appears to have been lost in plants. Although not essential, 
Se is readily taken up by plants due to its similarity to sulfur (S), and typically plant 
accumulation of Se parallels that of S.  In contrast, some plant species appear to 
preferentially take up Se over S, translocate and sequester Se and S independently, 
and accumulate Se to levels above 0.1% of dry matter. This so-called Se hyperac-
cumulation trait occurs in different plant lineages and likely has evolved indepen-
dently multiple times. The variation in plant Se accumulation, particularly the 
phenomenon of hyperaccumulation, leads to some intriguing evolutionary ques-
tions: What may be the physiological and ecological benefits and constraints of Se 
hyperaccumulation? What sequence of events led to Se hyperaccumulation? Did 
tolerance and accumulation evolve simultaneously or sequentially, and what were 
the physiological, biochemical and genetic steps involved? These questions are 
explored in this chapter.

Keywords  Selenium • Evolution • Hyperaccumulation • Stanleya • Astragalus

12.1  �Variation in Plant Selenium Accumulation – 
Evolutionary Questions

Selenium (Se) is not uniformly distributed in the earth’s crust: soil Se status can 
range from almost no Se to as much as 100 mg/kg, with 0.05 mg/kg as the estimated 
world average (Kabata-Pendias et al. 2001). Soils with elevated Se levels (> 0.1 mg/
kg) are known as seleniferous, because they harbor vegetation with tissue Se con-
centrations that are potentially toxic for consumers (Dhillon and Dhillon 2001). 
Some plants native to seleniferous soils even concentrate Se upwards of 1000 mg/
kg dry weight (DW), and are known as Se hyperaccumulators (Boyd and Martens 
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1992). Many of these seleniferous soils likely derive the high Se content from par-
ent sedimentary rock originating in the cretaceous period when atmospheric Se 
from volcanic emissions was deposited in seas by rainfall, becoming a component 
of the sediment (Kabata-Pendias et al. 2001). Other soils are thought to derive their 
Se mainly from deposition and precipitation (Winkel et al. 2015). The predominant 
form of bioavailable Se in soils is SeO4

2− (selenate), but Se can also be found as 
SeO3

2− (selenite) in anoxic soils (Zhang et  al. 2014). Selenium accumulation in 
plants is directly connected to the way in which plants take up, translocate and 
assimilate sulfur (S). This connection results from the chemical similarity these ele-
ments share as part of group 16 elements (chalcogens). Sulfur has long been known 
to be an essential macronutrient and is primarily taken up from soils as sulfate 
(SO4

2−). Analogous with sulfate, selenate enters the plant via sulfate transporters, 
and is subsequently translocated and assimilated into seleno-amino acids via sulfate 
assimilation enzymes, and may also enter proteins and other S compounds (Terry 
et al. 2000).

Plant Se accumulation from soils high in bioavailable Se may be subject to posi-
tive or negative selection pressures. At low tissue concentration, Se can offer plants 
physiological benefits, and at higher tissue levels Se also offers ecological benefits 
(El Mehdawi and Pilon-Smits 2012). However, when Se is accumulated above a 
critical toxicity level it causes plant toxicity due to oxidative damage and to protein 
malfunction if Se displaces S in proteins (Van Hoewyk 2013).

Based on what is known about plant mechanisms of Se accumulation and toxic-
ity, plant Se hyperaccumulation and hypertolerance may be hypothesized to involve 
increased expression of S transporters, S enzymes that convert Se to less toxic 
forms, and antioxidant enzymes. Apart from differences in expression level, there 
may also be differences in kinetic properties of S transporters or enzymes. Because 
of the chemical similarities between Se and S, most plant species cannot differenti-
ate between the two elements, and their tissue Se concentration and Se/S ratio 
directly reflect that of the soil. Hyperaccumulator species, however, appear to dis-
proportionally accumulate Se over S: their Se/S ratio is higher than that in their 
growth substrate (White 2016). Apparently, there is a selection pressure that favors 
the excessive accumulation of this toxic, nonessential element.

There have been type designations for different angiosperm species, based on the 
differences in their accumulation and tolerance of Se in natural environments. The 
early designations (Rosenfeld and Beath 1964; Brown and Shrift 1982), while use-
ful, have been altered in later years to attempt to categorize angiosperms based on 
current understanding. Plant species that accumulate and tolerate Se at relatively 
low levels (below 100 mg/kg DW) when growing on seleniferous soil are called 
non-accumulators; these plants also typically do not tolerate higher tissue Se levels, 
and some may not be able to grow on seleniferous soils (Brown and Shrift 1982; 
Sors et al. 2005a, b). Other species accumulate and tolerate Se to levels between 100 
and 1000 mg/kg DW and are known as Se accumulators or secondary accumulators 
(Terry et al. 2000). Finally, there are the Se hyperaccumulators (Boyd and Martens 
1992; Salt et al. 1998), a phylogenetically diverse group of around 50 species that 
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accumulate Se to tissue levels upwards of 1000 mg/kg DW, some as high as 15,000 
mg/kg DW (Knight and Beath 1937). Selenium hyperaccumulators differ from 
other plant species in several respects. As mentioned, they have higher overall levels 
of Se, preferentially take up selenate over sulfate, and also convert inorganic Se to 
non-toxic non-protein amino acids, which are sequestered in specific tissues and 
organs, particularly in the pollen and ovules of reproductive organs and in the epi-
dermis of young leaves (Freeman et al. 2006a).

Variation in Se tolerance and accumulation has been found not only between 
species, but also between populations and individuals within populations (Feist and 
Parker 2001; Zhang et al. 2006; El Mehdawi et al. 2015). This genetic variation is 
the basis upon which natural selection may act, to either drive or constrain the evo-
lution of enhanced Se accumulation and Se tolerance. The observed variation in 
plant Se accumulation, especially the phenomenon of hyperaccumulation, leads to 
several intriguing evolutionary questions. Is Se hyperaccumulation a primitive or 
derived trait within the plant kingdom and within families and genera? Has the trait 
ever been lost after first evolving? Is hyperaccumulation a monophyletic or poly-
phyletic trait in the plant kingdom and within families and genera? What are the 
physiological and ecological benefits of Se hyperaccumulation, and are there any 
physiological or ecological constraints? How did hyperaccumulation evolve? Was it 
gradual, from non-accumulators via accumulators to hyperaccumulators? Did toler-
ance and accumulation evolve simultaneously or subsequently, and in what order? 
How do hyperaccumulators differ from other plants in terms of physiological and 
biochemical processes? How did these differences come about at the DNA level? 
These are questions addressed in this chapter.

12.2  �Phylogenetic and Geographic Patterns of Se 
Hyperaccumulation

The phylogenetic distribution of Se hyperaccumulation may give insight into 
whether it is a primitive or derived trait, and whether it is monophyletic or polyphy-
letic. Selenium (Se) hyperaccumulation has been documented in 14 genera and 45 
species (White 2016). These 14 genera are found in six eudicot orders; Fabales, 
Brassicales, Caryophyllales, Gentianales, Lamiales and Asterales (White 2016). 
The Asterales have the largest number of genera that hyperaccumulate Se, while the 
Fabales contain the most hyperaccumulator species, primarily because of the many 
Se hyperaccumulating Astragalus species (Cappa and Pilon-Smits 2014). The phy-
logenetic distribution of Se hyperaccumulation across six orders indicates that Se 
hyperaccumulation is a derived, polyphyletic trait that evolved convergently within 
at least six eudicot clades. Convergent evolution of Se hyperaccumulation is in 
some cases also evident at the family level: the Se hyperaccumulators in the 
Asterales are in the same tribe, Astereae, but there are multiple origins of Se hyper-
accumulation within the Astereae (Fig.  12.1). Similar convergent patterns of 
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evolution in angiosperms have been found for hyperaccumulation of other elements 
(Cappa and Pilon-Smits 2014).

If soil Se concentration is assumed to be the main driver for the evolution of 
hyperaccumulation, then most hyperaccumulators of Se may be expected to occur 
on seleniferous soil. Soil Se concentration in the United States has a very heteroge-
neous distribution with the highest levels occurring in the western half. According 
to a review of the literature by White (2016), the vast majority of reports of hyperac-
cumulators are indeed from the western United States.

In other parts of the world there are few reports of Se hyperaccumulators, even 
in areas where soil Se levels are high (e.g. parts of China). Of course, this may be 
due to a lack of study on hyperaccumulators, not an actual lack of hyperaccumula-
tors in these areas. It may also be that some seleniferous areas are of more recent 
origin than others, so that less time has gone by during which Se hyperaccumulation 
could evolve. In the cases where hyperaccumulators have been found, they have 
been found where there is Se in the soil. Peterson and Butler (1962, 1971) reported 
two species that hyperaccumulate Se, they are Neptunia amplexicaulis found in 
north-western Queensland and Morinda reticulata found in Cape York, both in 
Australia. Furthermore, there has been reported a secondary Se accumulator species 
named Cardamine hupingshanesis found on seleniferous mine-tailings in western 
Hubei province in Enshi, China (Yuan et al. 2013).

Gutierrezia

Cardamine

Stanleya Acacia

AstragalusMachaeranthera,
Haplopappus,
Xylorhiza,
Symphyotrichum

Fig. 12.1  Phylogenies of Astereae, Brassicaceae and Fabaceae showing selenium hyperaccumula-
tor distribution. Branch widths represent relative number of taxa within each tree (not comparable 
across trees). (a) Tribe Astereae based off Urbatsch et al. 2003. Grindelia (not shown) is also a 
member of tribe Astereae. (b) Brassicaceae tribal level phylogeny based off BrassiBase (Koch 
et al. 2012; Kiefer et al. 2014). (c) Fabaceae subfamily phylogeny based off Angiosperm Phylogeny 
Group III (Stevens 2001)
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12.3  �Physiological and Ecological Benefits and Constraints 
of Se Hyperaccumulation

The possible abiotic and biotic selection pressures leading to hyperaccumulation of 
toxic elements were discussed by Boyd and Martens (1992), who proposed ways in 
which elemental hyperaccumulation may benefit a plant, and thus the selective pres-
sures by which hyperaccumulation may evolve. Four of these hypotheses are rele-
vant to the evolution of Se hyperaccumulation and will be discussed in the next 
paragraphs.

First, the tolerance/disposal hypothesis states that the sequestration of toxic ele-
ments like Se keeps it from interfering with essential processes, and the subsequent 
disposal by shedding of the tissues containing the element, confers tolerance. There 
is currently little evidence that hyperaccumulation has evolved as a means of toler-
ance/disposal. Assuming that the evolution toward hyperaccumulation started from 
a non-accumulator, there would need to be variation in tolerance in such a popula-
tion, and this tolerance would have to be positively correlated with accumulation. 
Selenium tolerance and accumulation were not found to be correlated in the non-
accumulator Arabidopsis thaliana (Zhang et al. 2006). Similarly, a study on the zinc 
hyperaccumulator Arabidopsis halleri indicated that tolerance and hyperaccumula-
tion are genetically independent traits (Macnair et al. 1999).

Second, drought tolerance is another hypothesized benefit for elemental hyper-
accumulation. This has not been well studied in Se hyperaccumulators, but there is 
some evidence that at low levels Se can protect plants (other than hyperaccumula-
tors) from drought stress (Yao et  al. 2009; Hasanuzzaman and Fujita 2011; 
Hasanuzzaman et  al. 2011; Nawaz et  al. 2015). This protection seems linked to 
increased overall antioxidant capacity, as well as increased production of chemicals 
that aid osmoregulation in plants. Specifically, Se treatment under drought stress 
was found to be associated with an increase in ascorbic acid and reduced glutathi-
one content, and an associated reduction in malondialdehyde levels (Hasanuzzaman 
and Fujita 2011). Other drought stress studies reported Se-induced increases in per-
oxidase and catalase activities and higher levels of osmoprotectants including total 
soluble sugars, total free amino acids and total soluble proteins (Yao et al. 2009; 
Nawaz et  al. 2015). Selenium treatment was also reported to result in increased 
biomass under drought conditions (Yao et al. 2009; Han et al. 2013). Any drought 
protection conferred by Se has a narrow range of effectiveness. At a soil Se concen-
tration of 3 mg/kg as sodium selenite an opposite effect was found: wheat (Triticum 
aestivum) showed decreased levels of antioxidants (except glutathione and superox-
ide dismutase), decreased concentrations of osmoprotectants and reduced shoot bio-
mass (Yao et al. 2009). In a study with tobacco a similar negative effect was found 
after treatment with 11.1 mg/kg sodium selenite (Han et al. 2013). For more infor-
mation on Se and drought stress, see Ahmad et al. (2016) for a recent review. The 
effect of Se on drought stress resistance in Se hyperaccumulators is still unknown, 
and will be an interesting area of future research. Based on current information, any 
benefits conferred by Se in drought conditions seem unlikely to have been solely 
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responsible for the evolution of Se hyperaccumulation. Beneficial plant tissue Se 
concentrations are very low (4–10 mg/kg DW), and the benefit of Se is lost at plant 
Se concentrations that are much lower compared to those in Se hyperaccumulators. 
However, it is possible that synergistic effects, combining the benefits of Se 
under drought conditions with those under other environmental stresses (as 
discussed in the next paragraphs) have collectively driven the evolution of Se 
hyperaccumulation.

Another hypothesized benefit of elemental hyperaccumulation is elemental alle-
lopathy (Boyd and Martens 1998). In regard to Se, this would involve increased 
concentrations of Se in the soil near the hyperaccumulator, deposited there through 
turnover of hyperaccumulator shoot and root tissues or Se exudation by roots. 
Indeed, there is evidence that Se hyperaccumulators increase soil Se concentration 
around them, although it is generally difficult to distinguish whether a hyperaccu-
mulator colonized a pre-existing high-Se spot, or rather created the Se hot spot itself 
by concentrating Se in their associated soil over time. After a 12-month litter bag 
study, the soil below hyperaccumulator litter contained approximately twice the Se 
concentration of soil below non-accumulator litter (Quinn et al. 2011b). While the 
Se levels were not very high, over time this process may increase soil Se concentra-
tions near hyperaccumulators to toxic levels. Indeed, on a seleniferous field site, 
soils around Se hyperaccumulators Astragalus bisulcatus and Stanleya pinnata con-
tained 7–11 fold higher concentrations of Se relative to soils around three 
non-hyperaccumulator species growing in the same area (El Mehdawi et al. 2011). 
These increased soil Se concentrations may result in inhibition of germination and 
growth of Se-sensitive neighboring plants, while conferring a competitive advan-
tage to Se-resistant plants (El Mehdawi et al. 2011). The higher soil Se, as a negative 
allelopathic factor, may also explain the reduction in vegetative cover found around 
Se hyperaccumulator plants as compared to non-accumulator plants (El Mehdawi 
et al. 2011). In the same study, El Mehdawi et al. (2011) observed for two plant spe-
cies up to 20-fold increased leaf Se concentration when growing near Se hyperac-
cumulators, as compared to further away from Se hyperaccumulators. Interestingly, 
the high-Se individuals growing next to hyperaccumulators were bigger in size and 
displayed less herbivory damage. Thus, hyperaccumulators not only are associated 
with higher surrounding soil Se levels, but also with higher Se levels in the sur-
rounding vegetation. The soil Se around hyperaccumulator plants is likely in large 
part organic Se (El Mehdawi et al. 2015), a reflection of the high organic Se fraction 
in hyperaccumulators, but not non-accumulators (Freeman et al. 2006b). Organic Se 
is taken up more readily by vegetation than inorganic Se (Zayed et al. 1998). The 
observed increased soil Se concentrations associated with Se hyperaccumulators 
and the respective negative and positive growth responses of Se-sensitive and 
Se-resistant plant species when growing near Se hyperaccumulators give insight 
into the selective pressures exerted by Se in soils associated with hyperaccumula-
tors. Likely, the increase in soil Se concentration associated with the presence of Se 
hyperaccumulator species can create special niches in which Se-resistant species 
may out-compete their Se-sensitive neighbors. This apparent environmental altera-
tion brought about by Se hyperaccumulators, in combination with the variability in 
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Se tolerance in neighbors of Se hyperaccumulators may give rise to differences in 
plant species composition. This will be an interesting topic of future study.

The fourth hypothesized benefit for elemental hyperaccumulation is elemental 
defense (or more recently called the “defensive enhancement hypothesis” (Boyd 
2012). For Se, this hypothesis predicts that a plant is protected from biotic stress as 
the concentration of Se in plant tissues increases to a point where it becomes toxic 
to herbivores or pathogens. Prior to Boyd and Martens’ review (1992) it had already 
been suggested that by hyperaccumulating Ni, plants may be defended from insects 
and fungal pathogens (Reeves et al. 1981). Since then, several different hyperaccu-
mulated elements have been shown to be able to protect plants from herbivory and/
or pathogens (Boyd 2012). There is also abundant support for a protective effect of 
Se against biotic attack, both by means of deterrence and toxicity. A field survey and 
a variety of choice and non-choice feeding studies have shown protection by Se of 
both Se hyperaccumulators as well as non-hyperaccumulators from different types 
of herbivores and some fungal pathogens (Quinn et  al. 2008, 2010, 2011a, b; 
Freeman et al. 2007, 2009; Galeas et al. 2008; El Mehdawi and Pilon-Smits 2012; 
Wu et al. 2015; Hanson et al. 2003, 2004; Vickerman and Trumble 1999; Trumble 
et al. 1998). The levels at which Se protects a plant have been found to be much 
lower than what a Se hyperaccumulator can tolerate and concentrate in its tissues 
(Hanson et al. 2004; Trumble et al. 1998). In fact, 2 mg/kg DW in leaf tissue was 
already toxic to aphids, and 10 mg/kg DW was an effective deterrent to aphids when 
given a choice of plants treated with or without Se (Hanson et al. 2004). The LC50 
(“lethal concentration” required to kill 50% of subjects) for an army worm varied 
with the form of Se: for selenate and selenomethionine it was below 50 mg/kg DW, 
while it was below 20 mg/kg DW for selenite and selenocysteine (Trumble et al. 
1998). When the effective concentrations of Se were supplied in pure chemical form 
to herbivores and pathogens, they typically result in comparable toxicity (Hanson 
et al. 2003). Nevertheless, it is possible that an additional protective effect of Se is 
derived from Se-induced upregulation of plant defense pathways, as observed in 
non-accumulator A. thaliana and Se hyperaccumulator S. pinnata (Van Hoewyk 
et al. 2008; Freeman et al. 2010).

Judged from the abundant evidence for a protective effect of Se against biotic 
stress, protection from herbivores and pathogens is likely to be an important driving 
force for the evolution of Se hyperaccumulation. The finding that the protective 
effect of Se starts at much lower tissue levels than the Se concentrations found in 
many Se hyperaccumulators raises the question: why do Se hyperaccumulators 
accumulate such high Se concentrations when low levels already offer protection? 
The Defensive Enhancement Hypothesis (Boyd 2012) suggests that, after an initial 
defensive benefit accrued from a relatively low initial concentration, increased con-
centration of an element provides enhanced plant fitness and drives the evolution of 
higher elemental concentrations until hyperaccumulation is achieved. Indeed, the 
results from plant-herbivore studies have shown that different herbivores show dif-
ferent Se sensitivity, indicating enhanced plant fitness with increasing Se accumula-
tion capacity. Even at hyperaccumulator concentrations as high as 10,000 mg/kg 
DW, some Se-resistant herbivores and pathogens are able to occupy the plants 
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(Freeman et al. 2006b, 2012; Valdez Barillas et al. 2012). Some of these species 
may be specialists that exclusively feed on hyperaccumulators. Thus, it is feasible 
that hyperaccumulators are co-evolving with some of their herbivores or pathogens 
in an evolutionary arms race, where the plant is driven to evolve increasingly high 
Se hyperaccumulation, and the herbivore or pathogen is driven to increasingly high 
Se resistance. Likely, similar processes occur for other elemental hyperaccumula-
tors. Thus, the evolution of Se hyperaccumulation may serve as a model for plant 
adaptation to metalliferous soils, in which the plant evolves mechanisms to accumu-
late and tolerate toxic elements and then optimizes the ecological advantages of the 
toxic elements they accumulate, meanwhile coevolving with ecological partners.

In order for Se hyperaccumulation to evolve, there has to be a selective advan-
tage without too much of a cost to fitness. One potential constraint for plants that 
accumulate toxins is compromised symbiosis with mutualist partners, particularly 
pollinators. Given that S. pinnata preferentially sequesters Se in its reproductive 
organs, Quinn et al. 2011a tested S. pinnata flowers by x-ray microprobe analysis 
and found Se to be localized in the pollen and ovules, mainly as a C-Se-C forms, 
whereas Se was diffusely distributed throughout the flower of B. juncea and was 
found to be a mix of chemical Se species. When the seeds of all species of Stanleya 
were tested, it was found that regardless of Stanleya species the chemical form was 
C-Se-C, the Se was found in the embryo, absent from the endosperm, with the only 
difference between species being that S. pinnata had Se in the seed coat (Cappa 
et al. 2015). Prins et al. (2011) tested B. juncea and S. pinnata grown with and with-
out Se for possible reproductive costs associated with Se accumulation. It was found 
that B. juncea plants upon exceeding tissue Se levels of 1000 mg/kg DW exhibited 
a decrease in overall reproductive functions including seed production, individual 
seed weight, and germination. In contrast, in S. pinnata there was no decrease in the 
same fitness measurements. Additionally, Quinn et al. 2011a, b found that at similar 
tissue Se concentrations B. juncea had a decrease in pollen germination, while S. 
pinnata showed no decrease. Another potential fitness cost of Se accumulation 
would be if pollinators would be deterred by high-Se flowers. However, this is not 
the case: pollinators showed no visitation preference between high- and low-Se S. 
pinnata or B. juncea individuals, and readily collected high-Se pollen and nectar 
(Quinn et al. 2011a, b). More research is needed to assess the effect of plant Se on 
the health of the pollinators, which may be positive or negative.

Another potential constraint of hyperaccumulation is reduced growth, if the 
hyperaccumulation processes are energetically costly. Hyperaccumulators do tend 
to grow more slowly than crop relatives, but this is not necessarily associated with 
the hyperaccumulation trait, and could also be a result of e.g. drought adaptation. 
More research is needed to address this issue.
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12.4  �Mechanisms of Se Hyperaccumulation

12.4.1  �Competition Between Selenium and Sulfur

Selenium is atomically similar to sulfur (S) and therefore utilizes the S pathway for 
uptake into the plant and assimilation into organic molecules. In selenate:sulfate 
competition experiments, the related Brassicaceae B. juncea (non-hyperaccumulator) 
and S. pinnata (Se hyperaccumulator) showed remarkably different Se:S interac-
tions. While 5 mM sulfate supply almost completely abolished selenate uptake 
(from 20 μM) in the non-hyperaccumulator, it had relatively little effect on selenate 
uptake in the hyperaccumulator (Harris et  al. 2013; Schiavon et  al. 2015). 
Furthermore, the Se/S ratio in the tissues in B. juncea largely reflected the Se/S ratio 
in the media, while S. pinnata was found to enrich itself with Se relative to S, as 
compared to the media (Schiavon et  al. 2015). A similar result was found in Se 
hyperaccumulator Astragalus racemosus, which enriched itself with Se, as evi-
denced from a higher Se/S ratio compared to the supplied media (DeTar et al. 2015).

The key to the apparent ability of Se hyperaccumulators to discriminate between 
selenate and sulfate and preferentially take up selenate, may be a mutation in a sul-
fate/selenate transporter. The sulfate transporter family (SULTR) is a large ubiqui-
tous family of transport proteins. In Arabidopsis thaliana the two high-affinity 
sulfate transporters SULTR1;1 and SULTR1;2 mediate sulfate uptake into the root, 
SULTR1;2 being the predominant transporter (Barberon et al. 2008). Schiavon et al. 
(2015) found S. pinnata to have much higher transcript levels of a Sultr1;2-like 
gene, relative to B. juncea. This is in agreement with an earlier macroarray study 
comparing transcript abundance between S. pinnata and S. albescens (a secondary 
accumulator) by Freeman et al. (2010), which reported S. pinnata to have constitu-
tively elevated transcript abundance for Sultr1;2. Similarly, when Se hyperaccumu-
lators A. bisculatus and A. racemosus were compared to non-hyperaccumulator 
Astragalus species, it was shown that under regular S status the hyperaccumulators 
had elevated transcript levels for sulfate transporters (Cabannes et al. 2011). The 
increased SULTR1;2 transcript abundance in these hyperaccumulator species may 
be caused by differential regulation (e.g. higher expression of a transcription factor), 
by mutations in the promoter region of the Sultr1;2 gene, by gene duplication events 
leading to increased gene copy number, or higher transcript stability. In either case, 
the increased transcript levels would be expected to be associated with higher trans-
porter protein abundance and uptake capacity. In addition, mutations in the coding 
region may have given rise to altered substrate specificity, favoring selenate over 
sulfate. Given that Se hyperaccumulation is a convergent trait among eudicots, the 
underlying molecular mechanisms may differ and be lineage-specific. For other 
hyperaccumulated elements, an increase in copy number has been the most reported 
cause of increased transporter abundance (Hanikenne et al. 2008; Ueno et al. 2011; 
Craciun et al. 2012).
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12.4.2  �Assimilation of Selenate to Non-protein Organic Forms

Selenium is assimilated via the sulfate assimilation pathway. Because of this, many 
plant Se studies have examined gene expression of key enzymes involved in sulfate 
assimilation (Van Hoewyk et al. 2008; Sors et al. 2009; Freeman et al. 2010; Cakr 
et al. 2015). The first enzyme in the sulfate assimilation pathway is ATP-sulfurylase 
(ATPS). ATPS was found to be constitutively upregulated in the root of S. pinnata 
compared to S. albescens or B. juncea, which may explain the capacity of S. pinnata 
to more efficiently convert selenate to organic Se (Freeman et al. 2010; Schiavon 
et  al. 2015). Indeed, ATPS may be a rate-limiting step for selenate assimilation, 
since overexpression of ATPS in B. juncea resulted in enhanced selenate reduction, 
as well as enhanced Se accumulation (Pilon-Smits et al. 1999). In contrast, ATPS 
was not found to be correlated with Se hyperaccumulator activity in Astragalus spe-
cies when overexpressed in shoot tissue (Sors et al. 2005a). Intriguingly, an ATPS2 
homologue was found to be constitutively upregulated in the roots of S. pinnata 
(Schiavon et al. 2015); this isoform is the only cytosolic ATPS in A. thaliana, where 
it is targeted to both the cytosol and plastids (Bohrer et al. 2015). The finding that 
the only cytosolic form of ATPS is strongly upregulated in the hyperaccumulator is 
particularly interesting given that the current paradigm of plant sulfate assimilation 
is that it occurs in the shoot plastids, but for Se hyperaccumulator S. pinnata a 
significant portion was found to be assimilated in the roots and transported to 
the shoots as methyl-selenocysteine (Freeman 2006). This form was also found to 
be the exclusive Se species in the roots of S. pinnata and A. bisulcatus, adding fur-
ther evidence for the reduction of Se in the roots of hyperaccumulators (Lindblom 
et al. 2013).

The enzyme APS reductase (APR) is responsible for the reduction of activated 
sulfate (adenosine phosphosulfate) to sulfite. Freeman et  al. (2010) found that 
APR1, APR2 and APR3 all had constitutively higher transcript abundance in S. pin-
nata as compared to S. albescens; APR2 transcript abundance in the shoots was 
induced by Se treatment and APR2 and APR3 were induced in the roots. Together, 
these results indicate that the evolution of hyperaccumulation involves constitutive 
upregulation of sulfate assimilation pathway genes. The underlying molecular 
mechanisms involved may be the same as described above for Sultr1;2 expression, 
and all genes may even be regulated by a common transcription factor. In this con-
text it is interesting to note that the transcription factor WRKY, involved in several 
biotic and abiotic stresses including the abiotic stresses heat, drought, cold, osmotic 
pressure and salt (Wang et al. 2016) has been found to be induced with Se in several 
species. In Astragalus chrysochlorus (a secondary Se accumulator) it was found that 
the WRKY transcription factor was upregulated with Se treatment in a transcrip-
tome study (Cakir et al. 2015). WRKY was also found to be upregulated when A. 
thaliana was treated with selenate (Van Hoewyk et al. 2008). A specific transcrip-
tion factor induced by Se uptake could be one of the “master switches” that leads to 
Se tolerance and eventually Se hyperaccumulation. Several studies also point to a 
role for defense- and stress hormones jasmonic acid (JA) and ethylene in Se 
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responses and induction of genes involved in sulfate/selenate uptake and assimila-
tion (Van Hoewyk et al. 2008; Freeman et al. 2010). More elaborate genomic stud-
ies are needed to fully unravel the connections between these processes.

12.4.3  �Selenium Localization and Speciation, and Plant 
Fitness

A major question researchers have addressed is: where in plant tissues does Se 
reside and in which chemical forms? In a field survey, Galeas et al. (2007) found 
that Se hyperaccumulators S. pinnata and A. bisculatus translocated Se and S differ-
ently, and had different seasonal Se fluctuation patterns than related non-
hyperaccumulator species. Stanleya pinnata and A. bisculatus remobilized Se from 
the leaves to the reproductive tissues in the summer, resulting in lower leaf tissue Se 
concentrations while non-hyperaccumulator species had the greatest Se concentra-
tions in the leaf (Galeas et al. 2007). Similar differences were found between S. 
pinnata and non-accumulator S. elata when tested in the field. Stanleya pinnata had 
greater Se concentrations in the fruit than the leaves, while S. elata had greater Se 
concentrations in the leaves relative to the fruit (Cappa et al. 2014).

Using X-ray microprobe analysis, it has been shown that different localization 
patterns exist between hyperaccumulators and nonhyperaccumulators. Stanleya 
pinnata was found to sequester Se in the periphery of the leaf, in epidermal vacuoles 
(Freeman et al. 2010; Cappa et al. 2015) while S. elata (Cappa et al. 2015) and B. 
juncea (Freeman et al. 2010) localized Se in the vascular tissue. Astragalus biscula-
tus has been shown to localize Se in trichomes of the leaves (Freeman et al. 2006a). 
Additionally, the chemical form in which the Se is found is different between Se 
hyperaccumulators and nonhyperaccumulators. The majority of Se is found in an 
organic C-Se-C configuration in S. pinnata, which was identified as 80% methyl-
selenocysteine and 20% selenocystathionine (Freeman et  al. 2006b; Cappa et  al. 
2015). In comparison, a substantial fraction of the Se was found in inorganic form 
in non-hyperaccumulators S. elata ~ 30%, (Cappa et al. 2015) and B. juncea (close 
to 100%, Freeman et al. 2010), and S. albescens accumulated exlusively selenocys-
tathionine (Freeman et al. 2006b). Freeman et al. (2006a) also reported that the Se 
in A. bisculatus was predominantly found in the C-Se-C form in the trichomes 
(identified as methyl-selenocysteine) with a fraction of the Se in an inorganic form 
in the regions of the leaf other than trichome. Therefore, the evolution of Se hyper-
accumulation likely involves the synthesis of methyl-selenocysteine and the specific 
peripheral sequestration of this aminoacid in leaves. The enzyme responsible for 
methyl-selenocysteine synthesis in Se hyperaccumulators is selenocysteine methyl-
transferase (SMT) (Neuhierl and Böck 1996). Overexpression of this enzyme from 
A. bisulcatus in A. thaliana or B. juncea indeed enhanced accumulation of methyl-
selenocysteine and total Se, as well as Se tolerance (Ellis et al. 2004; LeDuc et al. 
2004). This enzyme also exists in secondary Se accumulator broccoli (B. oleracea, 

12  Evolutionary Aspects of Plant Selenium Accumulation



200

Lyi et al. 2005), which indeed accumulates methyl-selenocysteine. Its homologue in 
A. thaliana is a homoserine methyltransferase (HMT), which may suggest that SMT 
evolved from HMT.  The aminoacid transporter for methyl-selenocysteine is still 
unknown.

12.5  �Evolution of Se Hyperaccumulation in Stanleya

Stanleya is a small genus consisting of eight species. Feist and Parker (2001) docu-
mented substantial ecotypic variation in Se accumulation among S. pinnata popula-
tions throughout the western United States, both in the field and in a common garden 
experiment. Cappa et al. (2014) examined Se hyperaccumulation in the field and 
greenhouse and found substantial variation in Se accumulation between Stanleya 
species. In field-collected samples, S. pinnata was the only hyperaccumulator col-
lected with Se levels >0.1% DW (Cappa et  al. 2014). Beath et  al. (1940) also 
reported S. bipinnata to be a Se hyperaccumulator; in a molecular phylogenetic 
analysis this was shown by Cappa et al. (2015) to be a variety of S. pinnata. Among 
the four varieties of S. pinnata, var. pinnata showed the highest Se accumulation 
properties. Interestingly, a geographic pattern was found in S. pinnata, var. pinnata 
that was related to Se hyperaccumulation: the highest Se accumulating populations 
were found on the eastern side of the Continental Divide (Cappa et al. 2014). There 
was also a polyploidy event within S. pinnata var. pinnata where the majority of 
individuals on the east side of the continental divide were diploid while all individu-
als on the west side were tetraploid (Cappa et al. 2014). While this ploidy difference 
did coincide with field Se levels, a common garden experiment did not find a genetic 
difference between diploids and tetraploids. Cappa et al. (2015) used leaves col-
lected from Stanleya field populations (at least three populations per species or vari-
ety) for a phylogenetic analysis and conducted an ancestral-reconstruction analysis 
to predict the ancestral states for Se accumulation and Se tolerance, mapped onto 
the tree. Using the phylogeny, it was hypothesized that hyperaccumulation evolved 
once in Stanleya, within the S. pinnata/bipinnata clade (Cappa et  al. 2015). 
Furthermore, it was found that tolerance was more widespread, found in all but 
three taxa within Stanleya and in three of the four outgroups tested (Cappa et al. 
2015). Because hyperaccumulation was found in only three closely related taxa 
within Stanleya pinnata, the authors hypothesized that tolerance most likely pre-
ceded hyperaccumulation (Cappa et  al. 2015). The same result was found in 
Noccaea (Brassicaceae) metal hyperaccumulators, when compared to closely 
related taxa (Broadley et al. 2007).

Taking the above evidence into account, we suggest that the evolution of hyper-
accumulation is likely preceded by genetic variance within populations leading to 
tolerance to a given element, followed by genomic changes in transporter abun-
dance, assimilation and localization capabilities, eventually leading to hyperaccu-
mulation in a subset of tolerant genera/species/individuals. The convergent evolution 
of Se hyperaccumulation in different clades may involve different molecular evolu-
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tionary pathways, but likely involves many shared mechanisms. The scenario lead-
ing to this adaptation in its current form likely includes many intermediate steps. 
These steps can be surmised by looking at the current variability within non-
accumulator taxa (e.g. Arabidopsis), secondary accumulator taxa (e.g. Brassica) 
and hyperaccumulator taxa (e.g. Stanleya). Ideally, closely related non-accumulator, 
accumulator and hyperaccumulator taxa can be further analyzed using powerful 
genomic approaches, to fully elucidate the evolutionary patterns and mechanisms 
associated with Se hyperaccumulation.
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Chapter 13
Overview of Selenium Deficiency and Toxicity 
Worldwide: Affected Areas, Selenium-Related 
Health Issues, and Case Studies
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Abstract  Selenium (Se) is an essential micronutrient for human and animal healthy 
due to its capabilities to support antioxidant defence systems. However, problems 
related to the deficiency of Se are emerging issue for human health worldwide and 
plant species differ considerably in their susceptibility to high concentrations of Se, 
and certain plant species can be able to accumulate Se to astonishingly high concen-
trations. Many factors can affect the content of Se in different foods, including dif-
ferent uptake rate by plants, which can be related to plant type, soil, pH, microbial 
activity, rainfall and a number of other biogeochemical parameters. Humans Se 
intake and Se status in the population depends firstly on Se concentrations in soils, 
and hence the Se concentrations in the harvested edible plants in these soils. Thus, 
this chapter aims to compile some information about research work on essentiality 
of Se for humans and other mammals, and the need for a sufficient daily Se intake.
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13.1  �Introduction

Selenium (Se) is an essential micronutrient for human and animal health due to its 
capabilities to support antioxidant defence systems, but is harmful in excess 
(Fordyce 2013; Mora et al. 2015; Wrobel et al. 2016). Compared to other micronu-
trients, Se has one of the narrowest ranges between its toxic dose (> 400 μg/day) 
and dietary deficiency (< 40 μg/day), as reviewed by Kabata-Pendias and Mukherjee 
(2007) and Fordyce (2013). Therefore, both deficiency and toxicity of Se are global 
emerging problems. Several studies have investigated Se deficiency and toxicity in 
humans (Sah et al. 2013; Sun et al. 2014; Yang and Jia 2014; Zhu et al. 2015; Nagy 
et  al. 2015; Oropeza-Moe et  al. 2015; Krohn et  al. 2016; Wrobel et  al. 2016; 
Manzanares and Hardy 2016), algae (Gojkovic et al. 2015), yeast (Kieliszek et al. 
2016), bacteria (Nancharaiah and Lens 2015; Ye et al. 2016; Lampis et al. 2016) and 
higher plants (Saidi et al. 2014a, b; Yusuf et al. 2016). Recently, two comprehensive 
books were published that reviewed the diversity of Se functions in health and dis-
ease (Brigelius-Flohé and Sies 2016) and global advances in Se research, from 
theory to application (Bañuelos et al. 2016).

While it is clear that Se is required for several essential biological functions for 
human health, many questions still need to be answered. The most important Se 
research findings are summarized below, along with some attempts to answer 
remaining urging questions: (1) Selenium is required by humans and other mam-
mals. It is well established that Se is an essential nutrient for human health (Rayman 
2000; Combs 2001; Surai 2006), and an insufficient supply causes or predisposes to 
disease; (2) No clear definition is currently given as to how much Se is required by 
humans. The amount minimally needed likely depends on a number of anthropo-
metric characteristics: body weight, age, sex, health status. The recommendations 
given cover a wide range of reference intakes spanning a daily uptake of 25–125 μg/
day (Hurst et al. 2013; Combs 2016); (3) The dietary intake level associated with Se 
deficiency for humans is reported to be <50 μg/day (Fairweather-Tait et al. 2011; 
Combs 2016). However, as mentioned above, this recommendation depends on a 
number of personal characteristics; (4) Research indicates that Se can reduce cancer 
risk when the concentration of plasma Se ranges from 70 to 106 ng/ml (Combs 
2016). Lower Se concentrations seem to increase the risk of several types of cancer, 
while no positive chemopreventive effects have been observed above this level, 
which likely corresponds to the amount of Se needed for full expression of the 
human selenoproteins.

Concerning the importance of Se for human and animal health, many studies 
have investigated this relationship, such as El-Ramady et al. (2015b), Niedzielski 
et  al. (2016), Han et al. (2016), Hauser-Davis et  al. (2016), Krohn et al. (2016), 
Hoffmann (2016), Bissardon et al. (2016), Schomburg (2011), Wang et al. (2016a, 
b), Menezes et al. (2016) and Zanetti et al. (2016). On the other hand, the toxicity of 
Se to higher plants also has been documented in many studies including Molnárová 
and Fargasová (2009), Akbulut and Çakır (2010), Aggarwal et al. (2011), Madaan 
and Mudgal (2011), Srivastava et al. (2012), Hladu et al. (2013), Talukdar (2013), 
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Zhao et al. (2013), Chen et al. (2014), Sharma et al. (2014b), Mechora et al. (2015), 
El-Ramady et al. (2015a, b), Lehotai et al. (2015), Nawaz et al. (2015), Handa et al. 
(2016), Pilon et al. (2016), Pilon-Smits et al. (2016), and White (2016).

In general, the effects of Se deficiency on humans include muscle weakness and 
inflammation, fragile red blood cells, abnormal skin coloration, heart muscle dys-
function, susceptibility to cancer, Keshan and Kashin-Beck diseases, whereas Se 
toxicity includes liver and kidney damage, blood clotting, necrosis of heart and 
liver, hair and nail loss and nausea and vomiting (Kabata-Pendias and Mukherjee 
2007). Selenium in not essential for plants, but has beneficial effects on plant growth 
and stress tolerance. Many studies have indicated that already small Se doses are 
sufficient for improving plant health (e.g. Kong et al. 2005; Eiche et al. 2015). High 
Se levels tend to induce different toxic effects in plants, including reduced photo-
synthetic efficiency and growth, chlorosis and finally plant death (Van Hoewyk 
2013; Eiche et al. 2015). However, plant species differ considerably in their suscep-
tibility to high dosages of Se, and certain plant species even show stimulation of 
growth on soils with high Se and are able to accumulate Se to astonishingly high 
concentrations (Pilon-Smits et al. 2016).

Problems related to the deficiency of Se are an emerging issue for human health 
worldwide. A solution for this problem can be achieved through Se biofortification 
of different crops, as reviewed by several authors using rice (Boldrin et al. 2013; 
Wang et al. 2014; Reis et al. 2014; Sharma et al. 2014b, c; Pandey and Gupta 2015; 
Li et al. 2016), maize (Chilimba et al. 2012; Longchamp and Castrec-Rouelle 2014; 
Longchamp et  al. 2013, 2015), wheat (Acuña et  al. 2013; Galinha et  al. 2013; 
Fenech et al. 2013; Gong et al. 2014; Zhu et al. 2014; Li et al. 2014; Poblaciones 
et al. 2014; Yasin et al. 2014; Galinha et al. 2015; Lazo-Vélez et al. 2015) and cru-
ciferous vegetables (Harris et al. 2014; Avila et al. 2014; Yasin et al. 2015b; Bañuelos 
et al. 2015; Bachiega et al. 2016). Different forms of Se-biofortification have been 
tested, including supplementation of fertilizers, foliar spraying directly on the plants 
or using Se-accumulating plant leftovers for soil fortification, as recently reported 
by Bañuelos et al. (2015), El-Ramady et al. (2015c), Malagoli et al. (2015), Galinha 
et al. (2015), Yasin et al. (2015a, b), Bañuelos et al. (2016), Faria et al. (2016), Mao 
et al. (2016), Ortiz-Monasterio et al. (2016), Reis et al. (2016), dos Reis (2016), 
El-Ramady et al. (2016a), Li et al. (2016), Domingues et al. (2016), and Sharma 
et al. (2016).

13.2  �Global Areas Related to Se Deficiency and Toxicity

Selenium can be found in all agroecosystem components including soil, plants, 
rocks or water. In animal feed, the critical Se concentrations for Se adequacy and 
toxicity are 0.05–0.10 mg/kg and 4–5 mg/kg, respectively (Zanetti et  al. 2016). 
Several global locations have been monitored where livestock may experience Se 
toxicity, including areas in the western U.S.A. such as the San Joaquin Valley in 
California (Frankenberger and Benson 1994), Colorado and Wyoming (El Mehdawi 
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and Pilon-Smits 2012), Enshi, Hubei Province, China (Wang and Gao 2001), and 
Australia (Thomson 2004) and Punjab Nawanshahr–Hoshiarpur region India 
(Dhillon and Dhillon 2014). Due to the importance of Se (Table 13.1), several stud-
ies have been conducted to quantify the Se levels in soil, water and crops from dif-
ferent areas, including those published by Bañuelos and Lin (2007), Dhillon et al. 
(2008), Dhillon and Dhillon (2009a, b), (2014), (2016b), Sharma et  al. (2009), 
(2014a), Yuan et al. (2012), Wang et al. (2012), Eiche et al. (2015), Schilling et al. 
(2015), Yasin et al. (2015c), (2016), Chawla et al. (2016), and Prakash (2016).

On the other hand, Se deficiency predisposes to certain endemic diseases, as has 
been well described for Se-poor areas in China, where Se deficiency predisposes 
people to Keshan disease, which is associated with childhood cardiomyopathy (Xia 
et al. 2005). There are more than 40 countries described as having areas with very 
low soil Se content, associated with human Se intakes of 10 μg/day or even less, 
such as in areas of China (Moreno-Reyes et al. 1998; Tan et al. 2002; Li et al. 2007; 
Han et al. 2016). In fact, in China Se deficient areas are reported to represent 72% 
of the country’s total area; these areas are often not intensively populated. Besides 
these Se-deficient areas, there are also Chinese areas with very high Se levels in soil 
and in the agricultural products, thereby causing a high daily Se intake (Gao et al. 
2011; Han et al. 2016).

Table 13.1  Soil, crop and water Se concentrations in different seleniferous areas worldwide

Country (region)
Total Se in  
soil (mg/kg)

Total Se in cultivated 
plants (mg/kg)

Total Se in  
water (μg/L) References

China (Enshi, 
Yutangba)

0.10–42.3 
(4.75)

Maize (seeds): Stream water: 
58.4

Zhu et al. 
(2008)0.17–4.82 (1.48)

India (Punjab) 2.7–6.55  
(3.63)

Wheat, rice, maize and 
mustard 13–670

Ground water: 
479 (170)

Sharma et al. 
(2009)

China (Enshi, 
Yutangba)

3.76–79.08 
(27.81)

Adenocaulon himalaicum 
(leaf) 299–2278 (760)

Stream water: 
15.13–192.7 
(52.66)

Yuan et al. 
(2012)

China (Enshi, 
Jianshi)

2.89–87.3 
(9.36)

Maize: Surface water: Qin et al. 
(2013)0.39–37.2 (3.76) 2.0–519 (46)

USA (Pine 
Ridge Fort 
Collins, CO)

8.2 Brassica juncea (leaf):  
711

Yasin et al. 
(2015c)

India (Punjab) 0.024–3.06 
(0.449)

Cultivated and naturally 
growing weed plants:

Ground water: Dhillon and 
Dhillon (2016a)

0.01–6.60 (0.2795) 0.01–35.6  
(0.972)
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13.3  �Selenium Deficiency and Toxicity in Soils and Plants 
in Middle East and Europe

It has been documented that Se occurs in different mammalian tissues ranging from 
0.7 in heart tissue to 2.5 mg/kg in muscles, with an estimated average Se content in 
human soft tissues of 0.11 mg/kg (Kabata-Pendias and Mukherjee 2007). Concerning 
the Se intake and its status in Middle East and Europe, a suboptimal Se status was 
found throughout these regions with only few exceptions (Table 13.2). In general, it 
can be noticed that the intake status of Se across Europe is low. This means that the 
Se level in European soils is inadequate, particularly in Eastern Europe. There is no 
complete systematic review of the soil Se quality and Se status in subjects living in 
the Middle East (Stoffaneller and Morse 2015; Sharma et al. 2009).

13.4  �Selenium Status in Brazilian Soils and Crops

Selenium is one of various compounds and chemical elements important to ensure 
the quality of food, together with proteins, carbohydrates, fats, vitamins, iron (Fe), 
iodine (I), and zinc (Zn) (Rayman et al. 2012). Genetic breeding programs can con-
tribute positively to the development of improved crop varieties. So far, crop breed-
ing has focused almost exclusively on higher productivity, i.e. crop quantity rather 
than quality. However, problems of nutritional deficiencies are experienced by 
almost half the world’s population, especially Fe, I, Se, vitamin A and Zn in devel-
oping countries (Rayman et al. 2012). These deficiencies happen basically due to 
two reasons: 1) low concentration of micronutrients in the soils, which are affected 
by texture class, mineral composition and soil pH; 2) a dilution effect of the essen-
tial micronutrients and vitamins for human health in the most productive varieties 
or cultivars. While Se concentrations in agricultural products (food) depend primar-
ily on their concentrations in the soil, genotypic variation can also influence the 
absorption capacity of Se by plants.

The two major inorganic forms of Se in soils are selenate and selenite. In com-
parison to selenate, selenite forms usually are more strongly retained in the soil 
colloids, a process which depends on environment characteristics such as pH, ionic 
strength, ion concentration and other effects. Considering that the range between 
essential and toxic levels of Se in plants and animals is very narrow (Lyons et al. 
2003), the study of Se levels in agricultural soils and their sorption behavior under 
different conditions of pH, ionic strength and concentration of competing ions 
becomes highly relevant for a better understanding of the dynamics of Se in soils.

In many areas of Brazil, agricultural products have low levels of Se, and thus it 
is important to understand the behavior of Se in soils and to assess the mechanisms 
of its transfer to edible parts of plants, which are primary sources of food for the 
population and animals. Table 13.3 summarizes what is known so far regarding the 
Se and sulfur concentrations in soils collected from different regions of Brazil. 
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Table 13.2  Survey for investigating human Se status in some Arabian and European countries (as 
a reference: a desirable plasma Se level is 70–106 μg/L)

Country
Subject details and 
number

Mean Se status in human 
(μg L−1) References

Arabian countries
Egypt 67 patient children and 

60 healthy children
Serum: 40.1 in patient 
children and 83.3 in control

Saad et al. (2014)

Egypt 80 obese children and 
80 healthy children

Serum: 63.6 in the obese 
compared to 78.3 in 
controls

Azab et al. (2014)

Egypt 108 patients children 
and 60 healthy children

Serum: 31.5 in patients and 
65.9 in control

Sherief et al. (2014)

Jordan Subjects: 73 total; 56 
smokers; 17 
non-smokers

Blood: 332 in smokers and 
187 in case of non-smokers

Massadeh et al. 
(2010)

KSA 42 Saudi in 45–60 years 
and 34 Saudi in 20–30 
years

Serum: 91.24 and 86.63, 
resp.

Stoffaneller and 
Morse (2015)

KSA 170 diabetics with an 
equal number of control

Urinary: 31.1 for diabetics 
and 39.1 for control

El-Yazigi and 
Legayada (1996)

KSA 513 children Serum: < 56 from 53.4% 
of total

Al-Saleh et al. 
(2006)

Kuwait 66 obese female 
patients and 44 female 
control

Serum: 86.08 in obese 
group and 101.14 in the 
control group

Alasfar et al. (2011)

Lebanon 159 healthy men and 
284 women; age 18–65 
years

Plasma: 151.2 for men and 
135.0 for women

Obeid et al. (2008)

Yemen 75 patient children and 
74 healthy control

Serum: 78.96 in cases and 
94.75 in controls

Elemraid et al. 
(2011)

European countries
Austria Patients with 

autoimmune thyroiditis 
and control

Serum: 98.0 in the patients 
and 103.2 in control

Wimmer et al. 
(2014)

Denmark 97 patients and 830 
control

Serum: 89.9 for patients 
and 98.8 in controls

Bülow Pedersen 
et al. (2013)

Denmark 3333 males (53–74 
years)

Low serum: 31.58–78.96 
and high serum 
102.65–236.88

Suadicani et al. 
(2012)

Estonia 404 subjects (19.5–52 
years)

Serum: 26–116 (mean: 75) Rauhamaa et al. 
(2008)

Germany 60 patients (aged 65 
year)

From 89.05 to 70.84 Stoppe et al. (2011)

Germany 104 cardiac surgical 
patients

Blood: 89.05 and 70.84 
pre- and post-surgery, 
respectively

Stoppe et al. (2013)

Germany 44 trauma patients Plasma: 62.38 Blass et al. (2013)

(continued)
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There still is a lack of comprehensive information about the distribution of Se in 
Brazilian soils; this is an aim of current research. Better knowledge of the of the 
levels and dynamics of Se in soils throughout Brazil are expected to greatly contrib-
ute to future research aiming to provide optimal levels of Se to crops, applied 
through fertilizer (agronomic bio-fortification) to increase the natural intake of Se 
by the Brazilian population.

Ferreira et al. (2002) observed that food consumed in Brazil has significantly low 
concentrations of Se. This observation likely is due to low Se concentrations in 
Brazilian soils. Similar results were reported by Faria (2009), showing very low Se 

Table 13.2  (continued)

Country
Subject details and 
number

Mean Se status in human 
(μg L−1) References

Greece 47 singleton pregnant 
women in age 30 + 5 
years

Urine: 91, 82 and 69 for the 
1st trimester, 2nd and 3rd 
trimester, res.

Koukkou et al. 
(2014)

Finland 60 adults Plasma: 70.27 in the 1970s 
to 110.54 after 
Se-fertilizers in 1984

Alfthan et al. (2015)

France 1389 subjects aged 
59–71 years followed 
for 9 years

Plasma: 16.58 in men and 
15.79 in women

Akbaraly et al. 
(2010)

Hungary 197 consecutive 
patients

Blood: in non-survivors 
102.2 compared with 
survivors 111.1

Koszta et al. (2012)

Italy 54 melanoma patients 
and 56 control

Plasma: 99 in the cases and 
89 in the control

Vinceti et al. (2012)

Poland 95 lung cancer cases, 
113 laryngeal cancer 
cases

Serum: 63.2 compared to 
74.6 control

Jaworska et al. 
(2013)

Poland 80 children (age 6–17; 
40 boys, 40 girls)

Serum: 102.3 and 111.1 in 
control girls and boys, 
respectively

Błażewicz et al. 
(2015)

Portugal 136 women (20–44 
years)

Serum: 81 Lopes et al. (2004)

Slovenia 15 recruits Plasma: 71.75–82 (mean 
76.87)

Pograjc et al. (2012)

Spain 84 healthy adults (31 
males and 53 females

Plasma: 87.3 in males and 
67.3 in females

Millán Adame et al. 
(2012)

Spain 340 subjects 86.5% had plasma Se 
below 125

Sánchez et al. 
(2010)

The 
Netherlands

1197 pregnant women 
from 12 weeks 
gestation

Serum: at 12 weeks and 
after 75.80 and 80.54, 
respectively

Rayman et al. 
(2011)

UK 501 elderly volunteers Plasma: 90.71 at baseline Rayman et al. 
(2012)

UK 1042 subjects (19–64 
years)

Plasma: 86.86 Stranges et al. 
(2010)
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Table 13.3  Concentrations of Selenium and Sulfur in Brazilian soils

City State
Se (μg/
kg)

S (g/
kg)

Geographic 
coordinates References

Sena 
Madureira - Acre

Acre 184 5 9° 25′ 54″ S  
68° 35′ 42″ W

Silva Junior 
(2016)

Itacoatiara - 
Amazonas

Amazonas 530 17 3° 6′ 31″ S  
58° 26′ 33″ W

Silva Junior 
(2016)

Silvânia Goiás 49 − 16° 39′ 32″ S  
48° 36′ 29″ W

Carvalho (2011)

Itaúba Mato Grosso 174 7 11° 06′ 00″ S  
55° 02′ 06″ W

Silva Junior 
(2016)

Pirapora Minas Gerais 44 − 17° 20′ 42″ S  
44° 56′ 06″ W

Carvalho (2011)

Capinópolis Minas Gerais 50 − 18° 40′ 55″ S  
49° 34′ 11″ W

Carvalho (2011)

Caracaraí - 
Roraima

Roraima 182 10 1° 28′ 10″ S  
60° 44′ 16″ W

Silva Junior 
(2016)

Alvinlândia São Paulo 10 − 22° 26′ 00″ S  
49° 45′ 00″ W

Nogueira et al. 
(2013)

Analândia São Paulo 70 − 22° 07′ 00″ S  
47° 39′ 00″ W

Nogueira et al. 
(2013)

Araras São Paulo 60 − 22° 19′ 00″ S  
47° 10′ 00″ W

Nogueira et al. 
(2013)

Bonfim Paulista São Paulo 200 − 21° 05′ 00″ S  
47° 08′ 00″ W

Nogueira et al. 
(2013)

Capivari São Paulo 50 − 22° 59′ 01″ S  
47° 30′ 00″ W

Nogueira et al. 
(2013)

Capivari São Paulo 110 − 22° 59′ 10″ S  
47° 30′ 10″ W

Nogueira et al. 
(2013)

Conchal São Paulo 50 – 22° 19′ 00″ S  
47° 00′ 10″ W

Nogueira et al. 
(2013)

Cosmópolis São Paulo 110 – 22° 38′ 00″ S  
47° 11′ 00″ W

Nogueira et al. 
(2013)

Gália São Paulo 10 – 22° 17′ 00″ S  
49° 33′ 00″ W

Nogueira et al. 
(2013)

Garça São Paulo 10 – 22° 12′ 00″ S  
49° 56′ 00″ W

Nogueira et al. 
(2013)

Garça São Paulo 10 – 22° 12′ 00″ S  
49° 39′ 10″ W

Nogueira et al. 
(2013)

Ibaté São Paulo 70 – 21° 57′ 00″ S  
47° 59′ 00″ W

Nogueira et al. 
(2013)

Ibituruna São Paulo 300 – 21° 8′ 36″ S  
44° 44′ 24″ W

Nogueira et al. 
(2013)

Itirapina São Paulo 70 – 22° 15′ 10″ S  
47° 00′ 49″ W

Nogueira et al. 
(2013)

Itirapina São Paulo 70 – 22° 15′ 00″ S  
47° 49′ 00″ W

Nogueira et al. 
(2013)

Itirapina São Paulo 80 6 22° 15′ 54″ S  
47° 52′ 44″ W

Faria (2009)

(continued)
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Table 13.3  (continued)

City State
Se (μg/
kg)

S (g/
kg)

Geographic 
coordinates References

Marília São Paulo 10 – 22° 13′ 15″ S  
49° 56′ 55″ W

Nogueira et al. 
(2013)

Matão São Paulo 98 5 21° 35′ 27″ S  
48° 26′ 54″ W

Faria (2009)

Miguelópolis São Paulo 30 – 20° 10′ 00″ S  
48° 02′ 00″ W

Nogueira et al. 
(2013)

Mogi Mirim São Paulo 70 – 22° 22′ 00″ S  
46° 56′ 00″ W

Nogueira et al. 
(2013)

Mogi-Guaçu São Paulo 100 – 22° 22′ 00″ S  
46° 56′ 00″ W

Nogueira et al. 
(2013)

Pariquera Açu São Paulo 670 – 24° 43′ 00″ S  
47° 52′ 00″W

Nogueira et al. 
(2013)

Pariquera Açu São Paulo 650 – 24° 43′ 10″ S  
47° 52′ 10″ W

Nogueira et al. 
(2013)

Piracicaba São Paulo 60 – 22° 43′ 10″ S  
47° 38′ 10″ W

Nogueira et al. 
(2013)

Piracicaba São Paulo 560 – 22° 43′ 15″ S  
47° 38′ 16″ W

Nogueira et al. 
(2013)

Piracicaba São Paulo 30 – 22° 43′ 10″ S  
47° 38′ 20″ W

Nogueira et al. 
(2013)

Piracicaba São Paulo 320 – 22° 43′ 18″ S  
47° 38′ 23″ W

Nogueira et al. 
(2013)

Piracicaba São Paulo 68 6 22° 38′ 36″ S 
 47° 49′ 52″ W

Faria (2009)

Piracicaba São Paulo 220 12 22° 42′ 40″ S  
47° 37′ 43″ W

Faria (2009)

Piracicaba São Paulo 108 17 22° 38′ 40″ S  
47° 49′ 24″ W

Faria (2009)

Pirassununga São Paulo 160 8 22° 04′ 60″ S  
47° 34′ 36″ W

Faria (2009)

Pirassununga São Paulo 78 8 21° 56′ 30″ S  
47° 28′ 50″ W

Faria (2009)

Pirassununga São Paulo 197 9 21° 57′ 60″ S  
47° 26′ 60″ W

Faria (2009)

Ribeirão Preto São Paulo 40 – 21° 10′ 00″ S  
47° 48′ 00″ W

Nogueira et al. 
(2013)

Ribeirão Preto São Paulo 110 – 21° 10′ 00″ S  
47° 48′ 00″ W

Nogueira et al. 
(2013)

São Carlos São Paulo 60 – 22° 01′ 00″ S  
47° 53′ 00″ W

Nogueira et al. 
(2013)

São Pedro São Paulo 10 – 22° 32′ 15″ S  
47° 54′ 00″ W

Nogueira et al. 
(2013)

São Pedro São Paulo 10 – 22° 32′ 23″ S  
47° 54′ 16″ W

Nogueira et al. 
(2013)

Deficiency Se 
range

100–600 − Lyons et al. 
(2003)
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concentrations in pasture grass (Brachiaria sp. and Stylosanthes sp.) ranging from 
40 to 66 μg/kg. On the other hand, Brazilian nuts growing in the North-West of 
Brazil are considered the richest food source for Se, but its concentrations range 
dramatically from 0.03 to 512 mg/kg, likely reflecting soil Se. There is evidence of 
Se deficiency in the Brazilian human population; however, no extensive research 
data on the subject are available.

13.5  �Selenium Status in Soils in Relation to Plant 
and Human Health

The relationship between Se content in soils and plants as well as human health can 
be followed through many recent studies (Hatfield et  al. 2012; Yuan et al. 2012; 
Fordyce 2013; Hurst et  al. 2013; El-Ramady et  al. 2015b,c; Alfthan et  al. 2015; 
Mora et al. 2015; Winkel et al. 2015; El-Ramady et al. 2016b; Wang et al. 2016a; 
White 2016). It should be noted that human Se intake and Se status in the population 
depends firstly on Se concentration in soils, and hence the Se concentrations in the 
harvested edible plants in these soils. In other words, human Se intake and Se status 
start from the Se concentration in soils. Many factors can affect the content of Se in 
different foods, including different uptake rate by plants, which is related to plant 
type, soil pH, microbial activity, rainfall and a number of other biogeochemical 
parameters (Stoffaneller and Morse 2015). Therefore, human Se intake and Se sta-
tus can be largely controlled by manipulating Se concentrations in plants, which are 
a function of soil Se concentration, speciation and bioavailability, as well as the 
activity of soil microorganisms (Winkel et al. 2015).

The interrelation of soil, crop and human Se status has been impressively shown 
in a recent Chinese study analyzing the importance of Se for the risk of thyroid dis-
eases. Wu and colleagues studied the neighboring Se-rich and Se-poor regions of 
Ziyang and Ningshan counties, where average soil Se concentrations were 4–33 mg/
kg and 0.17 mg/kg, respectively. This difference directly translated into the average 
blood Se concentrations of the farmers living in these areas, with the subjects from 
Ziyang displaying 103.6 μg/L (IQR 79.7, 135.9) versus the farmers from the Se-poor 
area of Ningshan, who had an average of only 57.4 μg/L (IQR: 39.4, 82.1). A lower 
Se status is known to increase thyroid disease risks (Schomburg 2011), and conse-
quently, the farmers in Ningshan showed an almost twice as high prevalence of hypo-
thyroidism and autoimmune thyroid diseases than those from Ziyang (Wu et  al. 
2015). Extrapolating this concept, it would be highly fascinating and interesting try-
ing to calculate the number of Se-dependent diseases worldwide that could be pre-
vented by a better Se supply. Of course, due to the different life styles, differences in 
genotype, environment, nutrition and activity patterns and the complex and multi-
factorial reasons for human diseases, this is very complicated to do.

One way to test the importance of Se for human health is via a retrospective 
observational study. This is a longitudinal human study where serum or plasma 
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samples are collected, analyzed and stored over long periods of time. Then, e.g. 20 
years later, when some of the participants have developed a certain disease, their 
blood samples are analyzed together with samples from comparable control sub-
jects from within the same study. One instructive example has just been published 
analyzing the importance of the Se status for preventing colorectal cancer (Hughes 
et al. 2015), which clearly provided evidence that within the same population, the 
subjects with relatively low Se status had a significantly increased risk for this dev-
astating disease.

A second very powerful way of testing the importance of Se for human health is 
by conducting randomized controlled supplementation studies. Here, subjects are 
recruited and asked to take a daily supplement containing Se, while a control group 
takes a placebo. The participants do not know into which group they have been 
recruited, an assay design called “blind”. In the high quality trials also the medical 
doctors are unaware of the verum or placebo status of a given patient, in which case 
the study is denoted as a “double blind” study. These studies run over several years 
and are relatively expensive.

With respect to cancer, two most important double-blind randomized con-
trolled trials (RCT) have been conducted in the US. The nutritional prevention of 
cancer trials (NPC trial) yielded an impressive reduction of cancer cases by Se 
supplementation over a study period of around 5 years (Clark et al. 1996). The 
more recent SELECT (Selenium and Vitamin E Cancer Prevention Trial) failed to 
replicate these impressive chemopreventive effects of Se (Klein et al. 2011). The 
most likely reason for this discrepancy lies in the baseline Se status of the partici-
pants, which were already very high at the start of SELECT. The comparison of 
these two RCT is supporting the notion that health benefits of Se supplements are 
restricted to those human subjects who have an insufficient intake and a sub-
maximal expression of the biologically active selenoproteins. Similar results have 
been obtained in a number of respective animal experiments. Together, these stud-
ies highlight the essentiality of Se for humans and other mammals, and the need 
for a sufficient daily Se intake.

In conclusion, a dramatic number of humans worldwide likely fall into the Se 
deficient category. Lyons et al. (2003) estimated that around a billion people are 
Se deficient, and it might even be more. The fraction of sub-optimally Se supplied 
humans currently may include a large part of the European population (with the 
exception of Finland, where a nation-wide Se supplementation effort is in place), 
large parts of Africa and Asia (including China), and also Australia, New Zealand 
and large parts of South America. This “hidden hunger” may translate to higher 
incidence of infections (e.g. in Africa), osteopathy problems (in China), and can-
cer and thyroid problems (in Europe). Selenium toxicity is a problem of smaller 
magnitude, but has its own set of devastating effects in different areas across the 
world. A solution to both of these problems is to focus on development of 
Se-enriched dietary plant material.
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13.6  �Roles of Plants in Alleviating Se Deficiency and Toxicity

It is well documented that Se has a vital role in alleviating toxic effects in plants of 
heavy metals and other oxidative stresses, and can promote plant growth when sup-
plied at low concentration. However, a phytotoxic effect and inhibition of plant 
growth has also been reported for many plant species when grown under high Se 
concentration (Feng et al. 2013). All plants readily take up Se, a property that may 
be used for cleanup of excess environmental Se (phytoremediation) or for bioforti-
fication of crops with Se. Phytoremediation of Se-enriched soil or water can be 
considered an emerging field. Some studies have been published concerning the 
role of plants in alleviating environmental Se toxicity, such as Gupta and Gupta 
(2015) and Hawrylak-Nowak et al. (2015). Concerning the use of plants to solve the 
problem of Se deficiency, several plant species have been successfully biofortified 
with Se to alleviate this deficiency, including rice (Pandey and Gupta 2015), maize 
(Longchamp et al. 2013, 2015), wheat (Galinha et al. 2015; Lazo-Vélez et al. 2015), 
cucumber (Hawrylak-Nowak et  al. 2015), lentil (Ekanayake et  al. 2015), lettuce 
(Hawrylak-Nowak 2013) and cruciferous vegetables (Bañuelos et al. 2015; Bachiega 
et al. 2016). Selenium may be applied to soil as fertilizer or as foliar spray, in the 
forms of selenate or selenite.

Collectively, it is becoming more and more obvious that Se plays an important 
role in human health, and dietary Se intake worldwide largely depends on crop Se 
content. Plant Se accumulation depends on a given soil, as well as on plant species, 
as some plants are able to accumulate and tolerate high Se concentrations while 
other plant species do not take up much Se and are sensitive to it. Furthermore, Se 
bioavailability in soil has a direct impact on the Se concentrations of the plants that 
are locally produced and consumed, and thereby on the daily Se intake of humans. 
The results from an increasing number of clinical studies highlight the health risks 
associated with too low a daily Se intake, a problem that may affect a billion or more 
people. In order to improve this situation in the future, research needs to be intensi-
fied on the improvement of soil Se bioavailability, ways for controlling and optimiz-
ing Se uptake and accumulation in plants, and the many health effects that are 
related to Se status in humans. It is hoped that an increased awareness for this topic 
will in the long run improve human health in general and especially in the low-
income countries where infectious and childhood diseases are a constant and deadly 
health threat to large parts of the population, and also to the general human com-
munity. Biofortification of crops with Se can be a relatively cost-effective and safe 
way to bring about important significant health benefits to the world population. 
This trace element can be analytically monitored fairly easily, and its levels con-
trolled on its path from atmosphere to soil, to plant and finally to animal and human 
organisms.
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Chapter 14
Selenium Biofortification

Gary S. Bañuelos, Zhi-Qing Lin, and Martin Broadley

Abstract  Selenium (Se) is an essential trace element for animals and humans, and 
thus, low dietary intake of Se can cause health disorders in humans and animals. 
The Se content of food is highly dependent on soil Se bioavailability and the ability 
of plants to take up and accumulate Se in edible tissues. Compared to the recom-
mended daily Se allowance value of 55 μg per person, the estimated Se intake rate 
from food consumption is often lower than this recommended value in many parts 
of the world. To overcome the Se deficiency and its related public health issues, 
biofortification strategies have been applied to produce Se-enriched agricultural 
products through alternative new agronomic practices and the development of new 
biotechnologies in recent decades. For example, Se-amended soil fertilizers or foliar 
Se applications have been used to increase Se accumulation in crops, and geneti-
cally engineered plants have also been developed to increase the uptake of Se from 
soil. In addition, the use of Se-laden plant materials as organic Se fertilizers repre-
sents a unique environmentally-friendly strategy to implement the goal of Se biofor-
tification. The importance of plant and soil microbial interaction and identification 
of selenoamino acids in plant tissues have also been documented for the enhance-
ment of soil and biological Se bioavailability, respectively. This chapter has explored 
some major mechanisms underlying the Se biofortification process and potential 
benefits in promoting functional agricultural production. The authors have also 
addressed the economic and public acceptance aspects of Se biofortification.
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14.1  �Introduction

14.1.1  �Se in the Natural Environment

The metalloid selenium (Se) is ubiquitous in the environment with total concentra-
tions in most soils ranging from 0.01 to 2.0 mg/kg; however, higher concentrations 
can occur in seleniferous areas (Fordyce 2013). Soil Se concentrations and Se bio-
availability vary with environmental conditions, and the distribution of Se in soils is 
usually heterogeneous and site specific (Wang and Gao 2001), and varies geograph-
ically (Steinnes 2009; Winkel et al. 2011). Areas with high concentrations of Se are 
characteristic for igneous rock, sandstone, granite and limestone (Dhillon and 
Dhillon 2003; Van Metre and Callan 2001), while soils developed under temperate 
and humid/sub-humid conditions are quite poor in Se (Lyons et al. 2007). In gen-
eral, Se in soils can originate from both local and regional sources. Local sources 
include rocks (geogenic sources) from which Se can be mobilized via weathering 
processes. In addition, atmospheric deposition (wet and dry) of Se is derived from 
both anthropogenic (fossil fuel burning, metal smelting, ship emissions) and natural 
sources (biomethylation, volcanic activity) (Blazina et al. 2014; Fernández-Martínez 
and Charlet 2009; Floor and Román-Ross 2012; Plant et al. 2004; Wen and Carignan 
2007; Winkel et al. 2015). Regionally, shales are the primary sources of high Se 
soils in China (Shao and Zheng 2008), parts of California (Presser et  al. 1994), 
Colorado (Seiler et al. 1999), South Dakota and Wyoming (Kulp and Pratt 2004). 
Conversely, Northern European countries are among the low-selenium regions, par-
ticularly the Scandinavian countries (Kápolna et  al. 2009). Total soil Se is not a 
useful index of plant-available Se and it cannot be used as a reliable parameter in 
risk assessment or the determination of Se supplementation need (Chilimba et al. 
2011). The mobility and plant availability of Se in soils is controlled by a number of 
chemical and biochemical processes: sorption, desorption, formation of inorganic 
and organic complexes, precipitation, dissolution and methylation to volatile com-
pounds (Alfthan et  al. 2011). Using Extended X-ray Absorption Fine Structure 
(EXAFS) data, Peak and Sparks (2002) showed that specific bonding (inner-sphere 
co-ordination) of selenate (SeVI; pKa2 = 1.92) on iron (Fe) hydrous oxides declined 
between pH 3.5 and pH 6. By contrast, selenite (SeIV; pKa2 = 7.3) was specifically 
adsorbed beyond the ‘point of zero charge’ of Fe oxides (pH 7–8), whereas the 
adsorption envelope of HSeO3

1−/SeO3
2− on hematite showed a marked fall in sorp-

tion strength in the pH range 6–8 (Duc et al. 2006); expected from the second pKa 
value (7.3) of selenious acid (Vuori et al. 1989). The pH value at which Se uptake 
increases corresponds closely with the value at which selenate adsorption on Fe 
oxides ceases and the selenite sorption envelope declines. An additional factor may 
be the dependence of inorganic speciation on Eh-pH relations. Thus, it is clear from 
Eh-pH predominance diagrams (Seby et al. 2001) and recognized from studies of 
solubility (Masscheleyn et al. 1990) that selenate is the dominant form of available 
inorganic Se under oxic and alkaline soil conditions.
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The speciation of Se in the soil is key for determining Se content in food and feed 
plants. Campbell et al. (1997) reported that amending soils with sulfur (S) increased 
Se uptake by wheat and canola in low Se soils, however, as soil S increased, plants 
accumulated less Se. Stroud et al. (2010b) found that when the plant S status is suf-
ficient, grain Se increases but when the plant lacks S, grain Se decreases even when 
the plot is fertilized with S because the plants accumulate S over Se. Toler et al. 
(2007) reported that as Se increased, there was an upregulation of S accumulation 
as well, highlighting a protective mechanism of S against Se toxicity. Consequently, 
predictive Se uptake models need to include consideration of soil S content (Kikkert 
et al. 2013).

14.1.2  �Se Essentiality in Human Health

Selenium is an essential trace element for animals and humans (Combs 2001; 
Fairweather-Tait et al. 2011). For this reason, the Se content in the human diet has 
become a topic of great interest in the public health systems around the world. Low 
dietary intake of Se can cause health disorders, including oxidative related- stress, 
epilepsy, fertility reduction and immune deficiency (Nazıroğlu 2009; Rayman 2012; 
Zeng and Combs 2008). For the human, the thyroid gland has the highest Se con-
centration of all the tissues (Schomburg and Köhrle 2008), and clearly needs an 
adequate supply of Se. Diet is a principal route of the daily intake of Se for animals 
and humans; however, plant-derived food products usually contain various amounts 
of Se (Diaz-Alarcon et al. 1994). Despite evidence from in-vitro and animal studies 
that Se is important to immunity (Hoffmann et al. 2010; Wood et al. 2000), there are 
few Se and human immunity studies. However, Se deficiency (serum or plasma Se 
< 85 μg/L) has been associated with decreased survival in HIV-infected patients 
(Rayman 2000).

14.1.3  �Se-Deficiencies

Food is the major source of Se for the general population and Se deficiencies can 
arise if dietary Se supply and intake is not adequate. The Se content of food is highly 
dependent on the amount of bioavailable Se in the soil and on the ability of plants to 
take up and accumulate the element. In addition, the intake of Se is highly depen-
dent on the area of residence and whether only local food is consumed or whether 
the diet is replenished with imported food products. Typical recommended daily 
allowance (RDA) values range from 40 to 75 μg/person/d (Fairweather-Tait et al. 
2011). However, the estimated Se intake rate from food consumption is often lower 
than this range, due to insufficient Se content in the soil, resulting in low Se concen-
trations in food products (Jardine and Kidd 2011; Navarro-Alarcon and 
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Cabrera-Vique 2008). Data for Se intake for many parts of Africa, southern Asia, 
and South America are scarce, although studies using food balance sheets, food 
composition tables and dietary surveys indicate that dietary Se deficiencies are 
likely to be widespread in sub Saharan Africa (Joy et al. 2014, 2015a, b). Individuals 
with low protein intake will also take in lower amounts of Se, since a major source 
of Se in food products is from protein (Combs 2001). As a preventative strategy to 
minimize Se deficiencies in a country’s population, Finland adopted Se fertilization 
as a national public health measure, leading to increases in dietary intake of Se, and 
has continued since the 1980s (Alfthan et al. 2011).

14.2  �Biofortification Strategies

14.2.1  �Relationship Between Se and S

Plant foods are the major dietary sources of Se in most countries around the world, 
followed by meats and seafood (ODS 2016). For this reason, it is vital to increase 
Se uptake by plants and to produce crops with higher Se concentrations and bio-
availability in their edible tissues. One of the most promising approaches to mitigate 
a low transfer of Se and other nutrients from soil into the food chain involves a 
concept called biofortification (White and Broadley 2009). Excellent review articles 
have appeared on the concept of biofortification for reducing other micronutrient 
malnutrition (Bouis and Welch 2010; Carvalho and Vasconcelos 2013; Johns and 
Eyzaguirre 2007; Saltzman et al. 2013), as well as the creation of The Harvest Plus 
Challenge Program 2004, which was a large biofortification platform for reducing 
malnutrition in Asia and Africa (Carvalho and Vasconcelos 2013).

Biofortification, as an agronomic-based strategy, can be utilized to produce 
Se-enriched food products that may help reduce dietary deficiencies of Se occurring 
throughout susceptible regions of the world (Broadley et al. 2006, 2010). Before we 
can effectively develop a Se-biofortification strategy, it is important to understand 
the relationship between Se and S, especially since there are no pieces of conclusive 
evidence demonstrating Se as an essential nutrient required by plants (Pilon-Smits 
2015). Because the chemical and physical properties of Se and S are very similar 
(Combs and Combs 1984), non-Se accumulating plants cannot effectively distin-
guish between absorbing Se as selenate and S as sulfate. Sulfate has been observed 
to compete with selenate by roots (Ulrich and Shrift 1968). In this regard, selenate 
(similar to sulfate) can transport across the plasma membrane of root epidermal 
cells against their electrochemical gradients (Hawkesford et al. 1993). The active 
transport of Se appears to occur via shared transporter-proteins: selenate via sulfate 
transporters (Terry et al. 2000) and selenite via phosphate transporters (Yonghua 
et al. 2008). There are considerable differences between the mechanisms involved 
in uptake and transport of selenate, selenite and organic compounds like selenome-
thionine (SeMet). Both selenate and organic Se compound absorption in plants from 

G.S. Bañuelos et al.



235

the soil solution are active processes, whereas selenite was also reported to be 
accumulated through passive diffusion (Abrams et al. 1990). Some studies show 
that absorbed selenite is readily reduced to organic compounds in plants and some 
plants are able to oxidize selenite back to selenate in small amounts (Shrift and 
Ulrich 1969). Earlier work indicate that selenate translocation in plants parallels 
that of sulfate, even though the proportion of oxidized and reduced forms of Se and 
S are different, they have the similar distribution pattern (Pilon-Smits et al. 1999). 
The better understanding of Se and S metabolism requires more detailed biochemi-
cal studies and Se/S flux analyses. Molecular studies and the overexpression of 
genes encoding proteins involved in the uptake, transport and assimilation of both S 
and Se will expand our understanding of the close relationship between these two 
elements and may provide useful information for developing effective Se biofortifi-
cation strategies.

14.2.2  �Application of Soil Se Fertilizers

One of the key issues in biofortification is to select the most appropriate method to 
biofortify plants with Se that can be effectively delivered to the plant. Using a meta-
analysis approach, Ros et al. (2016) showed that selenate-based fertilizers have a 
high potential to increase Se uptake by crops, and subsequently the Se intake in 
animals and humans. Agronomic Se biofortification of food crops has been prac-
ticed commercially in Se-deficient regions by adding Se-amended inorganic fertil-
izers to soils, e.g. in Finland (Alfthan et  al. 2011). Its application has also been 
studied in the field in many other soil/crop systems in different countries, e.g. United 
Kingdom (UK) (Hartikainen 2005; Lyons 2010; Stroud et  al. 2010a, b), Europe 
(Poblaciones et al. 2013, 2014), New Zealand (Curtin et al. 2006), Africa (Chilimba 
et al. 2012a, b) and China (Wu et al. 2015). The most commonly added form of Se 
used in these studies, selenate, and to a lesser extent selenite as sodium or barium 
salts, can be applied in granular or blended forms directly to the soil, or as high 
volume liquid drenches, and much of which will enter the soil (Broadley et al. 2010; 
Iwashita and Nishi 2004; Rayman et al. 2008; Shrestha et al. 2006). Applying high 
quantities of Se fertilizers may not always be the most sustainable strategy to 
employ. In addition to potential leaching of excessive Se, a further drawback is the 
need for regular applications, which can make this approach costly (Hirschi 2009; 
White and Broadley 2009; Winkler 2011).

14.2.3  �Foliar Application of Se

Effective enrichment of agricultural crops with Se using soil Se-enriched fertilizers 
can be challenging due to varying baseline soil Se concentrations, soil types, redox 
potential, pH, and microbiological activity (Hartfiel and Bahners 1988). As an 
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alternative, foliar application of Se has been used for enriching Se in agricultural 
products (Smrkolj et al. 2006). With this method, a Se-containing solution is sprayed 
onto leaf surface of the crop. In this regard, soil chemistry and microbiological pro-
cesses have less impact on Se ensuring a higher uptake efficacy with low volumes 
of applied Se solution. Factors such as the amount of Se applied, leaf area and sur-
face structure, and differences in plant-specific metabolism of Se differ among 
crops and must be considered. Foliar application of Se (IV) or Se (VI) has success-
fully increased the Se concentration of many crops, including potato (Poggi et al. 
2000), rice (Hu et al. 2002), soybean (Yang et al. 2003), cabbage, onion, garlic and 
radish (Slekovec and Goessler 2005), buckwheat (Smrkolj et al. 2006), and carrots 
(Kápolna et al. 2009). Ros et al. (2016) estimated that selenate foliar fertilization 
seems to be the most effective fertilizer strategy to enhance crop Se uptake in most 
arable crops. Kápolna et al. (2007) also reported a greater movement of Se to the 
carrot root when Se was applied in a foliar form as Se (VI). Importantly, when 
plants are exposed to high Se concentrations from foliar sprays, they may show 
symptoms of phytotoxicity, especially at Se  concentrations of over 100 μg/ml 
(Kápolna et al. 2009).

Foliar application strategies require careful consideration of some of the follow-
ing factors related to spraying the Se solution onto plants: (1) Se solutions must be 
carefully prepared and delivered using well-calibrated spraying equipment; (2) 
windy and/or rainy days should be avoided and plants must have adequate leaf sur-
face area to ensure absorption of Se; and (3) growth stages need to be determined 
for timing of applications to ensure greatest Se absorption.

14.2.4  �Application of Se-Enriched Organic Fertilizers

The use of Se-enriched organic or green fertilizers may be another effective alterna-
tive soil amendment to produce Se biofortified crops. Early work (Ajwa et al. 1998; 
Bañuelos et al. 1992) and more recently Bañuelos et al. (2015a) showed that Se 
applied via organic matter (green manure) can be taken up by various plant species. 
Freeman and Bañuelos (2011) first suggested the possibility of using 
Se-hyperaccumulating plant materials as an organic-Se enriched fertilizer for bio-
fortifying food crops. In this regards, Bañuelos et al. (2015a) observed that more 
than 90% of organic Se added from Se-enriched Stanleya pinnata to grow 
Se-enriched broccoli and carrots under ideal soil moisture conditions was converted 
to inorganic selenate and selenite. Total Se concentrations in both broccoli florets 
and carrots was correlated with the amount of organic Se added to the soil. In addi-
tion, plant uptake of Se from Se-laden organic matter containing large proportions 
of organic compounds (e.g. SeMet, selenocysteine (SeCys)) can reportedly occur at 
rates greater than those from using inorganic sources of Se (Abrams et al. 1990; 
Kikkert and Berkelaar 2013). The uptake mechanisms for organic Se compounds 
are, however, still poorly known, but likely amino acid transporters might be involved 
(Kikkert and Berkelaar 2013).
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Businelli et  al. (2015) proposed using Se-enriched peat (10–20 mg Se/kg dry 
weight) during the pre-transplanting stage with cucumbers, lettuce and tomatoes as 
an alternative strategy to adding soil Se fertilizers or foliar application of Se fertil-
izers. The application of Se-enriched organic/green fertilizers has potential advan-
tages over inorganic sources of Se, because Se can be gradually released from 
organic matter into soil solution. Interestingly, Bhatia et al. (2013) demonstrated the 
feasibility of producing Se-biofortified edible mushrooms grown in Se-rich agricul-
tural by-products. Their bioaccessibility of Se may, however, be affected by the 
formation of indigestible Se-containing polysaccharides (Bhatia et al. 2013) and/or 
association of Se with chitin-containing structures in cell walls (Serafin Muñoz 
et al. 2006).

14.2.5  �Natural Sources of Se

Another biofortification option is to exploit the possibility of producing Se-enriched 
food and feed products grown in soils naturally abundant in Se, such as in Enshi and 
Ziyang, China (Zhu et al. 2008); South Dakota, USA (Gerla et al. 2011), and Punjab, 
India (Dhillon and Dhillon 2009; Sharma et al. 2009). In China, Brazil, and in California, 
food products grown in different Se-rich regions produce food products with higher Se 
concentrations (Bañuelos et al. 2015b; da Silva et al. 2013). Similarly, Bañuelos (2002) 
reported higher Se concentrations in broccoli and other food crops irrigated with water 
loaded with naturally-occurring Se originated from soil drainage (Fig. 14.1).
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Fig.14.1  Examples of selenium biofortification in field-grown edible products using saline water 
(4–7 dS/m) naturally enriched with Se (150–250 μg/L). Values represent the mean with standard 
deviation
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14.2.6  �Microbial Assistance

Earlier work by de Souza et al. (1999) showed that rhizosphere bacteria from a sel-
eniferous area enhanced root hair formation and consequently plant uptake of Se as 
selenate in Indian mustard (Brassica juncea). Furthermore, Yasin et  al. (2015) 
showed that different bacterial consortia enhanced Se accumulation in Indian mus-
tard grown in seleniferous soil. Different bacteria can either affect plant growth and/
or play a role in bioavailability of Se from the soil, and this may be Se-species 
dependent. Consideration of the microflora surrounding roots of different crops 
grown in a Se-enriched growing medium might therefore provide additional infor-
mation that is useful for creating effective Se-biofortification approaches for spe-
cific soil types. Importantly, Chander and Joergensen (2007) reported that 
Se-enriched soils (i.e. 20 μg Se/g soil) had no effect on some key soil microbial 
indices, e.g. microbial biomass C, microbial biomass N, adenosine triphosphate 
(ATP), adenylate energy charge (AEC), ATP-to-microbial biomass C and metabolic 
quotient (qCO2).

14.2.7  �Conventional Plant Breeding

Plant breeders need to screen existing crop varieties and accessions to determine 
whether sufficient genetic variation exists to breed for specific traits, e.g. related to 
Se absorption, speciation or bioavailability. At present, it is still not entirely clear 
whether sufficient genetic variation exists within modern breeding lines of crops to 
develop effective breeding strategies for increasing Se composition of edible plant 
products. Previous research has shown genetic variation of grain Se concentrations 
in cereal crops, since cereals are a major source of Se intake in many countries, 
including durum wheat (Triticum turgidum L.) (Rodríguez et  al. 2011), barley 
(Hordeum spontaneum K. Koch) (Jun et al. 2011), oat (Avena sativa L.) (Eurola 
et al. 2008), mung bean (Vigna radiate L.) (Nair et al. 2015), soybean (Glycine max 
(L.) Merr.) (Yang et al. 2003) and rice (Orzya sativa L.) (Norton et al. 2010, 2012; 
Zhang et al. 2006). Genetic variation in seed Se concentrations has been reported 
among genotypes in several legumes (White 2015) and in broccoli varieties 
(Bañuelos et al. 2003), while chromosomal loci (QTLs) influencing Se concentra-
tions have also been identified in wheat (Pu et al. 2014; Rongzhi et al. 2013), rice 
(Norton et al. 2012), and in soybean (Ramamurthy et al. 2014).

A successful breeding strategy to biofortify food crops with Se will depend on 
the interactions between genotypes and the environment, including those soil chem-
ical and physical factors that may significantly limit the uptake of Se. Breeding is a 
long-term process that requires long-term input of resources. When promising high-
yielding and efficient Se accumulation lines emerge, they must be repeatedly tested 
at multiple sites. The breeding, testing and releasing can take years to be completed. 
As Cakmak (2008) discussed for Zn breeding, the following steps need to be con-
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sidered; (1) identification of a useful genetic variation and the most promising par-
ents, (2) long-term crossing and back-crossing activities, (3) stability of target traits 
(i.e. high Se concentration) across the varied soil and climatic conditions, and finally 
(4) adaptation of the newly-developed biofortified genotypes over a range of crop 
and soil management practices utilized in different countries. Moreover, breeding or 
selecting crops for their ability to accumulate greater Se concentrations should lead 
to increased Se intake in animals and humans (White 2015). Importantly, the intro-
duction or promotion of superior Se-accumulating varieties of a few staple crops 
should not neglect the importance of also preserving crop biodiversity and dietary 
diversity for their considerable potential roles in contributing to increased Se 
intakes.

14.2.8  �Molecular and Genetic Engineering

Genetic engineering to deliver higher levels of Se accumulation in plants has been 
reviewed by others (Pilon-Smits and LeDuc 2009; Terry et al. 2000). Transgenic 
plants have been engineered with greater Se tolerance, Se accumulation or Se vola-
tilization than their non-transgenic counterparts (Pilon-Smits 2012; Pilon-Smits and 
LeDuc 2009; Terry et al. 2000). The manipulation of Se transport and biochemistry 
may benefit the development of crops with greater Se tolerance that can grow on 
soils with high soil Se concentration. Importantly, it may also benefit crop quality 
through Se biofortification by enabling crops to accumulate greater Se and seleno-
amino acid concentrations in edible parts of the plant that can be beneficial for 
preserving human and animal health. Overexpressing genes encoding transporters 
for selenate, selenite or seleno-amino acids in the plasma membrane of particular 
cells can increase the capacity for Se uptake and transport within the plant (White 
2015). In non-accumulator plants, the conversion of selenate to selenite within plas-
tids appears to be the rate-liming step in the assimilation of Se into organic com-
pounds (Pilon-Smits et al. 1999). In Arabidopsis, the overexpression of Arabidopsis 
thaliana (At) adenosine triphosphate sulfurylase (ATPS1) transgene, Pseudomonas 
aeruginosa (Pa) adenosine 5′-phospho sulphate reductase (APR) or both AtATPS1 
and PaAPR resulted in greater concentrations of organic Se in leaves but a decrease 
of total Se (Sors et al. 2005). In contrast, the overexpression of AtATPS1 in Indian 
mustard resulted in greater concentrations of Se and organic Se in leaves (Bañuelos 
et al. 2005; Pilon-Smits et al. 1999; van Huysen et al. 2004). The overexpression of 
selenocysteine methyltransferase (SMT), with or without the overexpression of 
ATPS1, resulted in greater total Se, Se-selenomethylselenocysteine (SeMeSeCys) 
and ɣ-glutamyl-SeMeSeCys concentrations in Indian mustard and Arabidopsis, 
compared with untransformed control plants (Bañuelos et al. 2007; Ellis et al. 2004; 
LeDuc et al. 2004, 2006). Other work with the overexpression of genes encoding 
SeCys lyases or the overexpression of At selenium building protein (SBP)1 and 
increasing a plant’s tolerance to selenate or selenite has been referenced elsewhere 
(White 2015). Our knowledge of the genetics of Se accumulation will increase as 
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more molecular techniques are utilized. For other micronutrients, e.g. Zn (Cakmak 
2008), genetic biofortification may be the most cost effective approach for improv-
ing concentrations in grains.

14.3  �Mechanisms

14.3.1  �Assimilation as Selenoamino Acids

There are a number of studies in animals and humans that suggest that the metabolic 
fate and function of dietary Se is dependent upon species of Se, e.g. pure selenite, 
pure SeMet or food-derived Se (Lyons et al. 2007). Selenite and selenate, SeMet, 
SeCys, and Se compounds that contain amino groups show the best assimilation 
(Kieliszek et al. 2012; Hoefig et al. 2011). The assimilation of Se is increased from 
a diet rich in low-molecular-weight proteins and certain vitamins (Fairweather-Tait 
et al. 2010). There may be two pools of Se in the body (Daniels 1996); there is an 
active Se pool providing Se for synthesis of the primary functionally important 
selenocompounds, while the second pool consists of SeMet-containing proteins that 
may provide seleno-amino acids for selenoprotein synthesis (Lyons et al. 2007).

Selenium biofortification is dependent upon plant S/Se metabolism (Terry et al. 
2000). Generally, intracellular selenate is reduced to selenite via activation by ATPS 
and reduction by APS reductase. Selenite may be further reduced to selenide enzy-
matically (via sulfite reductase) or non-enzymatically (via glutathione). 
Subsequently, selenide is incorporated into SeCys via coupling with O-acetylserine, 
a step that is catalyzed by cysteine synthase. In turn, SeCys may be further metabo-
lized into SeMet via the methionine cycle, which includes enzymatic transforma-
tion of SeCys to Se-cystathionine (SeCyst), Se-homocysteine and finally SeMet 
(Terry et al. 2000). Selenium metabolism within Se-enriched plants may vary for 
different crops, i.e. monocots vs dicots, or among different organs, e.g. fruit vs 
leaves vs seed vs tuber vs root. Today, one of the most common dietary supplements 
of Se for humans is Se-enriched yeast, which contains Se primarily as SeMet. In 
milk containing Se, more Se is absorbed by humans from SeMet than from selenite 
(Moser-Veillon et al. 1992). In addition, Luo et al. (1985) showed that SeMet was 
more effective than selenite in raising plasma and erythrocyte Se in men. When Se 
deficiency is diagnosed based on clinical signs, however, selenite food supplemen-
tation might be the preparation of choice. Using selenite via feed, water, or injection 
will reduce the short-term or acute Se-deficient-related health problems. However, 
when the goal is to meet physiological requirements of animals and humans to 
maintain a high productive and reproductive performance, Se-enriched food or feed, 
e.g. yeast, more adequately supplies the tissue with Se. The natural form of Se as 
SeMet provides animals and humans a better chance to synthesize additional sele-
noproteins (Lyons et al. 2007).
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14.3.2  �Cellular Bioaccessibility and Bioavailability

Several pharmacological factors influence the bioavailability of Se from nutraceuti-
cals, including interaction with other micronutrients in the supplement, the formula-
tion under which the supplement is usually taken, effects derived from taking other 
medications, timing, dose and schedule of supplementation, and Se health status of 
the human (Navarro-Alarcon et  al. 2002). Compared to inorganic forms of Se, 
absorption of dietary Se (predominately organic Se compounds) is generally 
believed to be relatively bioeffective (e.g. ~80%) (Reilly 1996). Hence, it is impor-
tant to know the chemical form of Se consumed with regard to its bioavailability. 
For example, SeMet is more bioavailable than inorganic Se and it can be non-
specifically incorporated in body proteins and serve as a pool of SeMet that can be 
drawn on at times of depletion or increasing need (Dumont et al. 2006c). The bio-
availability and benefits to human and animal health of dietary Se will depend upon 
not only the amounts of Se but also the chemical forms of Se supplied (Combs 
2001; Finley 2005; Rayman et al. 2008), and importantly on the Se speciation in the 
Se-enriched food product (Thiry et al. 2013).

A topic of major concern pertains to whether the Se species in food sources can 
be easily bioaccessible by the human body and if so, whether they are stable in the 
conditions prevailing during human digestion. This is especially important for Se 
clinical and nutritional studies, since it is the Se species at the time of gastrointesti-
nal absorption. Although many food sources contain SeMet, it is necessary to know 
whether they are easily accessible to humans. Others have reported that the species 
SeMet, Se(Cys)2, and SeMeSeCys remained stable under gastrointestinal digestion 
and that the ɣ-glu-SeMeSeCys lost its glutamine part (Dumont et al. 2006c) but the 
bioaccessibility can vary among different food sources (Dumont et al. 2004, 2006a, 
b; Lavu et al. 2016; Vonderheide et al. 2002).

14.4  �Benefits of Se Biofortification

14.4.1  �Humans

The production of ‘functional food’ enriched with Se has created quite bit of atten-
tion worldwide. It is possible to provide consumers with a wide range of Se-enriched 
products to improve the general diet and help maintain good health. For example, 
Se enrichment of eggs produced in more than 25 countries (Pappas et al. 2006), 
meat and milk is a valuable option to improve the Se status of a general population. 
A crucial factor that needs to be emphasized is that the additional Se intake via food 
biofortification may well benefit people with low Se status, but the effects of Se on 
human health are multiple and complex (Rayman 2008). People of adequate or high 
Se status could be affected adversely and probably should not consume excessive 
Se-biofortified food products. Thus, it is important to assess the Se nutritional status 
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of a given population when supplementing their diet with Se-biofortified agricul-
tural products. For example, the inclusion of Se-enriched Brazil nuts in school 
meals in Macapa (in the Brazilian Amazon) provided to children with already high 
dietary Se intakes may result in an increased risk for Se toxicity (Martens et  al. 
2015).

14.4.2  �Plants

The predominant form of Se in plants, based on extractions with enzymatic hydro-
lysis, is generally organic selenomethionine (SeMet), methylselenocysteine 
(MeSeCys) and ɣ-glutamyl-Se-selencysteine (ɣ-Glu-MeSeCys) (Hart et al. 2011). 
However, much more research is needed to determine how the form of Se applied 
affects Se speciation and the proportion of organic Se species accumulated in edible 
plant tissues resulting from a biofortification practice.

As observed previously for field-grown wheat (Broadley et  al. 2010), maize 
grain and corn stover, yields were unaffected by Se applications up to 100 g Se per 
ha. These observations are consistent with other field studies of wheat (Curtin et al. 
2008; Ducsay and Lozek 2006; Grant et al. 2007), despite evidence that plant growth 
may be stimulated by increased Se supply in controlled environment conditions 
(Hartikainen and Xue 1999; Lyons et al. 2009; Ríos et al. 2009; Turakainen et al. 
2004; White et  al. 2004; Xue and Hartikainen 2008). Selenium-induced growth 
stimulation in plants has been attributed to increased resistance to oxidative stress 
and the stimulation of S transport and assimilation pathways. Further studies are 
needed to assess these phenomena in a wider field context.

Selenium applied at varying concentrations is reported to improve antioxidant 
activities in plants, mainly relating to improved glutathione peroxidase (GSH-Px) 
and superoxide dismutase (SOD) activities, as well as decreased lipid peroxidation 
in some plant species (Businelli et al. 2015; Djanaguiraman et al. 2005; Hartikainen 
et al. 2000; Hsu et al. 2011; Proietti et al. 2013) and thus may boost plant defenses 
against insects and other pests (Freeman et al. 2007; Hladun et al. 2013; Ríos et al. 
2008). In addition, D’Amato et al. (2014) found the Se supplementation on olive 
trees had positive effects on some oil properties, e.g. color intensity, stability and 
sensory quality. In peach and pear, higher fruit Se concentrations resulting from Se 
biofortification, slowed down the rate of fruit softening and thus increased shelf-life 
of these fruits (Pezzarossa et al. 2012). Negative effects of higher Se concentrations 
applied to lettuce have also been observed; ~15 μM selenite decreased growth and 
resulted in an intensification of peroxidative processes (Hawrylak-Nowak 2013). 
Also, Se tissue concentrations between 0.05 and 0.1% in Brassica juncea (L.) 
decreased pollen germination (Prins et al. 2011).

In regards to other Brassica crops, e.g. broccoli (B. oleracea), a possible ‘antago-
nism’ may exist between sulfate and selenate uptake and assimilation (Finley et al. 
2005). As a result, some caution was expressed that high contents of glucoraphanin 
(a major aliphatic GSL) and higher plant Se metabolites may be difficult to simulta-
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neously achieve due to metabolic interference inside the plant (Hsu et al. 2011), 
especially because competition between sulfate and selenate for uptake and assimi-
lation has been demonstrated by Lyi et al. (2005) and Finley et al. (2005). Thus, 
under certain conditions, selenate fertilization may influence S-metabolic activity 
(Finley et al. 2005; Van Hoewyk et al. 2008) but the extent of this interference will 
depend on the relative availability of both sulfate and selenate in the growth medium 
(Hsu et al. 2011). In most plants, sulfate and selenate share the initial pathway for 
uptake, assimilation and incorporation into cysteine (Cys) and selenocysteine, 
respectively (Li et al. 2008; Pilon-Smits et al. 2002; Sors et al. 2005). While inter-
ference with Cys biosynthesis could result in a negative impact of selenate fertiliza-
tion on glucosinolates (GSL), selenate has been shown to induce the expression of 
certain sulfate transporters in A. thaliana (El Kassis et al. 2007). In this regard, Hsu 
et  al. (2011) demonstrated that selenate field applied once at either 25.3 or 253 
μmol/broccoli plant did not affect plant growth, contents of cysteine, glutathione, 
total GSL, or glucoraphanin (a major GSL). Hsu et al. (2011) concluded that broc-
coli can be fertilized with Se without reduction in GSL content.

14.4.3  �For Animals

In general, organic forms of Se are absorbed and retained more readily by ruminants 
than inorganic forms (Qin et al. 2007). Selenomethionine, the major dietary chemi-
cal form of Se, can have several metabolic fates. Cells do not distinguish between 
methionine and SeMet during protein synthesis, so SeMet is incorporated into gen-
eral body proteins in place of methionine depending on the methionine concentra-
tion and the number of methionine residues in protein (Shiobara et al. 1998). On the 
other hand, inorganic selenite is rapidly taken up by red blood cells and then released 
into plasma after reduction to hydrogen selenide, which is the key central molecular 
form of Se in regulated Se-metabolic pathways (Fairweather-Tait et  al. 2010). 
Organic SeMet also functions as a source of Se for the synthesis of selenoproteins 
and has a half-life that is longer than selenite (at least in humans) (Swanson et al. 
1991). Selenium’s role in animal performance is based upon the functions of sele-
noproteins. Hall et al. (2013) reported that biofortifying alfalfa with Se fertilizers is 
a potential management tool to improve Se-status and animal performance when fed 
to weaned beef calves produced in areas with low soil Se concentrations. At this 
time, Oregon is the only state in the USA that allows the addition of Se fertilizers. 
In the USA, the FDA (2015) has regulated Se supplementation to ruminant diets at 
a level of 0.3 mg/kg from either sodium selenate or selenite1. Feeding Se-enriched 
alfalfa to animals contributes to heathier animals, as well as edible meat that has 
sufficient Se to be considered a good source of Se for human intake. However, the 

1 The food additive selenium is a nutrient administered in animal feed as sodium selenite or sodium 
selenate or in a controlled-release sodium selenite bolus. In complete feed for chickens, swine, 
turkeys, sheep, cattle, and ducks at a level not to exceed 0.3 part per million.
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form of Se used to produce the Se-biofortified alfalfa may determine the Se bioac-
cessibility and bioavailability to the animal and ultimately the Se status in humans 
after consumption of the meat. The Se concentration in beef can be directly related 
to the Se concentration of the feed on which the animals graze (Benes et al. 2015) 
or on the Se-rich soil in which the forage crop was grown (Hintze et al. 2002). Such 
meat is a good source of dietary Se intake (Hintze et al. 2002) and is highly bioavail-
able for protein synthesis, depending on dietary Se levels (Finley et al. 2004).

Fish and other marine organisms can take up Se from water, plants, or other 
marine organisms, including tuna, trout, krill, oyster and mussel (Quijano et  al. 
2000). Uptake of water-soluble Se can occur via gills, epidermis, or the gut. Uptake 
via the diet remains, however, the predominant pathway. Interesting relationships 
are reported to exist between accumulated Se and mercury absorption in fish, as 
described by Ralston et al. (2008). A higher molar ratio of Se to Hg accumulation in 
fish tissues reduces the Hg toxicity to the organism. This type of research is impor-
tant for aquaculture systems with varied water quality, which are commonly used in 
different regions of the world to produce fish for consumption.

14.5  �Economics

Biofortification using genetic strategies is potentially cost-effective for those who 
rely primarily on their own food for sustenance (White and Broadley 2009). Cost 
effectiveness of Se biofortification has not been calculated for countries that are 
susceptible to Se deficiencies. However, estimates of cost-to-benefit quotients for 
fertilization with Se suggest high returns on financial investments, such as those in 
Finland (Horton 2006; Lyons et al. 2005). Detailed efforts are currently being pur-
sued in Malawi (Chilimba and Broadley; unpublished) on defining the economic 
costs associated with biofortification and, importantly, on developing strategies to 
lower costs for the grower and consumer. Likely, the costs associated with bioforti-
fication constitute only a fraction of the costs that result from protecting public 
heath on a sustainable basis with Se supplementation (Joy et al. 2015c). There are, 
however, costs associated with both long-term breeding or the development and 
regulatory approval of transgenic crops that are more efficient at accumulating Se. 
Food fortification programs will rely on widely distributed, freshly-grown Se 
enriched food products, or industrially processed food items (Mayer et al. 2008).

Selenium yeast is an attractive source of Se due to its low cost and its ability to 
act as a precursor for selenoprotein synthesis. Using selenized yeast instead of 
conventional yeast for bakery industry can be an effective and economical approach 
for increasing Se intake as SeMet worldwide. Another useful Se product is the 
Brazil nut (Bertholletia excelsia) known for its high concentrations of Se (as SeMet) 
(Martens et al. 2015), although it is not a commonly consumed food stuff world-
wide. One single Brazil nut can exceed 55 μg Se (the US RDA value for Se) but the 
Se content will be dependent on the soil Se content within Brazil, Peru, Bolivia, 
Columbia, Venezuela and Ecuador (Dumont et al. 2006b). Food products from the 
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Allium genus (e.g. garlic, onion) and Brassica genus (e.g. broccoli, Brussel sprouts, 
cabbage, cauliflower, collards, kohlrabi, mustards and kale) are also plants that can 
accumulate high levels of Se and be viable biofortified products for increasing Se 
intake (Bañuelos and Meek 1990).

14.6  �Acceptance of Biofortification and Products

To implement the Se biofortification strategy it will be imperative to adequately 
educate, instruct, and demonstrate Se fertilizer application techniques to growers. 
Additional support may be needed by local agricultural organizations to provide 
growers with needed technical support or training which will incur additional 
expenses. Growers will need financial incentives as to why they should apply these 
new Se fertilizers for growing these new food crops, either from being able to obtain 
a better price for their products or from a subsidy to reflect the likely wider public 
health benefits. Depending on the nature of the financial incentive, mechanisms to 
separate Se-enriched crops from non-Se enriched crops might need to be in place 
and organized, e.g. through grower co-operative systems, state or private extension 
services, or by food processors and sellers. There is a huge range of unknowns in 
this research area. For example, in the absence of direct or indirect subsidies, grow-
ers will tend to focus on new crops that can be afforded by the more affluent seg-
ments of the population. Consumer acceptance of a more expensive Se-biofortified 
product may become a matter of concern when one cannot see the invisible trait of 
higher Se concentration. In addition, it is important to know if the Se-biofortified 
product has been altered in its cooking, storage sensory (i.e. taste, odor, color, tex-
ture) quality, all of which affect consumer acceptance of the new food products. A 
subsidy-based approach might alleviate some of these issues and (in theory) it could 
be more equitable. However, subsidies could create undesirable market distortions. 
It is clear that discussions regarding economics, subsidies and government support 
will be key in successfully executing biofortification strategies. Each geographical 
region is unique and so overall biofortification strategies will need to be designed to 
be crop, site or community specific. As a template to partially emulate, Se bioforti-
fication strategies should study the Harvest Plus approach of developing a global 
interdisciplinary alliance of research on biofortified crops (Saltzman et al. 2013). 
Countries, like Brazil, China, India, and parts of Africa are already actively involved 
with Se biofortification of a wide array of staple food crops (Saltzman et al. 2013).

14.7  �Future and Considerations of Se Biofortification

Food-chain based approaches of Se biofortification are designed to increase Se 
intake through the diet and may represent the most desirable and sustainable method 
of reducing Se deficiencies worldwide. They are likely to be especially important 
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for satisfying the nutritional needs in developing countries. Selenium biofortifica-
tion is not expected to eliminate Se deficiencies or Se-related diseases but it will 
provide a practical and cost-effective way to increase Se intake for vulnerable peo-
ple. Research programs need to be continued with focus on the most efficient Se 
application methods with inorganic and organic sources of Se for maximizing Se 
accumulation in food products. Bioavailability of the Se species within the raw or 
processed food product must also be considered in Se biofortification. Effective 
interactions and discussions need to take place among the researchers, agronomists 
and growers who study and develop strategies for micronutrient malnutrition across 
the world. Specific activities related to biofortification strategies developed for other 
micronutrients, e.g. Zn, Fe and I, can be useful after modification in developing 
more effective and flexible Se biofortification tools for many different soil condi-
tions. Biofortification strategies will vary depending on the location, the types of 
crops consumed in the respective communities, which crops will be biofortified, the 
bioavailability of Se following processing and cooking, the acceptance of 
Se-biofortified food or new transgenic Se-enriched food products, the economic 
status of the consumers, and the cost of the Se-biofortified products. Bouis et al. 
(2003) reported that consumers in both developed and developing countries will 
accept food prepared from biofortified crops provided that they are not appreciably 
more expensive than the alternatives and that the biofortification strategy did not 
alter the food quality.

In conclusion, biofortification of Se based firstly upon the identification and 
planting of more efficient Se absorbing crop cultivars/varieties consumed in a target 
region, timely applications of Se fertilizers via roots or foliar surface, long term 
crop breeding, and possible genetic manipulation, all contribute to increasing Se 
intake and bioaccessibility of Se in humans and animals in Se-deficient regions. 
Lastly, another important objective for the scientific community is to develop 
sophisticated analytical techniques for Se such as X-ray microprobe analysis, as 
used in the Pickering Laboratory at the University of Saskatchewan in Canada 
(Yang et al. 2016) and provide food safety assessment programs for those Se-enriched 
products and validate the quality through reliable laboratory monitoring.
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Chapter 15
Effects of Selenium on Plant Metabolism 
and Implications for Crops and Consumers

Michela Schiavon, Leonardo Warzea Lima, Ying Jiang, 
and Malcolm J. Hawkesford

Abstract  Selenium (Se) is an essential trace element for many organisms including 
humans, while in plants it can trigger a variety of beneficial effects. Plants absorb Se 
mainly in the form of selenate using high affinity root sulfate transporters. 
Consequently, availability of sulfur (S) has a major impact on Se accumulation due 
to competition effects of the two oxyanions. In addition, Se has an impact on S 
uptake through interference with intrinsic regulatory mechanisms. Inside cells, sel-
enate can access the sulfate assimilation pathway and influence the production of 
S-organic compounds that are of vital importance in plant responses to biotic and 
abiotic stress conditions. Selenium has been reported to mitigate stress in plants 
because of its capacity to induce the synthesis of S- and nitrogen (N) compounds, in 
addition to stimulating the activity of antioxidant enzymes and metabolites. 
Selenium can also alter the uptake of certain microelements like molybdenum, 
which functions as a cofactor for the enzyme nitrate reductase. Therefore, Se at high 
doses may interfere with N assimilation, causing a decrease in the level of 
N-compounds with structural and/or regulatory functions. Selenium interactions 
with multiple metabolic pathways in plants have relevant implications for plants and 
consumers that feed on them. Managing such interactions are useful to biofortify 
crops with organic forms of Se endowed with beneficial properties (selenomethio-
nine and methylselenocysteine) and in other nutraceuticals like glucosinolates and 
antioxidants. Furthermore, Se at low doses may improve plant productivity or 
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phytoremediation potential by enhancing photosynthesis and increasing the capac-
ity of plants to tolerate stress.

Keywords  Metals • Oxidative stress • Nutraceuticals • Biofortification

15.1  �Selenium Metabolism and Its Close Relationship 
with Sulfur

Selenium (Se) is an important trace element for humans and many animals, as a 
component of selenoenzymes that display pivotal roles in cell metabolism by func-
tioning as protectors from oxidative stress and controllers of cell redox status 
(Rayman 2012; Roman et al. 2014). Some organic forms of Se, like selenomethio-
nine (SeMet), methylselenol and Se-methylselenocysteine (MetSeCys), have recog-
nized anticarcinogenic properties (Combs 2005; Jackson and Comb 2008; Zeng and 
Combs 2008; Fernandes and Gandin 2015). MetSeCys for instance, has been 
reported to inhibit 7,12-dimethylbenz (a) anthracene (DMBA)-induced mammary 
tumors and act as a chemopreventative agent that blocks cell cycle progression and 
proliferation of premalignant mammary lesions (El-Bayoumy and Sinha 2004).

Despite the essentiality of Se for humans and animals, human Se intake in the 
diet is often lower than the recommended daily dose of 50–70 μg, which is required 
for full expression of protective selenoproteins (Brown and Arthur 2001). As a 
result, Se deficiency is a issue for concern in many countries worldwide (Combs 
2001; Rayman 2002), being associated with a variety of diseases, such as reduced 
immune and thyroid function (Rayman 2012; Roman et al. 2014).

15.1.1  �Uptake and Transport of Se

Plants represent one of the main dietary sources of Se for humans and animals. 
Depending on soil chemical properties, Se is available to plants mainly as either 
selenate or selenite. Selenate is usually the main soluble form of Se in soil. It is 
absorbed by plant cells via plasma membrane sulfate transporters and can be assimi-
lated through the sulfur (S) assimilation pathway into Se-amino acids (Sors et al. 
2005). This is because selenate and sulfate share high chemical similarity. In this 
respect, Se can interfere with S transport and assimilation in plants depending on 
Se/S ratio in the growth medium and/or in the plant (White et al. 2004; Schiavon 
et al. 2012). In Se non-hyperaccumulator plant species, selenate often induces a S 
deficiency response, which generally involves the up-regulation of genes coding for 
sulfate transporters and sulfate assimilation enzymes (Van et al. 2008; Harris et al. 
2014; Schiavon et al. 2015). At low doses, Se can therefore cause an increase of 
sulfate uptake rates in these species, while at high concentration it will reduce S 
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entry into root cells via competition for transporters (White et al. 2004; Schiavon 
et al. 2012). The high levels of Se may lead to replacement of S-containing amino 
acids with Se-containing equivalents which then triggers the S-starvation responses 
directly through relief of feedback inhibition of gene expression, even in the pres-
ence of S.

Under S-deficiency and even in the presence of modest levels of Se, high levels 
of selenium will accumulate in plant tissues (Stroud et al. 2010b; Shinmachi et al. 
2010). The S-deficiency results in an induction of sulfate transporters due to de-
repression of gene expression (Smith et al. 1997); additionally S-deficient soils may 
aid in selenate uptake by reduced competition, resulting in substantially increased 
vegetative and grain tissue selenium (Stroud et al. 2010b; Shinmachi et al. 2010). 
Due to the positive health benefits of Se in human and animal diets considerable 
attention has been paid to enhancing content in food crops such as cereals (reviewed 
in Hawkesford and Zhao 2007). As already stated, S-fertilization as well as Se avail-
ability in soils (Fan et al. 2008; Stroud et al. 2010a) will strongly influence the total 
Se-accumulation, the chemical form of Se and its tissue cellular and subcellular 
localization. For example, Se usually accumulates in seed tissues in parallel with S 
(reflecting the replacement of S in S-containing amino acids) but localized hotspots 
are also apparent, perhaps indicating vacuolar sequestration (Moore et al. 2009).

In Se hyperaccumulators, Se tends to reduce S levels in tissues due to competi-
tion, but in these species there typically is no S deficiency response because the 
sulfate transporters and assimilatory enzymes are constitutively up-regulated 
(Schiavon et al. 2015).

15.1.2  �Chemical Fate of Se Within the Plant

The two Se-amino acids produced in the S assimilation pathway are selenocysteine 
(SeCys) and selenomethionine (SeMet), which are analogues of the S-amino acids 
cysteine (Cys) and methionine (Met) (Fig. 15.1). In addition to being protein sub-
units, Cys and Met play several functions in cells. Cysteine is a component of glu-
tathione (GSH), a pivotal molecule in plant responses to multiple types of stress, 
while Met is a precursor of aliphatic glucosinolates, which are compounds involved 
in plant-pathogen/herbivore interactions (Mithöfer and Boland 2012). Therefore, Se 
interactions with S metabolism at different levels may affect the capacity of plants 
to cope with stress. Also, a secondary effect of such interactions is the capacity of 
Se to interfere with N metabolism, given that the S and N pathways come together 
at the level of cys synthesis. Cys is at a key regulatory point and may influence flux 
through both the N-assimilatory pathway, particularly regulating the provision of 
the cysteine precursor, O-acetylserine, and in the synthesis of glutathione, both sug-
gested regulatory molecules for S-assimilation (Leustek and Saito 1999).
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15.2  �Beneficial Effects of Se-induced Antioxidants (Enzymes 
and Metabolites) on Plant Productivity and Oxidative 
Stress Resistance

Plants can be faced with different environmental conditions that generate oxidative 
stress via production of Reactive Oxygen Species (ROS), and must activate differ-
ent strategies to overcome it. ROS are the unstable and partially reduced forms of 
atmospheric oxygen (O2), which show a great capacity to oxidize other cell com-
pounds. These molecules are formed from the transfer of one, two or three electrons 
to the O2 molecule, thus forming the superoxide radical (O2

−•), hydrogen peroxide 
(H2O2) and hydroxyl radical (OH•), respectively. This is particularly prone to hap-
pen in electron transfer processes in mitochondria, chloroplasts and peroxisomes 
(Shieber and Chandel 2014).

Various cellular defense responses are important for maintaining low concentra-
tions of ROS, and involve both enzymatic and non-enzymatic antioxidant mecha-
nisms (Fig.  15.2). Superoxide dismutases (SOD) constitute the first enzymatic 
barrier against oxidative stress by the dismutation reaction of O2

−• in order to form 
O2 and H2O2 (Shieber and Chandel 2014). Subsequently, H2O2 can be quickly con-

Fig. 15.1  Selenium induces enhanced antioxidant activity which stimulates plant productivity and 
resistance to oxidative stress. The image illustrates the pathway in photosynthetic tissues. Enzymes: 
Ascorbate peroxidase (APX), Catalase (CAT), Dehydroascorbate reductase (DHAR), Glutathione 
peroxidase (GSH-Px) Glutathione reductase (GR), Monodehydroascorbate reductase (MDHAR), 
SOD (Superoxide dismutase). Metabolites: AsA (Ascorbate), GSH (reduced glutathione), PCs 
(Phytochelatins). Reactive Oxygen Species: Superoxide radical (O2

-•); Hydrogen peroxide (H2O2)
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verted into H2O and O2 by specific peroxidases (POX), enzymes such as catalase 
(CAT) and glutathione peroxidase (GSH-Px) (Roychoudhury et  al. 2012). High 
concentration of H2O2 in the cellular environment as a response to a stressful condi-
tion or SOD activity can cause oxidative damage. Non-enzymatic molecules implied 
in ROS detoxification are also important to preserve the cellular redox state, and 
mainly include the reduced form of glutathione (GSH), ascorbate, phytochelatins 
(PCs), proline, flavonoids, alkaloids and carotenoids (Foyer and Noctor 2012).

Selenium has been reported to help plants cope with stress by stimulating the 
plant cell antioxidant capacity through the enhancement of the activity of antioxi-
dant enzymes (SOD, CAT and GSH-Px) and the synthesis of GSH, PCs, ascorbate, 
proline, flavonoids, alkaloids and carotenoids. Furthermore, Se may induce the 
spontaneous dismutation of the superoxide radical (O2

−•) into H2O2 (Feng et  al. 
2013). As a result of Se-increased antioxidant defense systems, lower levels of lipid 
peroxidation were observed under metal-induced oxidative stress conditions, 
because of reduced ROS accumulation (Feng and Wei 2012) (Fig. 15.2).

In addition to its function in mitigating heavy metal stress in plants, Se at low 
dosage has been shown to protect plants from a variety of other abiotic stresses 
including drought, cold, heat, salinity, and UV-B radiation, which also cause oxida-
tive stress (Feng et al. 2013; Kaur et al. 2016).

Fig. 15.2  Interaction of Se assimilation with other metabolic pathways. Selenium can influence 
the synthesis of glucosinolates by altering the content of precursor amino acids. Selenium can also 
alter the uptake of molybdenum (Mo), which is a cofactor of the enzyme nitrate reductase (NR), 
thus exerting an effect on nitrogen (N) assimilation into amino acids, proteins and phenolics
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15.2.1  �Effects of Se on Plant Productivity

Even when growing under optimal conditions, plant cells accumulate ROS to some 
extent, particularly in mitochondria and chloroplasts at the sites of electron trans-
port. Therefore, the ROS scavenging machinery described in the previous section is 
constitutively important (Fig. 15.2). This may explain the reported beneficial effects 
of Se on plants via promotion of growth, (Terry et al. 2000; Pilon-Smits and LeDuc 
2009; White and Broadley 2009) and productivity (Xue et al. 2001; Djanaguiraman 
et al. 2010; Zhang et al. 2014; Jiang et al. 2015; Kaur and Nayyar 2015) under both 
stress and no stress environments. There is evidence that Se may improve plant 
productivity via amelioration of photosynthesis, as this process is stimulated in 
plants by optimal supplementation with Se during the vegetative period. For 
instance, the application of Se in rice has been reported to positively influence pho-
tosynthesis, which resulted in increased rice grain yield and Se grain concentration 
(Zhang et al. 2014). Similar results were reported in other plant species treated with 
Se, like ryegrass (Hartikainen et al. 2000), potato (Turakainen et al. 2004), B. rapa 
(Lyons et al. 2009), and lentil (Ekanayake et al. 2015).

The positive effects of low Se concentrations on the photosynthetic process may 
be explained via the enhancement of the antioxidant activity in cells at different 
levels (Fig. 15.2). Selenium can up-regulate the amount and activity of antioxidant 
enzymes (GSH-Px, GR, SOD, APX and CAT) and metabolites (GSH, ascorbate) 
resulting in higher ROS scavenging capacity of plants, as well-documented under 
stress conditions (Germ et al. 2007; Tadina et al. 2007; Djanaguiraman et al. 2010; 
Feng et al. 2013). In addition to this effect on the antioxidant machinery, appropriate 
Se concentrations could significantly improve photosynthesis by increasing the pro-
duction of chlorophyll (Hawrylak-Nowak 2009; Yao et al. 2011; Liu et al. 2011; 
Zhang et al. 2014), stomatal conductance, intercellular CO2 concentration, and tran-
spiration efficiency (Germ et  al. 2007; Djanaguiraman et  al. 2010; Zhang et  al. 
2014).

In other photosynthetic organisms such as algae, no significant effect of Se on 
photosynthesis or modification of chloroplast ultrastructure were observed, with the 
exception of the increase in content of carotenoids, which are known to act as 
important intracellular antioxidants (Schiavon et al. 2012).

15.2.2  �Heavy Metals

As mentioned in the previous sections, Se can stimulate the cell antioxidant capac-
ity in plants that grow in the presence of heavy metals through the enhanced activity 
of antioxidant enzymes and the synthesis of non-enzymatic metabolites such as 
GSH and PCs, and may induce the spontaneous dismutation of the superoxide radi-
cal (O2

−•) into H2O2 (Feng et  al. 2013). The lower concentration of ROS would 
result in reduced lipid peroxidation generally caused by metal-induced oxidative 
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stress (Feng and Wei 2012). The interactions of Se with a number of toxic elements 
are highlighted below.

15.2.2.1  �Cadmium (Cd)

Cadmium (Cd) is one of the most toxic among heavy metals. This metal can be 
complexed with the organic fraction of soil, and be released as Cd2+, which is easily 
assimilated by plants through membrane transporters involved in the uptake of 
chemically similar nutrients, like Ca2+, Fe2+, Mg2+, Cu2+ and Zn2+ (Qin et al. 2013). 
The presence of high concentrations of Cd in soil can cause a decrease of plant 
capacity to accumulate these and other nutrients and affect the synthesis of mole-
cules such as chlorophylls, carotenoids and a broad spectrum of proteins, including 
antioxidant enzymes, which contain one or more of these nutrient metals in their 
active sites to function as catalysts (Cuypers et al. 2010; Hasanuzzaman et al. 2012). 
For instance, Cd can replace Zn, Cu or Fe in the active sites of antioxidant metal-
loenzymes, e.g. SOD and CAT, thus causing their inactivation (Cuypers et al. 2010).

Recent studies reported the positive effect of Se on the activity of antioxidant 
enzymes in response to Cd stress. Lin et al. (2012) showed that the application of 
3 μM Se to rice (Oryza sativa) plants can increase the activity of SOD, peroxidase 
or guaiacol peroxidase (POD/GSH-Px) enzymes in roots and leaves. Treatment with 
50 μM Se was shown to enhance the activity of CAT, GSH-Px, glutathione reduc-
tase (GR), ascorbate peroxidase (APX) and enzymes related to the ascorbate-
glutathione cycle, like monodehydroascorbate reductase (MDHAR) and 
dehydroascorbate reductase (DHAR), as well as non-enzymatic compounds of this 
cycle like GSH, especially in the oxidized form (GSSG), in oilseed rape (Brassica 
napus) (Hasanuzzaman et al. 2012). Similarly, 5 and 10 μM of Se increased the 
activity of CAT, APX and GR in leaves of sunflower (Helianthus annuus) (Saidi 
et al. 2014a), and concomitantly decreased ROS production, lipid peroxidation, oxi-
dative stress, and recovered the membrane physicochemical characteristics.

The non-enzymatic mechanism for cellular detoxification against Cd works in 
parallel to the enzymatic system to maintain proper cellular redox state. 
Phytochelatins represent one of the most important strategies used by plants to 
counteract Cd stress by complexing this element and storing it in the vacuole, as is 
the case for other heavy metals (Foyer and Noctor 2012). In this context, S as a 
component of the amino acid Cys plays an essential role in GSH and PCs synthesis 
(Roychoudhury et al. 2012). Plants absorb more S when they grow in the presence 
of Cd in order to synthetize more GSH and PCs that chelate Cd (Feng et al. 2013).

15.2.2.2  �Arsenic (As)

Arsenic (As) is a metalloid that is mainly found in the forms of arsenate (AsO4
3−) or 

arsenite (AsO3
−3) in soils and waters. Arsenic contamination in soils is mainly due 

to anthropogenic activities like the application of pesticides and sewage sludge on 
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crop fields, as well as to other activities not directly related to agriculture, such as 
mining and metal melting. The detrimental effect triggered by this metal in plants is 
related to a reduction of growth and development caused by photosynthesis inhibi-
tion, inefficient nutrition and oxidative stress (Malik et al. 2012; Han et al. 2015).

Similar to Cd2+, As binds to the S presented in the thiol (SH) group of GSH. When 
Se is provided to plants, it may compete with As for the binding to thiol groups, thus 
actively reducing As absorption (Han et al. 2015). Likewise, 5 μM Se was reported 
to reduce As uptake in mung bean (Phaseolus aureus Roxb.), and alleviate oxidative 
stress by enhancing the activity of SOD, POD, APX enzymes and the synthesis of 
GSH and ascorbic acid (ASC) (Malik et al. 2012). Similar results were found in 
tobacco (Nicotiana tabacum) plants treated with 0.1 mg/L selenite (Han et al. 2015). 
Srivastava et al. (2009) found that 5 μM and 10 μM selenate decreased the lipid 
peroxidation process in Pteris vittata L., likely because of higher production of the 
non-protein thiol GSH.

15.2.2.3  �Lead (Pb)

Lead is one of the most dangerous pollutants worldwide, with as main sources fer-
tilizers, pesticides, mining, metal smelting, automobile fumes and industrial waste 
or discharge. This heavy metal is considered carcinogenic to humans, as it causes 
DNA damage and inhibition of DNA synthesis. In plants, Pb can disrupt membrane 
structure and permeability, causing dehydration and decreased electron transport in 
photosynthesis. Lead also binds to the thiol groups of amino acids, enzymes and 
proteins and, as a result, induces the overproduction of ROS and oxidative stress 
(Mroczek-Zdyrska and Wojcik 2012).

The beneficial effects of Se against Pb stress in plants have been described by 
several authors recently and are directly related to ROS scavenging in cells 
(Mroczek-Zdyrska and Wojcik 2012; Yuan et al. 2013; Hu et al. 2014). For instance, 
1.5 μM selenite supply lowered the superoxide radical (O2

−•) production and con-
centration in the apical part of the root in Vicia faba L. minor, and increased the 
activity of POD/GSH-Px enzymes and non-protein thiol content (Mroczek-Zdyrska 
and Wojcik 2012). In addition, 1 μM selenite improved the leaf biomass of coleus 
(Coleus blumei Benth.) and decreased the rate of lipid peroxidation, likely because 
of the higher GSH level in roots (Yuan et al. 2013). Furthermore, Hu et al. (2014) 
demonstrated that 0.5 mg/kg selenite could reduce Pb accumulation in rice (Oryza 
sativa) shoot and husk tissues.

15.2.2.4  �Other Heavy Metals

Excess of some metal micronutrients in plants can increase the production of ROS 
and cause decreased activities of antioxidant enzymes, via denaturation and inacti-
vation. Manganese (Mn) is an important microelement for plants, but at high con-
centration it can be toxic. The toxicity is related to photosynthesis suppression, 
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membrane integrity disruption, lower protein metabolism and oxidative stress. As 
shown by Saidi et al. (2014b), 5 μM of selenate can effectively counteract the detri-
mental effects of Mn in sunflower (Helianthus annuus) by improving CAT, APX 
and GSH-Px activities.

Chromium (Cr) has no biological function in plants and can be toxic at any con-
centration in soil, especially near areas with industrial activities. Selenium supply at 
3 μM enhanced SOD activity in rice roots, alleviating the toxic effects of Cr on 
growth, and increased H+ ATPase activity, thus protecting the plants from Cr-induced 
oxidative stress (Cao et al. 2013).

Mercury (Hg) is also a harmful environmental pollutant, and soil contamination 
by this metal comes from mining, metal smelting, and industrial activities. Its pres-
ence in plants causes growth inhibition, oxidative stress, lipid peroxidation, and 
reduced chlorophyll production and photosynthesis (Zhao et al. 2013). Selenite and 
selenate treatment improve growth of garlic (Allium sativum) under Hg stress and 
reduced Hg absorption, translocation and accumulation in roots and leaves, when 
applied at levels higher than 1 mg/L (Zhao et al. 2013).

The maintenance of cellular homeostasis under heavy metal contamination 
depends on several interlinked and complex mechanisms that together constitute the 
antioxidant defenses. The contributions of the various components may differ 
depending on various factors such as plant species, concentration, exposure time, 
nutrient concentration in soil, plant developmental stage, organs, and tissues ana-
lyzed. Thus, plant defense against heavy metals and other abiotic stresses is a 
dynamic and adaptive system. There is extensive evidence that different forms of Se 
can improve both enzymatic and non-enzymatic antioxidant responses, and thus 
counteract heavy metal induced stress.

15.2.3  �Drought and Salt Stress

Water stress, particularly drought stress, causes the production of ROS in plants. 
The protective role of Se against this type of stress has been reported in various 
plant species and it occurs by quenching the accumulation of ROS via regulation of 
the level of enzymatic and non-enzymatic antioxidants (Pukacka et al. 2011; Yao 
et al. 2012; Durán et al. 2015). Yao et al. (2011) showed that optimum Se concentra-
tions could help wheat seedlings maintain high growth performance under drought 
stress by significantly increasing the peroxidase and CAT activities that lower the 
level of ROS. In particular, Yao et al. (2012) observed that Se improved the recovery 
of wheat seedlings from drought stress after re-watering because Se turned the rate 
of O2

•− production, MDA content, and CAT activity back to the control values. The 
reduction of ROS levels by Se in plants subjected to drought stress has also been 
observed in other plant species like rapeseed seedlings (Hasanuzzaman et al. 2010; 
Hasanuzzaman and Fujita 2011), Trifolium repens L. (Wang 2011) and wheat 
(Nawaz et al. 2013, 2015).
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The effects of drought stress in plants widely overlap with those caused by salt 
stress, as they are both able to generate osmotic stress. The activity of the enzymes 
SOD and POD was increased by 10 μM Se in cowpea plants grown in the presence 
of 50 mM NaCl (Manaf 2016). In tomato (Solanum lypersicon), Se was found to 
alleviate salt-induced oxidative stress by up- regulation of the antioxidant defense 
systems (Diao et al. 2014). In a previous study, Hawrylak-Nowak (2009) suggested 
that Se could enhance salt tolerance in plants by protecting the cell membranes 
against lipid peroxidation due to the antioxidative activity of Se at low concentra-
tion. Furthermore, the growth-promoting effect of Se under salt stress conditions 
could be due to the increased accumulation of proline accumulation and/or a 
decrease in the content of chloride ions (reduced salt uptake) in shoot tissues.

15.2.4  �Extreme Temperatures

Similar to drought stress, high temperature and cold can increase the production of 
ROS in plants, particularly in species that possess low antioxidant capacity to detox-
ify ROS (Wang et al.2009; Djanaguiraman et al. 2010). Also under these types of 
stress, Se has been observed to protect plants from oxidative damage. In wheat, for 
instance, Se application was reported to ameliorate the symptoms related to cold 
stress by reducing MDA content and via enhanced production of antioxidant metab-
olites, such as anthocyanins, flavonoids, and phenolic compounds (Chu et al. 2010). 
Similar results were observed in potato (Seppӓnen et al. 2003), cucumber (Hawrylak-
Nowak 2009), and sorghum plants (Abbas 2012, 2013) grown under low tempera-
ture and treated with Se.

With respect to heat stress, in a recent study Iqbal et al. (2015) found that exog-
enous application of Se reduced oxidative stress and induced heat tolerance in 
spring wheat, thus avoiding loss of grain yield. In these plants, Se-mediated the 
up-regulation of antioxidative systems, both enzymatic and non-enzymatic.

15.2.5  �UV-B Stress

Increasing level of ultraviolet-B (UV-B) light because of thinning of the strato-
spheric ozone layer is one of the abiotic stress factors that can affect almost every 
aspect of plant productivity (Yao et  al. 2013). Selenium can display a protective 
effect in plants against the harmful effects of UV-B radiation. Yao et  al. (2010) 
showed that adequate Se supplementation (1.0 mg/kg) to wheat had a protective role 
in plants subjected to UV-B, via the decrease of oxidative stress-related damage to 
cellular components produced by high level of this type of radiation. Similar find-
ings have been reported for lettuce and ryegrass (Xue and Hartikainen 2000).

In another study on wheat, Yao et al. (2010) reported that Se fertilization induced 
an evident increase in chlorophyll content, spike length, weight per spike, grain 
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yield, protein content, N, Fe, Cu, and Se concentration under UV-B stress, leading 
to improved yield and quality of winter wheat to some extent. Other possible mech-
anisms by which Se may protect plants against UV-B stress are through increased 
levels of compounds that either absorb UV light (in the epidermis) or can reflect UV 
light (Golob et al. 2017).

15.3  �Effects of Se on Plant Nutraceuticals

Given the importance of Se in human nutrition and Se deficiency-related issues 
existing in many areas worldwide, in recent years many efforts have been made to 
increase the concentration of Se in crops, especially when they are cultivated in 
soils that are low in this element. To date, the results achieved are promising, as 
several plant species have been successfully biofortified with organic forms of Se 
(Thavarajah et al. 2008; Brummell et al. 2011; Schiavon et al. 2013; Avila et al. 
2014; Poblaciones et al. 2014; Rodrigo et al. 2014; Bañuelos et al. 2015; Bachiega 
et al. 2016). These plants represent high-nutrition value food that can be used to 
counteract the problem of Se deficiency where it occurs.

Biofortification is generally defined as the agricultural process aimed to improve 
the uptake and accumulation of specific phytochemicals in food derived-products 
by plant breeding, genetic engineering, and manipulation of agronomic practices 
(Rouached 2013; Wu et al. 2015). Despite the advantage they offer, biofortification 
technologies must be carefully performed in the case of Se because the concentra-
tion of this element in plant tissues should not exceed the threshold that is toxic for 
the plant and for the organisms that feed on it (Finley 2006). Selenium at high dos-
age may exert detrimental effects on human and animal metabolism due to Se 
replacement of S in proteins (Wilber 1980; Vinceti et al. 2001; Misra et al. 2015). 
Furthermore, Se biofortification may positively or negatively influence the synthe-
sis of other health promoting compounds in plants (Robbins et al. 2005; Schiavon 
et al. 2013; Bachiega et al. 2016).

On this account, the challenge of Se biofortification is to produce plants enriched 
in organic Se forms without adversely impacting the synthesis of other nutraceuti-
cals. Encouragingly, Se at low doses has been reported to enhance the levels of other 
beneficial health compounds in some studies (Schiavon et  al. 2013, 2016; Avila 
et al. 2014; Tian et al. 2016). It is clear that Se biofortification programs, to be suc-
cessful, should take into account the interactions of Se with the plant pathways that 
produce nutraceuticals, in addition to the concentration and the form of Se used to 
enrich plants in this element and/or the method employed for achieving Se enrich-
ment. In the next section, the interactions of Se with plant metabolic processes 
involved in the synthesis of a number of (other) nutraceutical compounds are 
highlighted.
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15.3.1  �Glucosinolates

As already mentioned, Se can replace S in many S-containing compounds, includ-
ing the Se-amino acids SeCys and SeMet. Selenomethionine and the methylated 
form of SeCys (SeMetCys) provide important beneficial properties to humans as 
their supplementation can alleviate thyroid disorders, prevent different types of can-
cer, treat male infertility, and enhance the immune system (Rayman 2012; Roman 
et al. 2014). These organic forms of Se can be produced by different plant species, 
either growing on Se-containing soil, or after Se fertilization (Sepúlveda et  al. 
2013).

In Brassicaceae spp. the S-amino acid methionine (Met), in addition to being an 
essential constituent of proteins, is a precursor of the anticarcinogenic aliphatic glu-
cosinolates (GLSs). Therefore, as a consequence of Se interference with S assimila-
tion in plants, Se fertilization may affect the levels of Met-derived GLSs in these 
plants. Contrasting results are reported in this respect. A weak decrease in aliphatic 
GLSs, especially glucoraphanin, was observed by Robbins et  al. (2005) and 
Barickman et  al. (2013) after supply of broccoli (Brassica oleracea) plants with 
high Se concentrations. The level of sulforaphane, a sulfur-containing aglycon pro-
duced during the GLS hydrolysis mediated by myrosinase, significantly decreased 
in response to Se application. In contrast, Sepúlveda et al. (2013) did not measure 
any variation in the content of GLSs and sulforaphane, nor in myrosinase activity in 
the same plant species treated with 100 μM selenate. However, when Se dosage 
applied to plants was lower than 0.8 mg/L (10 μM) or S concentration in the medium 
was increased, plants could maintain high levels of GLSs in their tissues (Barickman 
et al. 2013). This was likely because low Se concentration can stimulate S uptake in 
plants (Harris et al. 2014), thus promoting the synthesis of S-organic compounds.

In addition to this Se concentration-related effect on S assimilation, the chemical 
form of Se used in biofortification approaches and the method of supplementation 
must be considered. For instance, when Se in the form of selenium dioxide (SeO2) 
was supplemented via root irrigation to Brassica rapa plants, an increase of several 
GLSs was observed, including the aliphatic GLSs glucobrassicanapin and glucoal-
lysin (Thiruvengadam and Chung 2015).

A differential effect of Se on the levels of GLSs in broccoli plants was observed 
between plant organs (Avila et al. 2014). GLSs in the florets of broccoli treated with 
selenate were reduced, while GLS levels in the sprouts were not affected. Rather, 
sprouts were enhanced in the content of the potent anticarcinogenics glucoraphanin 
and SeMetCys, and therefore exhibited improved potential anticancer activity. Tian 
et al. (2016) also observed an increase of myrosinase activity and sulforaphane in 
broccoli sprouts treated with 100 μM selenite or selenate; meanwhile the amount of 
GLSs was unchanged. The same authors reported up-regulation of genes related to 
GLSs biosynthesis.

In recent years, Se-glucosinolates have also been identified in plants. Matich 
et al. (2012, 2015) in particular, showed that Brassicaceae spp. fertilized with Se 
contained (methylseleno) glucosinolates and their Se-containing aglycons. The 
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major aliphatic Se-GLSs identified were glucoselenoraphanin and glucoselenoe-
rucin in broccoli. In these species, Se-GLSs concentrations exceeded that reported 
for their S analogs. Results obtained in these studies have important implications for 
human health, because it seems the Se-containing isothiocyanates derived from 
Se-GLSs are more potent anticarcinogenic compounds than their S counterparts 
(Emmert et al. 2010).

15.3.2  �Health Beneficial Nitrogen Containing-Compounds

The S and N metabolic pathways are strictly associated (Bielecka et al. 2015; Zhang 
et al. 2015) and a number of metabolites in plants contain both of these elements in 
their structure (e.g. cysteine, methionine, GSH, coenzyme A, GLSs). As a result of 
Se interaction with S assimilation, the N metabolic pathway may undergo changes 
in the synthesis of N compounds. Selenium can influence N metabolism also by 
interfering with the uptake of molybdenum (Mo) (Harris et al. 2014), which is a 
cofactor of nitrate reductase (NR), the enzyme that mediates the conversion of 
nitrate to nitrite in N assimilation. As a result of decreased nitrate reduction, the 
synthesis of all amino acids could be affected.

Some amino acids like methionine, tryptophan, phenylalanine and tyrosine, 
function as precursors for the synthesis of glucosinolates (Agerbirk and Olsen 
2012). The same amino acids, with the exception of methionine, also function as 
precursors of other important metabolic compounds, including auxins, phenylpro-
panoids, tannins and alkaloids, synthesized through the shikimate pathway. 
Phenylpropanoids in particular, are reactive metabolites present in a wide range of 
plant-derived foods and display an important role in welfare and human health due 
to their antioxidant and antimicrobial properties (Ozcan et al. 2014). Among phen-
ylpropanoids, phenolic acids and flavonoids have additional anti-carcinogenic and 
anti-mutagenic effects since they act as protective agents of DNA against free radi-
cals, by inactivating carcinogens, inhibiting enzymes involved in pro-carcinogen 
activation and by activating xenobiotics detoxification enzymes (Ramos 2008).

In Brassica rapa, the application of SeO2 caused the enhancement of phenolics 
and flavonoid accumulation, as well as the up-regulation of genes related to their 
biosynthesis (Thiruvengadam and Chung 2015). Similar results were obtained by 
Bachiega et al. (2016) in broccoli, especially at the stage of seedlings, as application 
of selenate increased their phenolic compounds content and antioxidant activity, 
and in tomato (Solanum lycopersicum), where the stimulation of flavonoids and 
phenolic acids was also observed after selenate supplementation, and fruits enriched 
in naringenin, chalcone and kaempferol were generated (Schiavon et  al. 2013). 
However, Robbins et al. (2005) reported contrasting findings in broccoli, as Se fer-
tilization in this case decreased the level of phenolics, without altering the profile 
distribution of specific compounds.

Given the role of phenolics as antioxidants in plants, it cannot be excluded that 
the capacity of Se to alleviate some types of stress in plants may be in part related 
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to the stimulation of the shikimate pathway, in addition to its potential to elicit other 
antioxidant enzymatic and non-enzymatic systems.

15.4  �General Conclusions and Further Prospects

Despite not being essential for plants, Se has been shown to exert beneficial effects 
on them depending on the chemical form supplied and the plant species. For 
instance, Se can improve plant defense systems by detoxifying intracellular free 
radicals directly, acting as antioxidant, and/or indirectly by increasing the activity of 
enzymatic (SOD, CAT, POX, GR) and non-enzymatic (GSH, proline, flavonoids, 
alkaloids carotenoids and PCs) antioxidants, which may help plants scavenge ROS 
and prevent oxidative stress. ROS may be produced by plant electron transport pro-
cesses, even under optimal conditions, explaining the beneficial effect of Se on pho-
tosynthetic performance. ROS accumulation is particularly high during biotic and 
abiotic stress, which is when Se supplementation can be particularly beneficial for 
plants. In the case of heavy metals, Se may also reduce metal translocation from the 
root to the shoot by stimulating sulfate uptake and assimilation and the associated 
production of metal chelators GSH and PCs. All these processes result in better 
management of ROS production and concentrations in cells and, as a result, reduced 
oxidative stress-induced damage to cell membranes, proteins, DNA and other 
structures.

Low Se concentrations also have a beneficial effect on plants in terms of produc-
tivity and nutritional value. The enrichment of plants in organic forms of Se with 
recognized health properties, as well as in other precious nutraceuticals, through Se 
biofortification practices has significant implications in human and animal nutrition, 
especially in areas poor in Se where the local populations suffer of Se deficiency 
related-health issues.
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Chapter 16
Overview and Prospects of Selenium 
Phytoremediation Approaches

Karaj S. Dhillon and Gary S. Bañuelos

Abstract  Phytoremediation, a plant based technology, is perceived as a novel, low-
cost, eco-friendly technology for in-situ management of Se-contaminated soil and 
water resources. Among the different phytoremediation mechanisms, phytoextrac-
tion, phytovolatilization, and rhizofiltration are primarily responsible for the man-
agement of Se in a contaminated environment. Selection of the best-suited plant and 
cultivation strategies are crucial for the success of phytoremediation technology at 
any given site. For example, Brassica-based cropping systems are about two times 
more efficient than agroforestry-based systems in removing Se from the contami-
nated sites. In addition, the potential of several transgenic approaches have been 
highlighted for further increasing Se accumulation, volatilization, and tolerance by 
plant species selected for phytoremediation. The accumulation of Se in plant tissues 
may also act as a deterrent for a number of herbivores like crickets, grasshoppers, 
prairie dogs, etc., while the entry of Se into the food chain can be minimized by 
growing non-food plants, e.g. flowers, in Se-contaminated soils. In this chapter, a 
number of alternatives for safe disposal and utilization of Se-rich biomass have also 
been discussed. These options will greatly help in promoting the adoption of phy-
toremediation as a vital tool in sustainable management of Se-contaminated soil and 
water resources.
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16.1  �Introduction

Selenium (Se) – a naturally occurring element, was discovered by the Swedish chemist 
Jons Jakob Berzelius in 1817 and named after the Greek moon goddess ‘Selene’. 
Selenium belongs to the Group 16 (previously Group VIa) in the Periodic Table; the 
group that also contains oxygen (O), sulphur (S) and tellurium (Te). It is a chalcophile 
(S-loving) and replaces S in common sulfide minerals such as pyrite, chalcopyrite, pyr-
rhotite and sphalerite. It is a constituent of several rare minerals including crookesite 
[(Cu, Tl, Ag)2Se], berzelianite (Cu2Se) and tiemannite (HgSe) (Fordyce 2013).

Parent material constitutes an important factor controlling the level of Se in geo-
ecosystems (Rosenfeld and Beath 1964). Anthropogenic activities such as on-land 
disposal of coal generated fly ash, mine tailings and use of agricultural drainage and 
underground water for crop production can lead to Se accumulation in toxic levels 
(Dhillon and Dhillon 2003a). The Se content of most soils is very low, ranging from 
0.01 to 2 mg/kg (world mean is 0.4 mg/kg), but high concentrations up to 1200 mg/
kg have been reported for some regions (Fleming 1980; Neal 1995). Soils can be 
classified as seleniferous or non-seleniferous depending upon the Se level of culti-
vated agricultural crops grown on that soil. For example, soils containing 0.1–0.5 
mg/kg Se may be considered as seleniferous (Ravikovitch and Margolin 1957; 
Dhillon et al. 1992) because forages grown on such soils can accumulate >5 mg Se/
kg – the maximum permissible level for animal consumption. Soils with excess, 
adequate or deficient Se levels may exist side by side because Se content of the soil 
is influenced by leaching and hydrological transport processes (Wang and Gao 
2001; Dhillon et al. 2008b). Some areas from where leaching has taken place, have 
developed into deficient regions, while Se-enriched regions can arise where the 
leachate has been deposited. Depending upon the redox conditions of the soil envi-
ronment, Se may exist in four oxidation states: Se2− (selenide), Se0 (elemental Se), 
Se4+ (selenite) and Se6+ (selenate). Selenium is highly mobile under oxidizing con-
ditions and its mobility decreases with decreasing pH (Gondi et al. 1992). Among 
the Se species in soil solution, selenate predominates at high redox (pE + pH >15), 
selenite in the medium redox range (pE + pH 7.5–15) and selenide species only at 
low redox (pE + pH <7.5) (Elrashidi et al. 1987, 1989). Presence of Se-contaminated 
soils and cases of Se poisoning in animals and humans have been reported from 
several countries including Ireland, Australia, United States, China and India 
(Dhillon and Dhillon 2003b).

The discovery of Se as an essential element for animals in the 1950s (Schwarz 
and Foltz 1957) prompted researchers to examine Se levels in all components of the 
environment and monitor its entry into the food chain. Large variations in dietary Se 
intake (ranging from 3 to 7000 μg/d in adults may be attributed to the wide range of 
Se content in the environment on the global scale (Fordyce 2013). For example, the 
range of mean Se content in cereal grains varies from 142 to 970 μg/kg for regions 
with high soil Se levels and from 14 to 90 μg/kg for regions with low soil Se levels. 
On the other hand, most forage and crop plants as well as grasses, contain Se less 
than 25 mg/kg dry matter (DM) and do not accumulate Se more than 100 mg/kg DM 
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even when grown on seleniferous soils. Dietary Se intake in the endemic area of 
northwest India was 475±53 μg/d in women and 632±31 μg/d in men as compared 
to 52±1 and 65±2 μg/d, respectively, in the nonendemic region (Hira et al. 2004).

Evidence is lacking on whether Se is essential for vegetation growth, but plants 
can absorb, assimilate, and accumulate Se in leaves and roots. The capability of 
plants to take up substantial amount of Se is now being utilized to remove excess Se 
from contaminated areas. This process has been termed as ‘phytoremediation’. The 
term phytoremediation is a combination of the Greek word ‘phyto,’ meaning plant, 
and the Latin word ‘remedium,’ for restoration. Although phytoremediation has been 
recognized and documented for more than 300 years, its use on scientific lines was 
not started until the early 1980s (Lasat 2000). The idea of using plants that accumu-
late metals to selectively remove and recycle excessive soil metals was introduced in 
1983 (Chaney 1983). Since that time, its popularity has been increasing as a potential 
practical and cost-effective technology for remediation of contaminated environ-
ments (Cunningham et al. 1995; Chaney et al. 1995; Salt et al. 1995). Phytoremediation 
of Se-contaminated soils can be a non-polluting and cost effective way to remove or 
stabilize Se over time that might otherwise be leached out of the soil by excessive 
irrigation or rain water to contaminate groundwater, surface waters, or drainage 
waters. However, due to some inherent limitations, phytoremediation may not be 
fully effective in all types of contaminated sites, especially when the contamination 
runs too deep or the concentration is too high (Cunningham et al. 1995). Importantly, 
the green process takes time. The efficiency of phytoremediation may be greatly 
increased through the application of recent technological advances in plant breeding, 
genetic engineering, and by manipulation of agronomic practices. In this chapter we 
have attempted to review phytoremediation strategies at field scale that have helped 
to reduce the impact of high Se levels in the soil.

16.2  �Phytoremediation Approaches

There are several reports emanating from Australia, China, Ireland, India and the 
United States showing that entry of excess Se from contaminated soils to the food 
chain results in serious health hazards in animals and humans (Fordyce 2013). 
Besides essential nutrients, plants are also able to absorb and accumulate potentially 
toxic metals like Se. Selecting specific plants having high Se absorbing capacity and 
growing these on contaminated soils for removal of Se in biomass has been termed 
as ‘phytoremediation’. Conventional decontamination techniques like soil washing 
and soil replacement appear to be too costly, environmentally destructive and are 
ex-situ approaches (Cunningham and Ow 1996). On the other hand, phytoremedia-
tion is considered to be environment friendly and highly cost effective as an in-situ 
approach (Salt et al. 1995; Chaney et al. 1997). Among different phytoremediation 
strategies, brief procedural details are discussed below for (1) phytoextraction, (2) 
phytovolatilization and (3) rhizofiltration, all of which are considered more suitable 
for remediation of Se-contaminated soils and waters.
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16.2.1  �Phytoextraction

Phytoextraction involves the cultivation of higher plants for removal of contaminants 
from affected soils. After sufficient plant growth and metal accumulation, the above-
ground plant parts are harvested and suitably disposedoff (Kumar et al. 1995). The 
success of phytoextraction is determined by the successful cultivation of crops and 
the plant characteristics related to biomass generation and uptake capacity.

Some plant species growing on seleniferous soils are considered 
Se-hyperaccumulators, as they are able to accumulate Se up to 15,000 mg/kg 
DM. Unfortunately, the majority of Se- hyperaccumulators have slow growth and 
limited biomass production, thereby leading to insufficient Se removal from con-
taminated soils and are wild species with no economic value (Chaney 1983). 
Depending on Se accumulation capacity, Brassica oilseed species like canola 
(Brassica napus) and Indian mustard (Brassica juncea) were found to be especially 
suitable for phytoextraction of Se compared to other cultivated crops (Bañuelos 
et al. 1997; Ajwa et al. 1998).

Chelating chemicals like EDTA, DTPA or organic manures are known to increase 
the availability of heavy metals to plant roots, thereby increasing the efficiency of 
phytoextraction (Sims and Johnson 1991). The effectiveness of different chelating 
agents, however, varies according to the plant and the heavy metals under investiga-
tion (Evangelou et al. 2007). Surprisingly, use of chelating agents for enhancing 
mobility of Se in soil has attracted the least attention of selenophiles. In a review 
dealing with the role of chelating agents in mobilizing metal contaminants in soil, 
only one publication pertained to Se among 30 papers published in a decade (Bolan 
et al. 2014). Esringu and Turan (2012) showed 12–20 time increase in Se removal 
by applying 7.5 mmol/kg EDDS and 1.0 mmol/kg DTPA in a greenhouse experi-
ment. On the other hand, addition of organic amendments like poultry manure and 
press mud decreased Se uptake by 44–97% in different crops both under greenhouse 
and field conditions (Dhillon et al. 2010). Selenium concentration in wheat grains 
was reduced from 1350 to 160 μg/kg when the organic matter content in the plough 
layer increased from 1.4% to 39% (Johnsson 1991). There also exist reports that 
chelate-assisted phytoextraction may involve the risk of groundwater pollution due 
to metal mobilization and leaching (Wenzel et al. 2003; Robinson et al. 2003). Thus, 
the efforts for remediation of Se-contaminated soils should remain focused on the 
use of high biomass plants but without the application of chelators.

16.2.2  �Phytovolatilization

Green plants are capable of converting toxic inorganic forms of Se into volatile 
organic selenocompounds, which are less toxic than the original chemical forms. The 
process in which plants absorb contaminants from soil and release them as volatile 
chemical species into the atmosphere is termed as phytovolatilization. The main 
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advantage of phytovolatilization is that it can remove the pollutant without the need 
for plant disposal. Volatilization of Se by plants was first reported for Se hyperaccu-
mulator Astragalus bisulcatus by Beath et  al. (1935). Subsequently, Evans et  al. 
(1968) demonstrated that the typical volatile Se compound released by 
Se-hyperaccumulator plants was dimethyldiselenide (DMDSe), while dimethylsele-
nide (DMSe) was released from leaves of nonaccumulator plants (B. oleracea) 
(Lewis et al. 1971). Evaluation of different plant species tested for Se volatilization 
in the greenhouse revealed that A. bisulcatus and broccoli  (Brassica oleracea) 
showed the highest rates of Se volatilization, followed by tomato (Solanum lycoper-
sicum), tall fescue and alfalfa (Duckart et  al. 1992). Plant species belonging to 
Brassicaceae family like broccoli and cabbage (Brassica oleracea var. capitata) have 
the potential to volatilize Se >10 g/ha/d (Terry and Zayed 1994). Thus, when phyto-
volatilization is coupled with phytoextraction potential, the efficiency of phytoreme-
diation in reclaiming Se-contaminated soil can be increased by 2–3 times. The 
process of volatilization depends upon a number of factors like plant species, Se 
species, temperature, presence of other ions in the growth medium and microorgan-
isms in the rhizosphere (Terry and Zayed 1994). There is still a need to better evalu-
ate the influence of different factors on phytovolatilization under field conditions. 
Of course, one must always consider that Se only shifts from one inorganic phase (from 
the soil) to another inorganic phase (atmosphere) from where it can be re-deposited. 
Also, there is no control on the final destination of the volatilized forms of Se.

16.2.3  �Rhizofiltration

Rhizofiltration is a form of phytoremediation that implements the use of plant root 
systems to intercept and remove contaminants from flowing water. The process is 
very similar to phytoextraction in that both pertain to removal of contaminants by 
trapping them into harvestable plant biomass. The major differences between the two 
processes are that rhizofiltration is used for the treatment of aquatic environments 
and allows harvesting of both roots and shoots; while phytoextraction deals with soil 
remediation and only allows harvesting of the shoot. Suitability of several aquatic 
species as potential rhizofiltration candidates for Se have been evaluated by conduct-
ing short duration experiments in aqueous solutions (Pilon-Smits et  al. 1999a; 
Carvalho and Martin 2001; Miranda et al. 2014) and long-term studies in constructed 
wetlands (Lin and Terry 2003). Aquatic plants can remove Se from agricultural or 
industrial wastewater through Se accumulation and volatilization, irrespective of the 
type of Se species present. Many plant species identified in these studies like parrot's 
feather (Myriophyllum brasiliense), iris-leaved rush (Juncus xiphioides), cattail 
(Typha latifolia), saltmarsh bulrush (Scirpus robustus), hydrilla (Hydrilla verticillata 
Royle) and dotted duckweed (Landoltia punctata) in short duration studies and com-
mon reed (Phragmites australis) showed a great potential for Se phytoremediation in 
wetlands. Miranda et al. (2014) reported that biomass of several aquatic plants con-
stitute an attractive feedstock for biofuel production. Thus, the dual utility of using 
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aquatic plants for wastewater treatment and for the production of value-added petro-
chemicals provides an ecologically friendly and cost-effective solution for remedia-
tion of Se-contaminated drainage and industrial wastewater.

16.3  �Selecting Plants Suitable for Phytoremediation

Selection of plants suitable for phytoremediation is an important factor for success-
ful field management of Se contamination. Plants selected for phytoextraction of Se 
should possess large capacity for biomass production, accumulation and volatiliza-
tion of Se, have a deep root system, and be easy to cultivate and harvest under dif-
ferent growing conditions. Plants that accumulate high concentrations of Se may be 
usefully employed in Se-deficient areas to provide supplementary fodder for live-
stock either by direct feeding (Bañuelos and Dhillon 2011) or by incorporating as 
green manure in deficient soil for raising forage crops (Dhillon et al. 2007, Fässler 
et al. 2010). Depending upon the extent of risk involved to the food chain, the culti-
vation of selected plants must be practically feasible and economically attractive 
under the given site and land use conditions (Robinson et al. 2009). For selecting 
plants with suitable phytoremediation characteristics, researchers have screened a 
large number of plant species, including cultivated agricultural crops and trees.

16.3.1  �Agricultural Crops

Several agricultural crops have been tested for Se absorption capacity. Plant uptake 
of Se in inorganic forms (SeO4

2− and SeO3
2−) has been investigated extensively 

(Mayland et al. 1989; Bañuelos et al. 1991, 1993; Sharma et al. 2010). In general, 
the average Se content of plants belonging to different families grown in normal 
alkaline soils varied in the following order: Brassicaceae > Chenopodiaceae > 
Fabaceae > Poaceae (Dhillon et al. 1977). Among vegetable crops, Se accumulation 
was the greatest in edible portion of radish (Raphanus sativus) and the lowest in 
onion (Allium cepa) in the presence of 1.25 mg/kg selenate-Se in soil (Dhillon and 
Dhillon 2009b). In soil treated either with Se6+ or Se4+, Se accumulation in plant 
tissues was the highest in Indian mustard followed by Old Man saltbush (Atriplex 
nummularia), creeping saltbush (Atriplex semibaccata), tall fescue grass (Festuca 
arundinacea) and Astragalus incanus (Bañuelos and Meek 1990). In soil amended 
with 1.5 mg/kg selenate-Se, Se accumulation by canola (Brassica napus cv. Westar) 
plant tissues was 3–4 times more than tall fescue (Festuca arundinacea cv. Fawn) 
tissues (Ajwa et al. 1998). Among three plant species grown on wetland sediments 
containing 40 mg Se/kg collected from Kesterson Reservoir, Se accumulation was 
as high as 470 mg/kg DM in canola plants (Brassica napus cv. Westar), 45 mg/kg 
DM in kenaf (Hibiscus cannabinus cv. Indian) and 50 mg/kg DM in tall fescue 
(Festuca arundinacea cv. Alta). Compared to pre-plant Se levels, significant 
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reduction of total soil Se at the final harvest indicated that successively planting of 
canola and to a lesser extent kenaf and tall fescue, in Se-laden soil had the potential 
to reduce total soil Se (Bañuelos et al. 1997).

Crop plant species tolerant to Se may be useful for bioextraction of Se from 
deteriorated agricultural soils (Bañuelos 2000). Among different crops grown on 
selenite-treated alkaline silty loam soil, Indian mustard proved highly tolerant to Se 
in the plant tissues followed by corn (Zea mays), rice (Oryza sativa) and wheat 
(Triticum aestivum) (Rani et  al. 2005). The critical levels of Se in plants above 
which significant decrease in yield would occur were recorded as 104.8 mg/kg in 
Indian mustard, 76.9 mg/kg in corn, 41.5 mg/kg in rice and 18.9 mg/kg in wheat 
shoots. Among several agricultural crops and weed plants grown on a naturally con-
taminated soil, Se accumulation was the highest in weeds (34–365 mg/kg) followed 
by oilseed crops (19–29 mg/kg), legumes (6–13 mg/kg) and cereals (2–18 mg/kg). 
The highest accumulation of Se for sunflower (Helianthus annuus) and Brassica 
species among the agricultural crops and Mentha longifolia among weeds, make 
these species potentially attractive for phytoextraction of Se from seleniferous soils 
(Dhillon and Dhillon 2009a). Some agricultural crops like wheat (Triticum spp.), 
corn (Zea mays), grain sorghum (Sorghum bicolor), and sugarcane (Saccharum 
officcinarum) are considered suitable for bioethanol production. Oilseed crops like 
sunflower (Helianthus annuus), rapeseed (Brassica napus var. oleifera D.C.), soy-
bean (Glycine max), and cottonseed (Gossypium arboretum) are suitable for biofuel 
production (Bañuelos et al. 2013). Besides plant parts rich in starch, sugar and oils; 
stover and straw can also be used to produce bioenergy.

In view of the available information as summarized above, Brassica oilseed spe-
cies (e.g. B. juncea and B. napus) may prove to be the most suitable candidate for 
managing Se in seleniferous soils. In order to further increase the environmental and 
economic sustainability of plant based Se-management system, post-harvest strate-
gies now include creating new value-added biofortified agricultural products 
(Bañuelos 2009). For example, canola and mustard have been adopted as sources of 
biodiesel fuel crops (Bañuelos et al. 2013). Oil from both the sources have high 
energy content per unit weight and also act as the most efficient sources of bioen-
ergy. One ton of seed produced from canola grown on Se-contaminated soil was 
successfully processed to produce 380 liters of 100% biodiesel (BD100) or 1900 
liters of BD20 biodiesel  – a mixture of 20% vegetable oil and 80% petrodiesel 
(Stapleton and Bañuelos 2009).

Concerning potential risks associated with biomass produced on Se-contaminated 
soils, growing tobacco (Nicotiana tabacum) for phytoremediation of Se-contaminated 
soils may prove doubly beneficial. Selenium may be involved in anticarcinogenic 
activities in humans (Schrauzer 2000; Combs 2005), and thus it may be beneficial 
when contained within tobacco products. Significant increase in Se content of 
tobacco plants has been recorded with increasing levels of Se in soil (Chortyk et al. 
1984). In addition to removal of Se, significant quantities of Se-rich tobacco leaves 
will be available for producing cigarettes. Pyrolysis of the cured tobacco showed 
that about 45% of the Se could be transferred to tobacco smoke (Chortyk et al. 1984). 
Others have demonstrated that dietary Se inhibits pulmonary cell proliferation in 
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cigarette smoke-exposed mice, indicating that Se is inhibiting cell proliferation 
independently of smoke exposure (Li et al. 2005). There are reports that the concen-
tration of Se in tobaccos from low lung cancer-incidence countries is three time 
higher than that in tobaccos from high lung cancer-incidence countries (Bogden 
et al. 1981). Thus smoking cigarettes produced from Se-rich tobacco leaves may 
prove ironically beneficial for human health, but is still not recommended.

16.3.2  �Tree Crops

Using trees as a vegetation cover has potential for the phytoremediation of 
Se-contaminated lands (Pulford and Watson 2003). Due to easy propagation, fast 
growth habits and accumulation of large biomass, willow (Salix spp.) and poplar 
(Populus spp.) are grown worldwide for pulp and bioenergy production in cold and 
temperate regions of the Northern Hemisphere. Hardwood species such as eucalyp-
tus (Eucalyptus spp.), Arjuna (Terminalia arjuna), shisham (Dalbergia sissoo) and 
moderately hardwood species like acacia tree (Acacia tortillas, jambolin (Syzygium 
cumini) and dek (Melia azedarach) are used for the production of pulp, timber, 
furniture, charcoal and fuelwood. Such tree species were able to accumulate signifi-
cant amounts of Se when grown on Se-contaminated soils (Pilon-Smits et al. 1998; 
Dhillon et al. 2008a; Bañuelos and Dhillon 2011). Total Se uptake in 1-year-old 
trees (including stem, leaves and roots) was greatest in Arjuna, followed by euca-
lyptus, mulberry, dek, jambolin, shisham and acacia (Dhillon et al. 2008a). Among 
these trees, shisham proved highly sensitive to the presence of selenate in the soil. 
Excessive accumulation of Se takes place in tree leaves and the abscission of leaves 
could deposit organic Se into the surrounding ecosystems. Leaves accumulated the 
highest Se concentrations followed by bark and wood in 5–10-year-old Populus 
deltoides, Morus alba, Eucalyptus spp., Acacia tortillas, Syzygium cumini and 
Melia azedarach (Dhillon et al. 2008a). Hybrid poplar (Populus tremula × alba) has 
been described as a highly promising tree species for phytoremediation through Se 
accumulation, as well as volatilization (Pilon-Smits et al. 1998). Growing trees for 
phytoremediation of Se-contaminated soils may help in reducing dependence on 
natural forests for fulfilling day to day requirements for wood and bioenergy.

16.4  �Assessing Potential of Phytoremediation Technology 
Under Field Conditions

Although research on different aspects of Se phytoremediation continues to grow, 
intensive and long-term field investigations are the key to develop ecofriendly and 
economically viable strategies for decontamination of seleniferous soils and 
sediments. Success in the application of technology developed under laboratory and 
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greenhouse conditions to actual field situations was evaluated in long-term field 
experiments and the results of practical utility are discussed below.

16.4.1  �Remediation of Se-Contaminated Soils and Waters 
in Central California, USA

Natural-occurring Se-contaminated soils and ground waters on the west side of cen-
tral California are also characterized by high salinity, boron, and sulfate levels. 
Growing crops on a sustainable basis to manage soluble Se requires a comprehen-
sive knowledge of a wide range of site-specific factors like soil salinity, presence of 
toxic and competitive ions, agronomic practices, source of irrigation water, etc. 
Multi-year field phytoremediation studies were undertaken from 1993–2009 at dif-
ferent locations in the Westside of central California, where pockets of high Se soils 
and irrigation waters exist (Zayed et al. 2000; Bañuelos 2002; Bañuelos and Dhillon 
2011). Typical biomass yields are shown in Table 16.1 for the experimental sites 
where soils and ground waters of central California have high sulfate/chloride salin-
ity (>8 dS/m) and soluble B levels (>10 mg/L). Excessive accumulation of both 
chloride and B ions by the plants may lead to decrease in biomass production, but 
clipping plant tissue helped in preventing B and Cl concentrations from reaching 
toxic levels in the plants. Therefore, clipping practice is highly recommended on a 
regular basis for perennial crops grown under high salinity and B contents (Bañuelos 
and Dhillon 2011).

Under the field experimental conditions in California, Se concentrations ranged 
from 2 to 6 mg/kg in different plant species (Table 16.1). High sulfate concentra-
tions in the soils and waters used for irrigation resulted in reduced Se accumulation 
by plants due to the competitive effect of sulfate on Se accumulation. Thus, under 
high sulfate soil field conditions, phytoremediation via Se accumulation will require 
a longer time to remove soluble Se compared to lower sulfate soils present in 
Northwestern India. Alternatively, volatilization of Se may be a more effective 
vehicle for removing Se from a high sulfate soil system (Table 16.1). Under the 
prevailing field conditions, the average rate of Se volatilization ranged from 48 to 
108 g/ha; rates were greatest with canola/mustard and lowest for poplar trees.

For long-term management of Se-contaminated soils in the west side of central 
California, phytoremediation crops were grown in suitable rotations from 1992 to 
1995 (Bañuelos et al. 1997). The potential of four different crop rotations (Table 16.2) 
was evaluated for Se removal from contaminated soils. Kenaf produced the greatest 
amount of biomass followed by Indian mustard, tall fescue and birds-foot trefoil. 
Tissue Se concentrations for all the crops remained under 1 mg/kg, except for Indian 
mustard, which exceeded 2 mg/kg. Compared to other crop rotations, the greatest 
reduction in total Se content of the soil was observed with the Indian mustard based 
cropping system after 4 years (Table  16.2). In another long-term field study 
(Bañuelos et al. 1995), tall fescue was grown for 4 years in a Se-contaminated soil 
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near Los Banos, CA. Being a perennial grass with extensive deep root system, cul-
tivation of tall fescue helped in reducing Se content of soil by 25% in the surface 
layer (0–45 cm depth) and also by 25% in the subsurface layer (45–90 cm depth).

In another field study, five clones of prickly pear cactus (Opuntia ficus-indica) 
were evaluated for their growth behavior and Se accumulation and volatilization in 
highly saline and Se-contaminated soils (Bañuelos and Lin 2010). After 3 years of 
growth, all clones exhibited significant decreases up to 20% in height and fruit pro-
duction compared with control-grown clones. Mean Se concentrations ranged, how-
ever, from 4.9 to 9.8 mg/kg in cladodes, 1.5–2.5 mg/kg in fruit flesh, and 4.5–10.1 
mg/kg in seeds. Rates of Se volatilization varied from 20 to 80 μg/m2/d among the 
tested clones. The successful growth of prickly pear cactus and its accumulation and 
volatilization of Se under adverse soil conditions could serve as an ideal alternative 
drought-tolerant crop for a gentle phytoremediation of Se in the west side of the San 
Joaquin Valley in central California.

16.4.2  �Remediation of Se-Contaminated Soils  
in Northwestern India

Selenium toxicity problems were recognized in the soil-plant-animal-human con-
tinuum in northwestern India in the 1980s. The alkaline and calcareous seleniferous 
soils are located between 30.9634° to 31.2175° N and 76.1163° to 76.3516° E 

Table 16.1  Estimated amount of soluble Se biologically removed from soil (0–30 cm) with 
different crops under field conditions in the Westside of Central Valley, Californiaa

Crop
Dry matter 
yield (Mg/ha)

Average 
plant Se 
(mg/kg)

Se removed via cEstimated 
percentage 
of soluble 
Se removed 
(%)

Growing 
season 
length 
(months)

Harvest 
(g/ha)

Volatilizationb 
(g/ha)

Canola/
Mustard leaves

13±0.6d 6±0.3 78±6 108±10 47 6

Broccoli 12±0.5 5±0.3 60±4 72±6 33 4
Saltbush 14±0.3 3±0.2 42±3 75±4 30 10
Saltgrass 9±0.2 3±0.2 27±2 83±3 28 10
Tall Fescue 11±0.2 2±0.1 23±2 60±2 21 10
Poplar tree 
leaves

10±0.4 3±0.1 27±2 48±2 19 8

Paulownia tree 
leaves

5±0.3 3±1 15±1 NA 4 8

aEstimated 400 g of soluble Se/ha initially available from a depth of 0–30 cm
bVolatilization amounts were calculated by multiplying mean daily rate (μg/m2/d) and number of 
days in growing season of each crop
cPercentage of original soluble Se available removed by plant uptake and biological volatilization 
of Se per ha
dValues represent the means from different sites ± the standard error
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(Dhillon and Dhillon 1991, 2014). A group of researchers led by Karaj S. Dhillon at 
Punjab Agricultural University successfully demonstrated the suitability of the phy-
toremediation technology for managing Se-contaminated soils located in north-
western India (Dhillon and Dhillon 1997, 2009c; Dhillon et  al. 2008a). Field 
experiments were conducted during 1998–2008 on-farm locations to assess the 
Se-removal potential of plant-based strategies, i.e. cropping patterns with Brassica 
species, agroforestry and flowering plants, for removal of total Se from affected 
soils (Dhillon et al. 2008a; Dhillon and Dhillon 2009a, b, c, d; Bañuelos and Dhillon 
2011). The results are summarized in Table 16.3 and described in the following 
sections.

16.4.2.1  �Brassica Based Cropping Systems

Biomass yields of both rapeseed (Brassica napus) and pigeon pea (Cajanus cajan) 
crops (Table 16.3) grown on Se-contaminated soils were comparable to the typical 
yields of these crops in low Se soils of this region. By the time the crops reached 
maturity stage, leaf litter was deposited onto the soil due to senescence. The average 
amount of leaf biomass re-deposited on the soil surface ranged between 1.1 to 1.5 
Mg/ha. The high concentrations of Se present in the seleniferous soils did not affect 
the overall biomass productivity of crops, except that plant products were rendered 
unsuitable for animal and human consumption due to the potentially toxic levels of 
Se in the plant material (Dhillon and Dhillon 2009a, c). Selenium removal from 
seleniferous soil through harvested biomass of rapeseed was 6–7 times more than 
that of pigeon pea crop. In a field experiment with different crop rotations, Se 
removal ranged between 4 and 13 g/ha/year in sulfate-rich environment of California 
soils (Bañuelos et al. 1997) compared to 737 and 949 g/ha/year from Se-contaminated 
calcareous and low sulfate soils of northwestern India (Table 16.3). The amount of 
Se recycled through leaf fall was greater in case of rapeseed (193.3 ± 7.6 g/ha) as 
compared to pigeon pea (23.7 ± 2.5 g/ha). Compared to the Se volatilization rate 
observed in California soils, in situ Se volatilization rates by different crops under 
Indian field conditions were low and ranged from 1.5 to 14.1 mg/d/ha (Dhillon and 
Dhillon 2009c).

16.4.2.2  �Agroforestry Farming Systems

In the case of agroforestry farming systems, Bañuelos and Dhillon (2011) observed 
that Se removed by a combined poplar (Populus deltoides)-sugarcane (Saccharum 
officcinarum)-wheat (Triticum aestivum) system was 1.5 times greater than that of a 
poplar-spearmint (Mentha viridis)-wheat system (Table 16.3). Including sugarcane 
as intercultural crop improved the efficiency of Se removal within the agroforestry 
farming systems. Comparing the Se removal efficiency of the two farming systems 
in 1 year, the Brassica-based cropping systems was 1.1 to 1.4 times more efficient 
than the poplar-sugarcane-wheat system; 1.5 to 2.1 times more efficient than the 
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poplar-spearmint-wheat system, and 2.6 to 3.7 times more efficient than the cultiva-
tion of only poplar trees. Poplar trees are completely denuded each year during 
winter season and consequently leaf biomass between 15 to 20 Mg/ha was re-
deposited in the soil during the 7-year growth period of poplar. Selenium removal 
efficiency of poplar based farming systems can be increased by 500–660 g/ha, if 
leaf biomass re-deposited in the soil every year is removed away from the field 
before sowing of intercultural crops.

16.4.2.3  �Flower Farming

With flower cultivation in a seleniferous soil containing 4.2 mg/kg Se, total Se 
removal was the greatest with Gaillardia (Gaillardia aristata) followed by Calendula 
(Calendula officinalis), African marigold (Tagets erecta), French marigold (Tagetes 
patula), Coreopsis (Coreopsis gladiate), Dimorpothica (Dimorphotheca pluvialis) 
and Helichrysum (Helichrysum orientale) (Bañuelos and Dhillon 2011). Thus, cul-
tivation of Gaillardia, Calendula and African marigold should also be encouraged in 
nonsaline seleniferous regions. Although Se removal by flowers was quite low com-
pared to the cereal and oilseed crops (Table 16.3), their production is considered 
highly remunerative. The major advantage of cultivation of flowers is that these 
crops do not form a part of the food chain for animals and humans. Thus, adoption 
of floriculture will help in achieving the ultimate objective of the Se phytoremedia-
tion technology while producing an economically valuable product, and completely 
reduce the entry of Se into the food chain and thereby avoid any potential toxic 
effects of Se on animal and human health. Thus, we propose that farmers in selenif-
erous region of northwestern India be encouraged to initiate the cultivation of flow-
ers. An added value of the cultivation of flowers in this seleniferous region is that it 
provides a pleasing visual stimulation and helps to increase the perceived happiness 
of the local population.

Overall, the amount of Se recovered in plant biomass constituted only 5.2–30.5% 
of the initial total Se in soil under different cropping strategies. Ten to twenty per-
cent of total Se lost from the soil cannot be explained only by plant uptake 
(Table 16.3). Other unaccounted factors, like Se volatilization by plants, soil micro-
organisms, leaching of Se beyond the root zone, Se entrapped in the plant roots, and 
spatial variability are also responsible for Se losses from soil. In the present situa-
tion, volatilization of Se by crops may not be playing a significant role in Se losses, 
since the rate of in situ Se volatilization by different crops was found to be extremely 
low ranging from 1.5 to 14.1 mg/d/ha. Critical examination of Se removal data 
(Table 16.3) indicates that that it may require regular cultivation of about 20–35 
cycles of rapeseed-pigeon pea sequence (1 year/cycle) or 4–8 cycles of poplar-based 
farming systems (7 year/cycle) to lower the level of Se in contaminated soils to <0.5 
mg/kg, which is the level considered safe for producing forages and grains without 
any potential danger to animal and human health. To accurately predict the long-
term removal of Se over time, more data needs to be generated.

16  Overview and Prospects of Selenium Phytoremediation Approaches
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16.4.3  �Phytoremediation of Se-Contaminated Waters 
in Constructed Wetlands

Constructed wetlands (CWs) are designed to take advantage of many of the same 
processes that occur in natural wetlands, but only within a more controlled environ-
ment. Phytoremediation through CWs has been used to improve the quality of con-
taminated waters by acting as a sink for various contaminants discharged from 
sewage, industrial and agricultural wastewaters etc. (Rai 2008; Vymazal 2010). 
However, the technology of CWs for wastewater treatment is still in the nascent 
stage In spite of the shortcomings, CWs are now being recognized as an economi-
cally viable treatment option for heavy metals and metalloids present in wastewa-
ters. Management of Se-contaminated agricultural drainage water is one of the most 
important environmental issues in central California. From a remediation perspec-
tive, volatilization of Se is an attractive method for removing Se from wastewater 
because it minimizes the entry of Se into the food chain. Moreover, most of the 
volatile forms of Se (e.g. dimethylselenide, DMSe) are relatively nontoxic (Terry 
and Zayed 1994). For this purpose, when 20 aquatic plant species were screened for 
their ability to accumulate and volatilize Se, several plant species showed Se vola-
tilization and accumulation rates (per unit surface area) equivalent to Indian mus-
tard (Brassica juncea L., the most suitable terrestrial plant species for Se 
phytoremediation). Among the wetland species selected from this study were par-
rot's feather (Myriophyllum brasiliense), iris-leaved rush (Juncus xiphioides), cattail 
(Typha latifolia) and saltmarsh bulrush (Scirpus robustus), which show a great 
potential for Se phytoremediation in wetlands (Pilon-Smits et al. 1999a). The suit-
ability of constructed wetlands for remediation of Se-laden drainage water and the 
role of biological volatilization in Se removal was studied in detail by Lin and Terry 
(2003). The monthly monitoring study revealed that vegetated wetlands (10 flow-
through cells) constructed in 1996 in Corcoran, California were capable of reducing 
Se by an average of 69.2% of the total Se mass present in the inflow drainage water. 
Most of the Se was retained in sediment, and <5% of the Se was accumulated in 
plant tissues. Selenium volatilization was highest in the rabbit-foot grass (Polypogon 
monspeliensis) wetland cell, where 9.4% of the Se input was volatilized over a 
2-year period. Volatilization was greater in spring (35%) and summer (48%) than in 
fall and winter months (<5%). The role of biological Se volatilization in reducing Se 
load of the wastewater was also investigated in a 36-ha constructed wetland vege-
tated with different aquatic plant species (Hensen et al. 1998). The highest mean 
rates of Se volatilization for the sites vegetated with rabbit-foot grass, cattail (Typha 
angustifolia), and saltmarsh bulrush (Scirpus acutus subsp.), were 190, 180, and 
150 μg/m2/d, respectively. During a study period of 16 weeks, selenite-contaminated 
wastewater inflow containing 20–30 μg/L decreased to <5 μg/L in the outflow; 89% 
of the Se was removed. Most of the Se was removed by immobilization into sedi-
ments and plant tissues where Se concentrations reached ~5 and ~15 mg/kg, respec-
tively. Biological volatilization may have accounted for as much as 10–30% of the 
Se removed. Hence, biological Se volatilization is a significant pathway of Se 
removal in wetlands.
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The suitability of macrophytes, e.g. Typha latifolia and Phragmites australis 
(Cav.) for Se phytoremediation in CWs, was investigated by Shardendu-Salhani 
et  al. (2003). Selenium was supplied continuously to the subsurface-flow CWs 
vegetated with Typha and Phragmites. The horizontal subsurface-flow constructed 
wetland (HF CW) was a large gravel- and sand-filled channel that was planted with 
aquatic vegetation. The wastewater flowed horizontally through the channel. In the 
Typha bed, Se migrated faster than in the Phragmites bed. In the Typha bed, about 
54% of the Se inlet concentration remained in the outlet water after Se supplementa-
tion for 25 days. In the Phragmites bed, Se was removed completely from the water 
after passing through 3/4 of the bed length. After 65 d of Se supplementation, the 
highest amount of Se (2.8 μg/g DM) was measured in the organic material of the 
Typha bed. Roots and rhizomes accumulated 2.2 and 1.8 μg/g DM, respectively. 
Phragmites accumulated Se in the leaves (1.8 μg/g DM) and stems (0.6 μg/g DM), 
but not in the rhizomes.

Constructed and naturally created wetlands in the Las Vegas Valley watershed in 
the USA were studied to characterize and understand their potential role for improv-
ing ecosystem services (Adhikari et  al. 2011). Nutrient and metal removal was 
assessed at four sites dominated by wetland vegetation comprising of cattail (Typha 
domingensis), common reed (P. australis) or bulrush (Schoenoplectus acutus). 
Irrespective of the type of plant species present, Se uptake by plants was dependent 
on the ambient Se concentrations in water and sediments of specific wetlands. 
Bulrushes were more efficient than cattails in taking up Se. Averaging all the wet-
land sites and plant species, Se removal was found to be 0.38 kg/ha/year.

The fundamental research based on wetland phytoremediation may not be 
enough for removing toxic metals and metalloids. The successful transfer of the 
CW technologies from the laboratory to the field is a crucial step for the future 
development of wetland phytoremediation. Field trials are necessary to forecast and 
certify that the wetland plants have detoxified contaminants from outflow water 
posing minimal residual risks to humans and the environment. While using CWs 
technology, it becomes necessary to document the Se content of the outflowing 
wastewater, to understand its cycle and extent of accumulation in the environment, 
and to evaluate the threat it may pose to fish and wildlife on the long-term basis 
(Lemly and Ohlendorf 2002).

16.5  �Enhancing Phytoremediation Potential 
Through Transgenic Plants

In the Se phytoremediation technology developed by Bañuelos et al. (2002a), the 
initial step relates to screening different plant species for their Se removal efficiency 
from contaminated soil and water, followed by manipulation of agronomic practices 
for increasing their phytoremediation efficiency under a given set of environmental 
conditions. The suitability of different plant species for phytoremediation is judged 
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on the basis of important characteristics like fast growth, high biomass accumula-
tion, deep root system, high tolerance to Se and high economic value. All the char-
acteristics important for phytoremediation may potentially be ameliorated further 
either through conventional breeding techniques or via genetic engineering. The 
advantage of genetic engineering is that its effects can be achieved much faster than 
conventional breeding, and it is possible to introduce relevant genes from other 
plant species. Thus, it is possible to introduce those properties into plants, which 
otherwise cannot be introduced via conventional plant breeding techniques.

Biotechnology has proven useful in gaining better insight into the genetic and 
biochemical mechanisms that control Se tolerance, accumulation, and volatilization 
in plants, and the resulting transgenics with enhanced levels of these processes show 
great promise for use in phytoremediation. When the transformed plant is propa-
gated, the foreign gene is inherited by its offspring. In addition to, or prior to, trans-
forming a large biomass phytoremediation species, the same gene construct may be 
transformed to a model plant species like Arabidopsis thaliana. This small plant 
with its short generation time and high seed production is very suitable to test in a 
short time whether a biotechnological approach really works in enhancing Se 
phytoremediation.

16.5.1  �Selenium Metabolism in Plants

Among different Se species present in the environment, selenate is the predominant 
form of bioavailable Se in oxic soils and selenite is more abundant in anoxic 
wetland conditions. Plants readily take up selenate (SeVI) or selenite (SeIV) from 
their environment and incorporate it into organic compounds using sulfate assimila-
tion enzymes (Pilon-Smits and Quinn 2010). The reduction of selenate to selenite 
appears to be a rate-limiting step in the Se assimilation pathway, since selenite-
supplied plants accumulated organic Se and selenate-supplied plants accumulated 
predominately selenate (de Souza et  al. 1998). Nonspecific incorporation of 
Se-amino acids into proteins may lead to Se toxicity in plants. Plants are also capable 
of decomposing SeCys either into non-toxic elemental Se or methylate into methyl-
SeCys and volatile dimethyldiselenide (DMDSe). Methyl-SeCys does not enter 
proteins, but its safe accumulation in Se-hyperaccumulators is considered to be a 
key mechanism for their Se tolerance (Neuhierl et al. 1999).

16.5.2  �Potential of Various Transgenic Approaches

The transgenic plants exhibiting new or improved phenotypes are engineered by the 
over expression and/or introduction of genes from other organisms. In a study by 
Misra and Gedamu (1989), they observed that plants such as Brassica napus can be 
genetically engineered for heavy metal tolerance/sequestration and eventually for 
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partitioning of heavy metals in non-consumed plant tissues. Some transgenic 
approaches employed to improve the performance of rate-limiting steps for enhanc-
ing Se accumulation, tolerance, and volatilization by plants are discussed in the 
following sections.

16.5.2.1  �Enhancing Assimilation of SeO4
2− to SeCys

To manipulate the initial rate-limiting step, i.e. reduction of selenate to selenite in 
the assimilation of selenate to organic Se, the mediating enzyme ATP sulfurylase 
(APS) from Arabidopsis thaliana was overexpressed in Indian mustard (Pilon-
Smits et al. 1999b). As a consequence of overexpression of APS in Indian mustard, 
the transgenic plants accumulated two to three-fold more Se than the wild type. The 
rate of Se volatilization, however, remained unaltered in the APS transgenics.

16.5.2.2  �Enhancing Conversion of SeCys to DMeSe

Another enzyme, namely cystathionine-γ-synthase (CgS), active for converting 
SeCys to SeMet in the Se assimilation pathway, could be the rate-limiter for DMSe 
volatilization. Indeed, the overexpression of the A. thaliana CgS enzyme in B. jun-
cea resulted in 2–3 times higher volatilization rates compared to untransformed 
plants (Van Huysen et al. 2003).

16.5.2.3  �Methylation of SeCys

Changes in the protein structure and functions due to nonspecific incorporation of 
SeCys lead to Se toxicity in plants (Brown and Shrift 1981). In order to prevent 
SeCys incorporation into proteins, SeCys methyltransferase (SMT) from the Se 
hyperaccumulator A. bisulcatus was overexpressed in two different host plants, 
A. thaliana and B. juncea (Ellis et al. 2004; LeDuc et al. 2004). In both species, the 
SMT transgenics showed enhanced Se accumulation in the form of methyl-SeCys, 
as well as enhanced Se tolerance. The overexpression of SMT also resulted in 
increased rates of Se volatilization, with more volatile Se produced in the form of 
DMDSe.

16.5.2.4  �Conversion of SeCys to Se(0)

Another genetic engineering approach to manipulate plant Se metabolism targeted 
SeCys, and particularly the prevention of the toxicity process of its nonspecific 
incorporation into proteins. A mouse SL (SeCys lyases) enzyme was expressed in 
A. thaliana and B. juncea (Pilon et al. 2003; Garifullina et al. 2003). This enzyme 
specifically breaks down SeCys into alanine and elemental Se and thus directs Se 
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away from incorporation into proteins. All the transgenic SL plants showed enhanced 
Se accumulation, up to twofold compared to wild type plants.

16.5.2.5  �Double Transgenics for Enhancing Se Assimilation

Although the expression of SMT in Indian mustard enhanced Se tolerance, accumu-
lation, and volatilization (LeDuc et al. 2004), these effects were more substantial 
when the SMT-expressing plants were exposed to selenite relative to selenate. 
Possibly, the reduction of selenate to selenite provided a rate-limiting barrier to the 
production of SeCys, greatly diminishing any potential benefit of overexpressing 
SMT. To overcome this rate-limitation, APS and SMT transgenics were crossed to 
create double-transgenic plants that overexpress both APS and SMT (APS × SMT 
plants). The APS × SMT double transgenics accumulated up to ninefold higher Se 
levels than the wild type (LeDuc et al. 2006). Most of the Se in the double transgen-
ics was in the form of methyl-SeCys: the APS × SMT plants accumulated up to 
eightfold more methyl-SeCys than wild type and nearly twice as much as the SMT 
transgenics. Selenium tolerance, however, remained similar in the single as well as 
double transgenics.

16.5.2.6  �Upregulation of Se Volatilization

A potential strategy for enhancing plant Se tolerance rather than accumulation is the 
upregulation of Se volatilization. Most plants can produce volatile dimethylselenide 
(DMeSe) from methionine, whereas hyperaccumulators produce dimethyldisele-
nide (DMeDSe) from SeMeSeCys. S-adenosyl-L-Met:L-Met S-methyltransferase 
(MMT) is the key enzyme responsible for the methylation of Se-Met to Se-methyl 
Se-Metionine (SeMeMet), which is the precursor of volatile DMeSe (Tagmount 
et  al. 2002). However, whether manipulation of SeMeMet can be effective in 
increasing Se volatilization has yet to be tested. Further identification of different 
volatile Se compounds could aid in the dissection of Se metabolic pathways in 
plants of different species, as well as in transgenics (Kubachka et al. 2007).

16.5.2.7  �Searching the Genetic Basis for Selenium Tolerance

There are three highly conserved homologues of the mammalian 56-kD selenium-
binding protein (SBP) in the Arabidopsis genome. To study the function of SBP in 
this model plant, Agalou et al. (2005) used a transgenic approach by constitutively 
overexpressing and down-regulating the endogenous Atsbp1 gene. In the latter case, 
both a conventional antisense method and gene silencing by intron-containing hairpin 
RNAs were employed. Under standard growth conditions, Atsbp1-overexpressing 
and silenced plants were found phenotypically normal when compared with wild 
type plants. Transgenic plants exhibited different growth responses to exogenously 
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supplied selenite, which correlated with the expression levels of Atsbp1. Plants with 
increased Atsbp1 transcript levels showed enhanced tolerance to selenite, while 
plants with reduced levels were more sensitive. These results suggest that although 
Atsbp1 does not play a detectable role in the regulation of developmental processes 
under normal growth conditions, it appears to be involved in processes controlling 
tolerance of Arabidopsis to Se toxicity (Agalou et al. 2005).

In a study carried out by Tamaoki et al. (2008), genomic and biochemical com-
parison of two A. thaliana accessions that differ in selenite tolerance showed that 
the tolerant accession had higher expression levels of genes involved in jasmonic 
acid (JA) and ethylene production and response, including sulfur assimilation-
related genes. Mutants in the tolerant accession that are impaired in JA/ethylene 
production showed reduced selenite tolerance, while external supply of JA or ethyl-
ene to the sensitive accession enhanced tolerance. Thus, JA and ethylene appear to 
be important hormones for plant Se tolerance; they may confer tolerance by upregu-
lation of S assimilation.

To understand the genetic basis of selenate tolerance, Zhang et al. (2006) mapped 
the quantitative trait loci (QTL) associated with selenate tolerance in A. thaliana 
accessions Landsberg erecta and Columbia using recombinant inbred lines (RILs). 
The selenate tolerance index was found to be fourfold higher for parental line Col-4 
(59%) than for parent Ler-0 (15%). Among the 96 F8 RILs, selenate tolerance index 
ranged from 11% to 75% (mean 37%). Using composite interval mapping, three 
QTL were found on chromosomes 1, 3 and 5, which together explained 24% of 
variation in selenate tolerance index and 32% of the phenotypic variation.

The results from these studies offer insight into the genetic basis of selenate 
tolerance, and may be useful for identification of selenate-tolerance genes. These 
results may ultimately be applicable for breeding plants with higher levels of Se 
tolerance and plants that accumulate higher levels of selenocompounds.

16.5.2.8  �Potential of Transgenics for Phytoremediation Under Field 
Conditions

The transgenic approaches discussed above have shown increased Se tolerance, 
accumulation, and assimilation from inorganic to organic Se, and volatilization 
under laboratory conditions. To evaluate the potential of trangenics for phytoreme-
diation, transgenic plants were tested for their capacity to accumulate Se from natu-
rally seleniferous soil and from Se-contaminated sediment. The first report appeared 
in 2005, showing that genetically engineered plants for phytoremediation can 
perform successfully under field conditions (Bañuelos et  al. 2005). In the field 
experiment, three transgenic Indian mustard (Brassica juncea) lines overexpressed 
genes encoding the enzymes either adenosine triphosphate sulfurylase (APS), 
γ-glutamyl-cysteine synthetase (ECS), or glutathione synthetase (GS), respectively. 
In another experiment, two new transgenic Indian mustard lines overexpressing 
genes encoding the enzymes either selenocysteine lyase (cpSL) or selenocysteine 
methyltransferase (SMT) were tested for their phytoremediation capacity (Bañuelos 
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et al. 2007). The results clearly demonstrated that cpSL and SMT transgenic lines 
have significantly greater Se phytoremediation potential than wild type Indian mus-
tard. These studies offer hope that through genetic manipulation of high biomass, 
fast-growing plants, Se phytoremediation can be developed into a viable option, 
while producing crops with possibly better nutritional quality.

16.6  �Phytoremediation and Ecological Implications

Plants that can accumulate and tolerate moderately elevated Se levels (<1000 mg/
kg) are known as Se-accumulators and plant species that can accumulate from 
0.1% to 1.5% Se, are called Se-hyperaccumulators (Rosenfeld and Beath 1964). 
Hyperaccumulation is the phenomenon through which some plant species accu-
mulate toxic elements to very high concentrations and it is most prevalent in the 
Brassicaceae family (Baker et  al. 2000). Researchers have proposed that 
Se-accumulating plants belonging to Brassicaceae family could be grown in 
Se-rich soils or Se-contaminated water, harvested, and removed as Se-enriched 
plant material (Bañuelos et al. 2002a). Growing plants for phytoremediation could 
attract and interact with a large number of pathogens, insects and other animals. It 
may be interesting to note that the level of Se in plants used for phytoremediation 
may prove lethal to other interacting organisms, yet cause no toxicity in 
hyperaccumulators.

Some ecological implications of Se-hyperaccumulation in plants were recorded 
as early as the 1930s (Rosenfeld and Beath 1964). Substantial livestock losses have 
occurred in the western USA due to consumption of plants containing toxic levels 
of Se. Some grazing livestock have learned to avoid feeding on Se-rich forages that 
emit garlicky offensive odour, while some insects and mites (e.g. beetles, seed-
chalcids, grasshoppers etc.) were able to develop resistance to Se and complete their 
life cycle while feeding on Se-rich seeds and plant tissues. Recently, while tracing 
the evolution of this trait known as Se hyperaccumulation in some specific plants, 
El-Mehdawi and Pilon-Smits (2012) have described the ecological implications due 
to Se-hyperaccumulation in plants more precisely as:

	1.	 Selenium hyperaccumulator plants may affect the local soil Se distribution and 
chemical speciation via litter deposition, root turnover and root exudation;

	2.	 Redistribution and chemical speciation may also affect soil microbial composi-
tion and species abundance, soil fauna populations and neighboring vegetation;

	3.	 Selenium accumulation in plant tissues and Se volatilization may strongly influ-
ence the interactions between plants and pathogens, herbivores as well as the 
pollinating insects.

The transfer of Se from soil to crop, from crop to insect, from insect to insect 
(predator), and also from insect to mammals (including humans) are the pathways 
for Se that should be addressed when monitoring the biological fate of removed Se. 
An illustrative case study highlighted that Se biotransfer from soil through drainage 
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water to aquatic vegetation was responsible for the deleterious health effects on 
waterfowl and other birds and animals feeding in a Se-rich area at Kesterson 
Reservoir (Ohlendorf and Hothem 1995). In order to understand the ecological 
reverberations of Se hyperaccumulation in more details, systematic studies have 
been undertaken by Elizabeth A. H. Pilon-Smits and her associates during the last 
decade in the Biology Department of Colorado State University at Fort Collins. The 
knowledge gained will certainly be useful in the management of seleniferous areas 
and the agricultural production of Se-rich crops for phytoremediation. Experimental 
evidence and discussion supporting different ecological implications due to phy-
toremediation (hyperaccumulation) of Se-contaminated soils are presented in the 
following sections.

16.6.1  �Phytoremediation and Herbivore Interactions

Selenium is a well-known toxic element for animals at high levels, and hence Se 
accumulation may act as a defense system in plants against herbivore attacks. As a 
response to this defense, herbivores may learn to avoid high-Se plant material. This 
type of elemental defense mechanism in plants has been studied in great detail 
either by offering plants pre-treated with Se as feed to herbivores to test for deter-
rence/toxicity under controlled conditions. Bañuelos et al. (2002b) evaluated bio-
transfer of Se accumulated by different plants to several insects and animals by 
monitoring mortality, deterrence, and biomagnification of Se (Table  16.4). The 
growth and survival rate of the tested insects and animals was inversely related to Se 
concentration in leaves of host plants, but increased levels of Se were observed in 
tissues of vital organs like kidney, liver, heart and spleen (Table 16.4). In a similar 
study by Hanson et al. (2003), Se-rich mustard leaves proved lethal to the caterpil-
lars of the cabbage white butterfly (Pieris rapae), but the snails (Mesodon ferrissi) 
continued to feed on leaves without showing any toxicity symptoms. Selenium-rich 
B. juncea plants also proved resistant to fungal infection by Alternaria brassicicola, 
as well as Fusarium species. The observed protection from caterpillar herbivory and 
fungal infection due to Se accumulation in Brassica juncea plants must also prove 
protective under field conditions.

Similarly, Freeman et  al. (2007) reported that Se could protect plants against 
other leaf chewing herbivores like crickets (Acheta domestica) and grasshoppers via 
deterrence and toxicity. In addition to leaf chewers, phloem-feeding aphids were 
also deterred by high-Se B. juncea plants, and suffered toxicity at plant Se levels as 
low as 10 mg/kg (Hanson et al. 2004). In a field survey, Se was also shown to protect 
B. juncea and S. pinnata plants from a vertebrate herbivore—the black-tailed prairie 
dog (Quinn et al. 2008; Freeman et al. 2009). While measuring arthropod loads in 
Se hyperaccumulator habitats in Colorado, Galeas et al. (2008) observed that Se 
hyperaccumulating plant species containing 1000–14,000 mg/kg DM, harbored sig-
nificantly fewer arthropods and fewer arthropod species compared with nonaccu-
mulator plant species that contained <30 mg Se/kg DM.
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Studies conducted so far provide ample support for the Se element defense 
hypothesis, which states that Se hyperaccumulation has evolved as a defense mech-
anism. Even Se levels as low as 10 mg/kg DW can protect plants from herbivores, 
due to deterrence and toxicity. Therefore, Se absorbed by plants used for phytore-
mediation can be transferred biologically in an intentional or unintentional manner 
to insects and animals. Plants enriched with Se may discourage the infestation 
by most insect species, but may lead to bioaccumulation of Se by Se-tolerant 
insects, whose feeding on the plants may exert deleterious effects on birds and 
mammals that eat the insects.

16.6.2  �Selenium Biotransfer Potential to Biological Systems

While monitoring the fates of Se in biological organisms associated with different 
phytoremediation experimental sites in California, Bañuelos (2006a) recorded sig-
nificant accumulation of Se in the livers of gophers (Thomomys bottae) (1.2–6.6 
mg/kg DM) and jack rabbits (Lepus californicus), which may lead to serious health 
problems (Table 16.5). Among birds, Se concentrations did not exceed 0.25 mg/kg 
in the yolk, or 0.60 mg/kg in the egg shell of killdeer (Charadrius vociferous) 
and mourning dove (Zenaida macraeva) found nesting in both saladograss and 
cordgrass fields. Selenium concentrations in biological systems depend on the plant 

Table 16.5  Selenium concentrations (mg/kg) in different biological systems, soil and crop found 
at different field sites for phytoremediation

Biological system found  
at experimental sites

Se conc. in biological 
system collected at:

Mean Se conc. at 
experimental site in:

Group Biological species
Body part 
analyzed Se-site

Control- 
site Soila Crop

Rodents Gopher 
(Thomomys bottae)

Liver 3.75 ± 0.4b 0.30 ± 0.01 8.21± 0.6 6.25 ± 0.7

Birds Dove (Zenaida 
macraeva)

Egg shells 0.64 ± 0.03 0.19 ± 0.01 5.65± 0.5 4.35 ± 0.5
Insects Embryos 0.32 ± 0.01 0.12 ± 0.01 5.65±0.6 4.35 ± 0.5

Loopers 
(Trichoplysia ni)

Body tissue 1.10 ± 0.05 0.42 ± 0.01 4.92± 0.5 4.65 ± 1.4

Aphids (Aphidae) Body tissue 0.24 ± 0.01 0.10 ± 0.01 6.51 ± 0.6 15.21 ± 
1.5

Borer (Paranthrene 
dollii)

Body tissue 0.75 ± 0.03 0.14 ± 0.01 2.72 ± 0.3 2.75 ± 0.3

Source: Bañuelos (2006a)
aThe soils from control sites recorded total Se conc. of < 0.27 mg/kg
bValues represent mean Se concentration ± standard error
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species used for phytoremediation, concentration and form of available Se in soil, 
feeding behavior of the insect, and amount of feed consumed by the bird/animal/
insect selected for the study. Consumption of selenium-enriched plant tissue con-
sumed by any biological species may not only have negative consequences for the 
insect (Trumble et al. 1998), but also for the invertebrates and vertebrates that feed 
on them (Wu et al. 1995). Biotransformation of Se through three trophic levels – the 
host crop plant alfalfa (Medicago sativa) fed upon by the beet armyworm 
(Spodoptera exigua) larva, which in turn is parasitized by a wasp (Cotesia margini-
ventris) was examined by Vickerman et  al. (2004). Selenium concentrations of 
alfalfa were 327 ± 0.2 mg/kg DW for the plants irrigated with water containing 
selenate-Se. Selenium speciation in each trophic level revealed that alfalfa partially 
transformed selenite to organoselenium. Beet armyworm contained only organose-
lenium, both directly absorbed from alfalfa and transformed from selenite. Wasp 
cocoons analyzed after larval emergence contained only organic-Se derived from 
the host. Presence of trimethylselenonium like species in adult parasitoids and the 
cocoons suggests that adults and pharates can detoxify excess Se through methyla-
tion and volatilization. The results indicate that C. marginiventris can be used to 
control S. exigua damage to M. sativa being used to remove Se from soils. Moreover, 
the presence of such insects may improve phytoremediation by increasing biotrans-
formation of inorganic Se and release of volatile Se species. This study also demon-
strates that Se can move through a terrestrial food chain from a Se-irrigated plant, 
through an herbivore, and into a developing insect parasitoid. The presence of 
insects may improve phytoremediation by increasing biotransformation of inor-
ganic Se and release of volatile Se species.

16.6.3  �Phytoremediation and Pollinators Interaction

Selenium is an essential trace element for insects (Zhang and Gladyshev 2009), and 
therefore a Se-enriched diet may promote bee health. On the other hand, if ingested 
in excess, Se may have a toxic effect on bees. The ecological impacts of Se accumu-
lation in flowers were investigated by monitoring honey bees visiting B. juncea and 
S. pinnata plants containing low and high Se levels respectively (Quinn et al. 2011a). 
No differences in floral visitation were observed for either plant species, in spite of 
large variations in Se content (Pilon-Smits et al. 1999b). Analysis of different bee 
species foraging on S. pinnata revealed that European honey bees (Apis mellifera) 
contained 14 times less Se than the native bumble bees (Bombus sp.). While the 
bumble bees contained predominantly C-Se-C (presumably the non-toxic MeSeCys), 
the honey bees contained more toxic forms of Se. In other biological systems, tissue 
Se levels of 10–90 mg/kg DM were found to be lethal to Se-sensitive Lepidoptera 
larvae of Pieris rapae and Plutella xylostella (Hanson et al. 2003; Freeman et al. 
2006). It is possible that the European honey bee, which is native to a seleniferous 
area, has evolved Se tolerance; and can forage on Se hyperaccumulators. The lower 
Se levels and presence of different forms of Se in the European honey bees may 
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reflect different foraging behavior (visiting both hyper- and non-hyperaccumulators), 
or may be an indication of reduced Se tolerance.

Large variations in reproductive functions of different plants have also been 
observed due to Se accumulation in flowers. Pollen germination was significantly 
affected in B. juncea but not in S. pinnata (Prins et al. 2011). On the other hand, 
higher rate of pollen viability and germination was observed due to Se application 
to olive (Olea europaea) cultivars (Tedeschini et al. 2015).

16.6.4  �Phytovolatilization and Risk of Se Inhalation

Volatilization of Se is a biological process carried out by all types of microorgan-
isms (Doran 1982) and efficiency of this process is enhanced in the presence of 
plants. In a detailed discussion on the role of microbes in Se volatilization by plants, 
Terry and Zayed (1994) observed that bacteria could volatilize Se independently 
and may also assist plants in volatilizing Se either through promotion of Se uptake 
or reduction of selenate to forms more easily processed by the S-assimilation 
pathway. It is now evident that the majority of the agricultural crops are capable of 
volatilizing Se with rice, broccoli and cabbage as the superior volatilizers and sugar 
beet, lettuce, onion at the lowest end.

As soon as Se is methylated into volatile species such as DMSe, it is released into 
the ambient environment, diluted and dispersed further by air currents far away 
from the contaminated site. DMSe reacts with OH and NO3 radicals and ozone (O3) 
within a few hours to yield products that are unknown at present (Atkinson et al. 
1990). The calculated life time of DMSe due to reactions with these species ranged 
from 5 min to 6 h. However, it is likely that these oxidized products may be scav-
enged into aerosols or sorbed onto particulate matter that have a relatively long resi-
dence time (7–9 days) in the atmosphere and can travel considerable distances away 
from the source of origin.

Compared to aqueous SeO3
2− and SeO4

2− ions, DMSe is 500–700 times less toxic 
to rats (Frankenberger and Karlson 1994). In an acute toxicity study on the inhala-
tion of DMSe by rats, 85 adult rats were exposed to the concentrations varying from 
0 to 34,000 mg/m3 (or 8034 ppm) for 1 h. After the treatment, animals were kept 
under watch for one week for recording clinical abnormalities if any, but all the 
animals were normal. The half-life of DMSe in animals appears to be short and the 
compound is eliminated mainly via lungs. Thus, it may be concluded that the inhaled 
DMSe vapour is nontoxic to the rats at concentration up to 34,000 mg/m3.

The amount of volatile Se (DMSe) being released into the atmosphere from the 
Se-contaminated sites through plants, as well as soil, together appears to be quite 
low, and it will never be reaching concentration more than 34000 mg/m3 in the envi-
ronment, which is safe for animals. Concentrations of DMSe will be relatively 
higher in the ambient environment of the crop than a few meters away from the 
point of release and it may or may not be able to affect the life of insects, animals 
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living in burrows, birds nesting in the immediate environment of plants or humans 
passing through the cropped area for various field operations related to the crop 
management. Thus, there is need to study the behavior of insects, animals, birds and 
their predators living in the cropped area on long-term basis and undertake periodic 
assessment of Se accumulation in their body tissues.

16.6.5  �Phytoremediation and Se-Rich Organic Residue

Phytoremediation of Se-contaminated soils involves cultivation of selected plants 
for removal of Se from the affected soil. Effective removal of Se is a function of 
harvested biomass, which is actually removed away from the contaminated site. As 
soon as the crop reaches maturity, leaves fall on the ground due to senescence. 
Physical removal of fallen leaves and root biomass from the land is not considered 
economical and thus are left on-site and are mixed into the soil during land prepara-
tion for the second crop. It has been estimated that when Brassica-based cropping 
sequences are practiced for Se phytoremediation, mean leaf and root biomass re-
deposited to the soil could range from 0.8 to 2.3 and 0.9 to 2.5 Mg (or metric ton)/
ha/year, respectively (Dhillon and Dhillon 2009c). Similarly, addition of about 17.2 
and 19.2 Mg/ha of leaf and root biomass, respectively, may take place under agro-
forestry (poplar) based cropping systems (Bañuelos and Dhillon 2011). Mean Se 
concentration in the leaves of different crops ranged between 40 and 220 mg/kg and 
that in roots ranged between 20 and 30 mg/kg. Thus, inadvertent addition of a large 
quantity of Se-rich, easily decomposable biomass may gradually lead to serious 
ecological implications.

As in case of herbivory of Se-rich plants, Se toxicity to microbial population may 
lead to slow rate of decomposition of Se-rich leaf biomass deposited in the soil. 
However, Quinn et al. (2011b) observed that, when plant material with varying Se 
concentrations was left to decompose in a seleniferous area, high-Se Astragalus 
bisulcatus tissues containing 350–550 mg/kg (DM) Se decomposed faster than low-
Se Medicago sativa tissues containing 1–2 mg/kg (DM) of Se. The fast decomposi-
tion of the high-Se litter in seleniferous habitat suggests that the local microbial 
population has developed substantial Se tolerance. Presence of Se-tolerant microor-
ganisms and fast rate of decomposition may have significant effect on the balance 
among different Se forms and species in soil. Shift in balance among Se species in 
favour of organic Se may affect decomposing microorganisms differently as com-
pared to inorganic Se. Consequently this process in the long-run may result in quali-
tative as well as quantitative impact on Se fluxes through the local ecosystem. Thus 
a regular monitoring of changes in Se transformation in the contaminated soil must 
be undertaken to answer several questions related to the success of the phytoreme-
diation process and to assess associated risks.

In a number of studies, significant decrease in Se uptake by plants has also been 
observed with the addition of some organic amendments like crop residue and ani-
mal manure (Ajwa et  al. 1998); high molecular weight organic compounds 
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(Pezzarossa et al. 2007), and press mud and poultry manure (Dhillon et al. 2010). 
Reduction in Se uptake by different crops with the presence of various organic 
amendments implies appreciable reduction of Se load in the food chain, as well as 
the efficiency of phytoremediation in the long run. The positive impact is that the 
rate of Se volatilization increased significantly with the addition of organic resources 
(Dhillon et al. 2010). Volatilization of Se in soil-plant systems can further be pro-
moted by stimulating indigenous microorganisms with specific organic amend-
ments (Doran 1982).

16.7  �Strategies for Increasing Acceptability 
of Phytoremediation Technology

For reducing Se in soils to safer levels, the phytoremediation strategy developed by 
Bañuelos et al. (2002a) has emerged as an efficient, environment friendly and low 
cost technology; however, the process still has certain limitations (Dhillon and 
Dhillon 2016). Some of the limitations and the possible solutions are discussed in 
the following sections.

16.7.1  �Safe Disposal/Utilization of Se-Rich Biomass

Among different sources of Se, organic Se is considered as more bioavailable to 
animals and humans (Muñiz-Naveiro et al. 2006). It can be easily inferred from the 
published data that the cost of Se phytoextraction can be offset from the sale of 
organic Se-enriched biomass, grains and fruit as Se feed and food supplements for 
meeting daily Se intake of animals and humans in Se-deficient areas. Brassica spe-
cies play an important role in remediation of Se-contaminated soils. To encourage 
its adoption, some viable economic measures are discussed in the following 
sections.

16.7.1.1  �Selenium-Enriched Brassica and Use of Its Oil as Biofuel

In central California’s San Joaquin Valley (SJV), growing canola and mustard plants 
for Se phytomanagement produces an array of Se-biofortified products, including 
the byproduct biofuel. Vegetable oils and their mono-fatty acid low alkyl esters are 
used for biodiesel or as a diesel fuel lubricity additive (Kulkarni et  al. 2007). 
Biodiesel derived from vegetable oils, e.g. Brassica, is rapidly gaining market share 
as a diesel fuel extender worldwide for environmental benefits and for a new renew-
able resource of biodiesel (Dalai et al. 2006; Stapleton and Bañuelos 2009). It is 
possible to extract oil at a conservative rate of 2.7–4.5 Mg from canola and mustard 
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seeds (Bañuelos 2006a) adopted as a source of biodiesel fuel (McDonnell et al. 2000). 
Key to the production of biofuel from plants used in the phytoremediation of Se is 
that otherwise unproductive Se-laden sites are used. There should be no competition 
for food crop production. Even a partial shift from conventional diesel fuels to 
blended biodiesels within the agro-industry will certainly encourage growers using 
Brassica species and particularly canola as a Se phytoremediation crop.

16.7.1.2  �Selenium-Enriched Brassica Seed Meal as Animal Feed

Canola is grown for long-term phytomanagement of Se in high saline/B soils of the 
SJV, with total biomass and seed yields over 12–13 Mg/ha and ~ 2 Mg/ha, respec-
tively. After pressing and extracting oil from canola seed, the residual seed meal is 
usable as a Se-enriched feed meal. Importantly, the Se concentration in the canola 
meal produced from the high sulfate and Se-laden soils of the SJV was generally 
less than 2 mg/kg DM (Bañuelos 2006b), which allows its safe use as part of the 
daily feed ration (Bañuelos et al. 2010). Moreover, this Se-enriched meal can be of 
special economic importance for successfully providing additional and bioavailable 
Se to central California’s livestock and dairy industries (Bañuelos et al. 2010).

16.7.1.3  �Selenium-Enriched Brassica Biomass as Forage for Animals

Careful mixing of Se-rich vegetative biomass generated at the phytoremediation 
sites with other feed stuffs may lead to improved Se status of animals (Bañuelos and 
Mayland 2000). Similarly, Echevarria et al. (1988) have suggested Se as an addi-
tional organic supplement should be incorporated into animal feed rations to ensure 
adequate Se levels in animals. The bioavailability of organic Se (generally as SeMet) 
supplied to animals as Se-enriched feed and its subsequent absorption by animal 
tissues may be greater for some animals than inorganic forms of Se (Agbossamey 
et  al. 1998; Bañuelos and Mayland 2000; Hall et  al. 2013). When Se-enriched 
canola plants harvested from a phytoremediation site were fed to marginally 
Se-deficient lambs and cows as a part of their daily ration (Bañuelos 2006a), an 
appreciable increase in Se concentration of different body tissues and excreta was 
recorded (Table 16.6). Keeping these results in view, it can be safely predicted that 
the biomass generated during phytoremediation of Se-contaminated soils in central 
California ranging from 9 to 14 Mg/ha/y (Bañuelos and Dhillon 2011) is sufficient 
for feeding 100–170 Se-deficient animals for improving their Se status to normal 
levels. In Enshi, China, the so-called “World Capital of Se,” Yuan et al. (2012) have 
suggested growing clover (Trifolium repens) and alfalfa (Medicago sativa) for pro-
ducing Se-biofortified fodder.

An alternative utilization of Se-rich plant biomass relates to its incorporation in 
nonseleniferous soils for raising forage crops (Bañuelos et al. 1991, 1992; Dhillon 
et al. 2007). Incorporation of straw up to 1.0% (20 Mg/ha) did not show any detri-
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mental effect on dry matter yield and Se concentration of the forage crops was also 
within safe levels for animal consumption. Providing animals with Se-enriched 
plant or seed material, or growing known forage crops (like alfalfa, corn, sorghum) 
in soils amended with Se-laden plant materials are both practical and economically 
viable strategies for disposing of plants used for sustainably phytomanaging Se on 
Se-laden soil sites. Other uses also include applying the Se-rich plant material as an 
organic source of Se fertilizer to crops grown for animal feed.

16.7.1.4  �Developing Se-Enriched Food Products

In the phytoremediation strategy developed by Bañuelos et al. (2002a), they dis-
cussed that for a phyto-based system to be practical and sustainable for managing 
Se in Se-laden soils, cultivation of selected plant candidates should not result in 
economic losses for growers implementing such a system. Chances for greater 
widespread acceptance and usage of a Se phytoremediation strategy could increase 
if there are potential marketable products from the harvested plant biomass. For 
example, Brassica plants like broccoli (known to have an affinity for S) will still 
absorb Se and result in Se-enriched broccoli. This new Se-biofortified product may 
be a potential source of supplemental dietary and bioavailable Se for humans in 
Se-deficient regions, as studied extensively by J.W.  Finley and G.  Combs at the 
Human Research Center in Grand Forks, ND (Combs 2000; Finley 2006, 2007). In 
contrast to the USA, a low Se intake by human inhabitants in China, the UK, 

Table 16.6  Selenium concentration in feces, urine and some body tissues of lambs and cows fed 
Se-enriched canola plants grown with irrigation water containing 75–100 μg/L Se

Parameters
Lambs Cows
Se-enriched Controla Se-enriched Control

Feces (μg Se/kg 
DM)

10 ± 2 – 704 ± 120 94 ± 2 – 71 ± 10 38 ± 1 – 73 ±2 35 ± 1 – 52 ± 1

Urine (μg Se/L) 9 ± 2 – 301 ± 50 Not detected 21 ± 1 – 59 ± 2 23 ± 1 – 33 ± 1
Blood (μg Se/L) 229 – 301 47 – 102 62 ± 2 – 90 ± 3 63 ± 2 – 67 ± 2
Milk (μg Se/L) Not applicable Not applicable 32 ± 1 – 71 ± 2 31 ± 1 – 65 ± 3
Heart (μg Se/kg 
DM)

682 ± 14 360±11 Not analyzed Not analyzed

Liver (μg Se/kg 
DM)

809 ± 42 429 ± 25 Not analyzed Not analyzed

Kidney (μg Se/kg 
DM)

2100 ± 99 1507 ± 59 Not analyzed Not analyzed

Spleen (μg Se/kg 
DM)

525 ± 66 216 ± 10 Not analyzed Not analyzed

Source: Bañuelos et al. (2002b)
aCanola plants used for control treatment contained <0.1 mg Se/kg DM
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and other countries in Europe and Africa is of great concern (Gao et al. 2011; 
Lyons 2010). Consequently, to ensure an adequate level of Se in human nutrition, 
Se biofortification strategies have been practiced in different regions of the world 
for the purpose of producing Se-enriched crops for Se-deficient regions (White and 
Broadley 2009; Rayman et al. 2008).

16.7.1.5  �Organic Se Fertilizer

In contrast to adding Se to the soil as sodium selenite incorporated into commercial 
fertilizers (Alfthan et  al. 2010), incorporating Se-enriched seed meal (after oil 
extraction) or Se-rich plant material into soil as organic sources of Se fertilizer is 
another option similar to that reported for boron ( Robinson et al. 2007). The addi-
tion of seed meals or plant materials harvested from plants used in Se phytoreme-
diation to soils supporting food crops can lead to increased concentrations of Se in 
edible crops. The gradual breakdown of the seed meal or plant material and the slow 
release of Se make these organic sources of Se ideal sources of biofertilizer. 
Important examples on the production of Se-enriched products are as follows: 
Se-enriched strawberries with incorporation of Se-rich Brassica seed meal into soil 
(Bañuelos and Hanson 2010), Se-enriched carrots and broccoli with incorporation 
of Se-enriched S. pinnata into soil (Bañuelos et al. 2015), and Se-enriched forage 
crops like alfalfa, corn, and sorghum with incorporation of Se-laden plant tissues 
into soil (Bañuelos et  al. 1991, 1992; Dhillon et  al. 2007). In countries such as 
China, India, or Africa where Se deficiencies are observed in populations consum-
ing rice grains or corn low in Se, the application of organic Se and inorganic 
Se-enriched fertilizers (White and Broadley 2009) could be very useful. Incorporating 
Se-enriched meals into Se-deficient soils not only has the potential to increase Se 
levels in food crops and in animal forages, but also develop a beneficial and practi-
cal way of disposing of Se-enriched plants or residual seed meal material after oil 
extraction.

16.7.2  �Producing Nutraceutical Foods

In a field study, Banuelos and Lin (2010) have observed that a drought-tolerant 
prickly pear cactus (Opuntia ficus-indica) could serve as an ideal alternative crop 
for a gentle phytoremediation of Se-contaminated soils in central California. The 
cactus plants are capable of accumulating significant amounts of Se and the rate of 
Se volatilization varied from 20 to 80 μg/m2/d. Analysis of different tissues of 
Se-biofortified crop revealed that cactus pear fruit and cladodes could serve as an 
excellent source of Se and other important mineral nutrients (Bañuelos et al. 2012). 
When grown on agricultural drainage sediments, fruit harvested from cactus pear 
plants exhibited nutraceutical qualities and may represent a useful Se-enriched che-
motherapeutic food crop suitable for promoting human health. Methylselenocysteine 
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(MeSeCys) is considered to be the least toxic and the most anticarcinogenic Se 
compound (Ip and Ganther 1992), and it constituted 16% to 24% of total soluble Se 
in cactus fruit. The organic Se chemical forms, overall mineral nutrition character-
istics and antioxidants contained within cactus pear demonstrated the potential high 
market value of growing such a unique food crop on this type of poor quality soil. 
The development of unique value-added Se-biofortified nutraceutical food products 
from cactus pear could help improve profitability in these hypersalinized areas and 
increase the realistic potential of producing fruit from a truly specialized arid land 
food crop.

16.7.3  �Physically Improving Se Removal Efficiency 
of Phytoremediation Strategies

As discussed earlier, among different phytoremediation strategies, Brassica-based 
cropping sequences are able to remove 917–1152 g/ha/year through the harvested 
biomass in India (Dhillon and Dhillon 2009c). Although leaf and root biomass 
removal involves economic liability, but if removed along with the above-ground 
harvested biomass, Se removal capacity of Brassica based cropping sequences can 
be increased by 26% to 65% (Table 16.7). Similarly, removal of Se-rich fallen leaves 
every year and the root biomass at the harvesting stage along with branches and 
stem portion, Se removal capacity of agroforestry based systems can be increased 
by 23–50% (Table 16.7).

Table 16.7  Impact of leaf fall and root biomass on Se removal efficiency of different 
phytoremediation strategies

Phytoremediation 
strategies

Se removed 
by harvested 
biomass  
(g/ha/year)

Se re-deposited in 
soil via

Projected Se 
removal by 
total plant 
biomass 
generated 
(col 2+3+4) 
(g/ha/year)

Expected 
increase in 
Se removal 
efficiency  
as compared 
to col 2 (%)

Computed 
from 
published 
data 
sources

Leaf fall  
(g/ha/year)

Root 
biomass 
(g/ha/
year)

 1 2 3 4 5 6 7

Brassica-based 
cropping 
sequences

917–1152 220–640 19–107 1156–1899 26–65 Dhillon and 
Dhillon 
(2009c)

Agroforestry-
based cropping 
systems

280–760 71–86 69–88 420–934 23–50 Bañuelos 
and Dhillon 
(2011)
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16.7.4  �Exploring Non-food Plants with Economic Returns 
for Phytoremediation

Phytoremediation technology for remediation of Se-contaminated soils is eco-
friendly and involves very low operational costs. However, on many sites, this pro-
cess will have to be repeated for many years to bring the level of Se within safe 
limits in the soil and, consequently, the operational costs may increase considerably. 
Moreover, consumption of Se-enriched food or fodder is not without risks, as Se 
readily becomes toxic at elevated concentrations. To keep a check, one has to follow 
a rigorous schedule to determine and control Se concentrations in food and feed 
products, and also monitor the rate of Se accumulation in different body tissues at 
regular intervals. The narrow range between dietary deficiency (< 40 μg/d) and toxic 
levels (> 400 μg/d) of Se (WHO 1996) makes it extremely necessary to carefully 
regulate Se intake by humans and other animals. Therefore, a relatively safer option 
is to utilize non-food plants with assured economic returns for phytoremediation. It 
may provide favorable perspectives for the affected farmers to generate non-food 
crops profitably, but the effective soil decontamination process may progress at 
relatively slow pace. On the other hand, by growing non-food plants in 
Se-contaminated soils, it will be possible to minimize or completely ban the entry 
of Se into the food chain.

Some of the non-food plants potentially suitable for cultivation on Se-contaminated 
soils are listed in Table 16.8. The non-food plants selected for phytoremediation 
should be fast growing, easy to propagate and cultivate, deep rooted, relatively high 
Se uptake capacity and have high biomass production. The cultivation of non-food 
plants must be practically feasible and economically attractive under the given site 
and land use conditions. Some of the tree species like eucalyptus (Eucalyptus spp.), 
poplar (Populus spp.), and acacia (Acacia nelotica) are grown for pulp, timber and 
fuel wood. Thus utilization of Se-contaminated soils for wood production will cer-
tainly reduce the pressure for wood on natural forests. Some plant species like giant 
reed and palm leaves provide raw material for preparing high-end products like 
baskets, hats etc. Fresh flowers raised on seleniferous soils can fetch handsome 
price depending upon the demand in a particular region and season. In addition to 
this, flower cultivation could lead to significant improvement in the environmental 
outlook of the seleniferous site.

16.8  �Conclusions

Phytoremediation has been recognized as an economically viable and ecofriendly 
technology for remediation of Se-contaminated soils. In recent years, Brassica jun-
cea, B. carinata and B. napus have emerged as the most suitable crops for Se phy-
toextraction and phytovolatilization processes. Proposed commercialization of 
Brassica biomass for utilization as animal feed in Se-deficient areas, along with use 
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as biofuel for diesel engines and the seed by-products after oil extraction as animal 
feed meal may result in financial gains to the grower in a Se-contaminated region. 
Adopting agroforestry copping system for wood, pulp and some valuable chemicals 
have the capability to turn phytoremediation technology into a financial asset for the 
grower. Developing genetically improved transgenic Brassica crops with several 
times higher Se-removal capacity than non-transgenic crops will certainly lead to 
reduction in length of time needed for Se reduction to safe level in the affected soil. 
If insects are present, their presence may contribute to Se phytoremediation by 

Table 16.8  Potential non-food plant species with economic returns suggested for remediation of 
Se-contaminated soils

Potential non-food plant 
species for 
phytoremediation

Revenue earning 
products

Se removed by some 
non-food plantsa Source

Giant reed (Arundo 
donax); Cattail (Typha 
latifolia); Palm leaves

Baskets, hats, 
mats etc.

Cattail – 380 g/ha/y Adhikari et al. 
(2011)

Jute (Corchorus 
capsularis); Dhaincha 
(Sesbania aculeate), 
Cannabis sativa; Sunn 
hemp (Crotalaria 
juncea), Cotton 
(Gossypium spp)

Rope, rough/fine 
cloth etc.

Cotton – 160–530 g/ha Dhillon and 
Dhillon (2009c)Sunn hemp – 110–240 g/ha

Morning glory (Ipomea 
carnea), Ipomea tricolor, 
Datura stramonium, 
Salvia divinorum

Sacred plants 
used for 
religious 
ceremonies

I. carnea known for Se-rich 
seeds and leaves

Sabogal and 
Borkowski 
(2007)

Prosopis juliflora and 
Acacia nelotica

Fuel wood Acacia Nelotica, Stem – 5 
mg/kg

Dhillon et al. 
(2008a)

Poplar (Populus 
deltoides), Eucalyptus 
(Eucalyptus hybrid), 
Shisham (Dalbergia 
sissoo)

Pulp, furniture, 
construction 
work etc.

1.4–2.4 kg/ha in a life cycle 
of different trees varying 
from 10 to 24 years

Dhillon et al. 
(2008a); 
Bañuelos and 
Dhillon (2011)

Calendula (C. 
officinalis), African 
marigold (T. erecta) 
French marigold (T. 
patula), Gaillardia (G. 
aristata)

Fresh flowers 100–240 g/ha by different 
flowering plants

Bañuelos and 
Dhillon (2011)

Tobacco (Nicotiana 
tabacum)

Cigarettes Presence of high Se level in 
tobacco leaves used for 
preparation of cigarettes is 
desirable due to its 
chemopreventive role in 
lung carcinogenesis

Chortyk et al. 
(1984)

aSe removed by cotton, sunn hemp and flowering plants pertains to one growing season of the crop 
varying from 5 to 7 months
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increasing biotransformation of inorganic Se to volatile Se species. The biotransfor-
mation and apparent methylation of Se by phytophagous insects, and their parasit-
oid adds a new dimension to Se remediation.

16.9  �Future Research Prospects

Success of phytoremediation strategies is extremely dependent upon the type of 
plant species or crop rotations selected for Se removal from contaminated sediments 
and water. Harvesting of Se-rich biomass of oilseed crops like canola and Indian 
mustards may yield products of potential economic importance for the grower. 
These may include Se-rich plant biomass as supplemental animal feed, Brassica oil 
mixed with diesel fuel for the production of biofuel for diesel engines, and seed by-
products after oil extraction as animal feed meal. In addition to canola, oil from 
other oleaginous crops like sunflower, safflower (Carthamus tinctorius), soybean, 
cotton, and peanut (Arachis hypogea) must be considered as potential alternative 
fuel stocks for diesel engines.

The usefulness of feeding Se-rich canola harvested from Se-phytoremediation sites 
to animals has been practically demonstrated. Before considering this method for rou-
tine disposal of Se-rich plants, strict monitoring of Se concentrations in various plants 
used for phytoremediation, pattern of Se accumulation in animal tissues, Se excretion 
in milk and follow-up feeding schedule is highly recommended. Economics of trans-
porting and processing Se-rich plants from phytoremediation sites to Se-deficient 
regions for sustainable animal production must also be examined carefully.

During the process of phytoremediation, significant changes in nutritional 
parameters are expected in the plants growing on the poor quality agricultural sedi-
ment soils laden with salt, B and Se. Before using plants products as Se-fortified 
products, quality must be evaluated in terms of organic Se forms, changes in con-
tents of other minerals, total phenolics and antioxidant status or free radical scav-
enging capacity etc. This type of certification will ensure potentially high market 
value of plant products obtained from Se-enriched food crops grown on poor quality 
soil. Chances for widespread acceptance of phytoremediation can be dramatically 
increased with the production of Se-rich phyto-products of good quality for use in 
Se-deficient regions of the world.

There is a tremendous increase in our knowledge of plant processes involved in 
the rate-limiting steps for phytoremediation of Se-contaminated soils. Significant 
increase in phytoremediation potential of plants has been achieved due to positive 
manipulation of natural plant processes involved in uptake, assimilation, or detoxi-
fication mechanisms of Se. Results from field studies tend to confirm results from 
initial lab and greenhouse trials. Clearly, plant biotechnological approaches could 
play an important role in moving the field of phytoremediation forward for better 
acceptance by the actual user. It is important that new transgenic plants continue to 
be carefully tested in the field. New strategies are required to improve the 
acceptability of using genetically engineered plants for remediation projects. It will 
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be helpful if regulatory restrictions can be regularly re-evaluated to make the use of 
transgenics for phytoremediation less cumbersome.

Also, to provide more mechanistic insight into selenate tolerance, results from 
QTL mapping of selenate tolerance may be compared with results from biochemical 
studies, mutant studies, and studies on the effects of overexpression of key enzymes 
from the S/Se assimilation pathway. Genomic and biochemical studies may help 
in  locating genes that encode specific transporters of selenocompounds into and 
within hyperaccumulators. Such key genes will be the ultimate candidates for over-
expression studies, with the potential of transferring the complete Se hyperaccumu-
lator profile into high-biomass plant species. Impact of plant Se on the local ecosystem 
in terms of risk to pollinators, herbivores or microbial activity must be evaluated for 
developing a large-scale sustainable phytoremediation strategy. Understanding the 
contributions of ecological partners and the effects of Se on ecological partners will 
certainly be helpful in minimizing potential harmful effects of accumulated Se.
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