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e Premise of the study: Are there dimensions of symbiotic root interactions that are overlooked because plant mineral nutrition
is the foundation and, perhaps too often, the sole explanation through which we view these relationships? In this paper we in-
vestigate how the root nodule symbiosis in selenium (Se) hyperaccumulator and nonaccumulator Astragalus species influences
plant selenium (Se) accumulation.

e Methods: In greenhouse studies, Se was added to nodulated and nonnodulated hyperaccumulator and nonaccumulator Astraga-
lus plants, followed by investigation of nitrogen (N)-Se relationships. Selenium speciation was also investigated, using x-ray
microprobe analysis and liquid chromatography—mass spectrometry (LC-MS).

e Key results: Nodulation enhanced biomass production and Se to S ratio in both hyperaccumulator and nonaccumulator plants.
The hyperaccumulator contained more Se when nodulated, while the nonaccumulator contained less S when nodulated. Shoot
[Se] was positively correlated with shoot N in Se-hyperaccumulator species, but not in nonhyperaccumulator species. The x-
ray microprobe analysis showed that hyperaccumulators contain significantly higher amounts of organic Se than nonhyperac-
cumulators. LC-MS of A. bisulcatus leaves revealed that nodulated plants contained more y-glutamyl-methylselenocysteine
(y-Glu-MeSeCys) than nonnodulated plants, while MeSeCys levels were similar.

e Conclusions: Root nodule mutualism positively affects Se hyperaccumulation in Astragalus. The microbial N supply particu-
larly appears to contribute glutamate for the formation of y-Glu-MeSeCys. Our results provide insight into the significance of
symbiotic interactions in plant adaptation to edaphic conditions. Specifically, our findings illustrate that the importance of these

relationships are not limited to alleviating macronutrient deficiencies.
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The importance of mutualisms for ecosystems is well known.
Mutualisms of plants with other organisms facilitate plant nu-
trition, pollination, and seed and spore dispersal (Boucher et al.,
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1982). Investigating the effects of mutualisms on stress and tol-
erance are increasingly important, as many ecosystems are sub-
jected to rising stress levels. It is interesting and necessary to
investigate how mutualisms persist under extreme conditions in
natural ecosystems as well as to understand how environmental
stress has contributed to differentiation among sympatric mutu-
alists. In this study, we focus on a plant—endophyte symbiosis
that occurs in the extreme environment of high-Se soil and Se-
hyperaccumulator Astragalus species.

Astragalus is the largest genus in the legume family, with an
estimated 3000 species of annual and perennial herbaceous
plants (Osaloo et al., 2003). Livestock and wild animals com-
monly use members of this genus as forage, and numerous As-
tragalus species are used by humans for food, medicine, or
cosmetics (Uphof, 1968). Despite the many beneficial uses of
Astragalus species, toxins are present in some species. The
three major toxic principles in the Astragalus genus are (1) the
aliphatic nitro compounds, (2) the indolizidine alkaloids in-
cluding swainsonine, and (3) selenium (Se) compounds (Rios
and Waterman, 1997).

Selenium hyperaccumulation occurs in nearly 30 plant spe-
cies in North America; the majority of the hyperaccumulators
are species of Astragalus (Brooks, 1998). The criterion for Se
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hyperaccumulation is a shoot Se concentration ([Se]) above
0.1% of dry mass (21000 pg Se-g~' DW) when growing on
natural seleniferous soil. For comparison, the typical [Se] in
nonaccumulator species on such soils is less than 2 pg-g~!, and
100 pg-g~' may be considered high (Reeves and Baker, 2000).
Astragalus species that hyperaccumulate Se manage to amass
extreme amounts of Se from seleniferous soils. Co-occurring
congeners, however, do not accumulate Se to any great extent
under natural conditions (Shrift, 1969; Galeas et al., 2008; Sors
et al., 2009; Alford et al., 2012). Given the low concentrations
of trace elements in neighboring plants and the ability of hyper-
accumulators to amass trace elements at concentrations typi-
cally two orders of magnitude higher than that of the soil in
which they grow, hyperaccumulation is thought to benefit the
plant in some way (Boyd and Martens, 1992; Boyd, 2004).
Why plants hyperaccumulate Se remains a topic of investiga-
tion, but most evidence collected to date has focused on and
found support for the elemental defense hypothesis (Boyd,
2007) where Se is thought to protect plants against herbivores
and pathogens (Hurd-Karrer and Poos, 1936; Hanson et al.,
2003; Galeas et al., 2008; Quinn et al., 2008). In addition, Se
has been implicated in elemental allelopathy where Se enrich-
ment in soil around hyperaccumulators inhibits Se-sensitive
competitors (El Mehdawi et al., 2011).

Sulfur and Se have similar physical and chemical properties;
thus, they follow the same metabolic pathways in plants, includ-
ing root uptake of inorganic forms, transformation into amino
acids, and methylation (Barceloux, 1999; White et al., 2004; Sors
et al., 2005a, 2005b). However, unlike S, Se is not required by
plants (Fu et al., 2002). In bacteria and animals, Se is essential in
low concentrations, but it can become toxic to organisms at
higher concentrations (Barceloux, 1999). In fact, concentrations
of 8.1 pg-g~! in feed can cause toxicosis and death in pigs (Stowe
et al., 1992), and humans have been poisoned by Se from foods
produced in seleniferous regions (Yang et al., 1983; Dhillon and
Dhillon, 1997; Fordyce, 2007). Since Se is essential to mammals,
a lack of dietary Se also poses a threat to human and animal
health (McLaughlin et al., 1999). To combat deficiency in hu-
mans and livestock, Se-fortified plants have been developed (Ly-
ons et al., 2003; Broadley et al., 2006; Bafiuelos et al., 2011).
Hyperaccumulators are particularly interesting in this respect,
because of their capacity to accumulate high levels of Se in an
organic form that is particularly anticarcinogenic (Ellis and Salt,
2003). Most plants accumulate selenate (the most bioavailable
form of Se in oxic soils), but hyperaccumulators accumulate pre-
dominantly organic methylselenocysteine (MeSeCys) (Freeman
et al., 2006). To be able to use hyperaccumulators more effi-
ciently, we need to know more about their Se accumulation
mechanisms. In particular, very little is known about below-
ground processes that allow hyperaccumulators of Se and other
elements to amass large quantities of these trace elements from
soil (Alford et al., 2010; Barcel6 and Poschenrieder, 2011).

Interactions between soil microorganisms and root systems
can have significant impacts on the ability of plant hyperaccu-
mulators to concentrate trace elements in their shoot systems
(Whiting et al., 2001; Abou-Shanab et al., 2003; Turnau and
Mesjasz-Przybylowicz, 2003; Liu et al., 2005; Vogel-Mikus et
al.; 2006; Jankong et al., 2007; Li et al., 2007; Farinati et al.,
2009; Alford et al., 2010; Lindblom et al., 2013a, b). Both
strong reductions and strong increases in plant trace element
concentration have been found in hyperaccumulators upon in-
teraction with soil microorganisms. Li et al. (2007) found that
Burkholderia cepacia increased cadmium concentration by
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243% in Sedum alfredii. A reduction of 33% in arsenic concen-
tration was found in Pteris vittata when it was inoculated with
Glomus mosseae (Liu et al., 2005). However, in another study
no effect of soil-derived bacteria was found on arsenic concen-
tration in Pityrogramma coddii (Jankong et al., 2007).

Many legumes form mutualistic relationships with dinitro-
gen fixing rhizobia in root nodules. Adaption to stress in le-
gumes, such as that imposed by a high Se environment, is
expected to be complex because successful tolerance requires
adaptation of both the plant and bacterial symbionts (Antonov-
ics et al., 1971). In addition, plant survival during stress may be
dependent on symbiotic interactions (Rodriguez et al., 2008).
Although symbionts can have strong effects on their partners,
the role of symbionts in host adaptation to stress is not clear. In
Astragalus, nodulation has been found in nearly every species
that has been investigated (Allen and Allen, 1981), but the in-
fluence of mutualistic rhizobia on Se hyperaccumulators has
never been investigated.

In this study, we tested the hypothesis that symbiotic rhizo-
bia increase plant Se accumulation in both Se hyperaccumula-
tors and nonhyperaccumulators. The mechanism by which this
increase may occur could be from increased root surface area in
nodulated plants, which controls root access to soil elements.
An alternative and/or complementary mechanism would be that
rhizobia alter plant Se metabolism by affecting selenoamino ac-
ids levels through N input.

MATERIALS AND METHODS

Experiment 1: Relationship of N and Se—Astragalus bisulcatus, A. conval-
larius, A. drummondii, A. praelongus, and A. shortianus were obtained commer-
cially from Western Native Seed (Coaldale, Colorado, USA), and A. racemosus
from Prairie Moon Nursery (Winona, Minnesota, USA). The seed coats were
nicked with a razor, and scarified seeds were soaked overnight in tap water. The
following day, seeds were sown in a 2: 1 mixture by volume of washed sand and
field soil (sieved 2 mm). The field soil was collected from up to a 10 cm depth di-
rectly underneath the canopy of each species (Table 1) during the growing season.
Under greenhouse conditions, 16 plants of each species received treatments of
100 uM sodium selenate (Na,SeO,) and a N-free fertilizer solution based on
Huss-Danell (1978) (0.4 mM K,SO,, 4.475 uM FeCls, 4.225 uM Na,-EDTA,
0.5 mM MgSO,, 0.042 mM KH,PO,, 0.208 mM K,HPO,, 5.775 uM H;BO;,
1.15 uM MnSO,, 0.2 uM ZnSO,, 0.075 uM CuSO,, 0.05 uM NaMoO,, and
0.125 uM CoS0O,). Treatments began 4 mo post germination, where Se and fertil-
izer were applied twice per week. Treatments continued for the duration of the
experiment (2 additional months). Shoots, roots, and nodules were harvested
and then dried at 50°C for several days until dry mass remained unchanged.

Experiment 2: Nodulation effect on shoot [Se]—Scarified (razor-scored seed
coat) and surface sterilized seeds (2 min with bleach and 2 min with 90% ethanol)
of A. bisulcatus and A. drummondii (Western Native Seed,) were grown in 164-mL
Ray Leach “Cone-tainers” (Stewe & Sons, Tangent, Oregon, USA) containing
HCl-washed sand mixed at a 1:1 ratio (by volume) with fritted clay. Huss-Danell
(1978) fertilizer solution at 1/4 strength (1.6 mM K,SO,, 0.358 mM NH,NO,,

TasrLe 1. Soil collection locations in Colorado for the six Astragalus
species used in experiment 1.

Elevation
Species Closest town  Latitude (N)  Longitude (W) (ma.s.l.)
A. bisulcatus Fort Collins ~ 40°42’ 37.45”  105°06" 39.28” 1597
A. convallarius ~ Meeker 39°34735.24”  108°24” 45.67” 2466
A. drummondii ~ Livermore 40°45" 59.777  105°21” 06.21” 1946
A. praelongus ~ Uravan 38°22728.93” 108°44” 40.93” 1504
A. racemosus Limon 39°21700.59” 103°51”27.43” 1749
A. shortianus Livermore 40°46” 00.57” 105°21’ 04.29” 1940
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17.9 uM FeCl;, 16.9 uM Na,-EDTA, 2 mM MgSO,, 0.169 mM KH,PO,, 0.833 mM
K,HPO,, 0.6 mM CaSO,, 0.5 mM CaCl,, 23.1 uM H;BO;, 4.6 uM MnSO,, 0.8 pM
ZnSO,, 0.3 uM CuSO,, 0.2 uM NaMoOy,, and 0.5 uM CoSO,) was applied twice a
week beginning 1 mo post germination. Plants grew for 2 mo under greenhouse
conditions with fertilizer additions. Then fertilizer application was suspended for 2
wk to induce N deficiency before inoculation and selenium treatments were ap-
plied. Plants were treated with 20 pM sodium selenate (Na,SeO,) and were sub-
jected to one of two inoculation treatments (live soil slurry or autoclaved soil slurry)
with 10 replications. We did not use specific strains of rhizobia in our experiment
because there were no cultures available from A. bisulcatus or A. drummondii hosts
in the USDA-ARS National Rhizobium Germplasm Collection. In addition, we
have been unsuccessful in isolating rhizobia from nodules of A. bisulcatus. Instead,
two soil samples, one from directly underneath the canopy of each Astragalus spe-
cies, were collected from plants growing in a mixed prairie community in Fort
Collins, Colorado, USA (13T 488406 m E, 4490140 m N) to make soil slurries for
inoculation (20 g soil in 1 L sterile, distilled water). Inoculant was added to pots
directly or was autoclaved (121°C, 117 kPa) for 30 min before application. Twenty
milliliters of inoculant was added to each pot by matching species with soil type.
Six days after inoculation, fertilizer treatments were restarted with 1/4-strength fer-
tilizer twice per week. After another 6 d, weekly Se treatments (50 mL of 20 uM
Na,SeO,) were started. One month after Se treatments began, plants started to
brown, so fertilizer was reduced to once a week, and Se treatments were reduced to
once every 2 wk for the duration of the experiment (10 more weeks). Shoots were
harvested and dried at 50°C for 1 wk before analysis.

Experiment 3: Selenium localization and speciation—Leaves were obtained
from axenic A. convallarius, A. drummondii, and A. racemosus growing under
controlled conditions in a growth chamber (24°C) on half-strength Murashige
and Skoog (1962) agar medium supplemented with 50 uM sodium selenate. As-
tragalus praelongus was grown under greenhouse conditions in field-collected
soil amended with 50 uM sodium selenate. Leaves were separated from the plant,
washed in water to remove external Se, and frozen in liquid N,. Samples were
kept frozen until analysis was complete to prevent changes in Se distribution and
speciation. Se distribution and speciation in leaves were determined using micro-
focused x-ray fluorescence (UXRF) mapping and Se K-edge x-ray absorption
near-edge structure (UXANES) spectroscopy with the hard x-ray microprobe
Beamline 10.3.2 at the Advanced Light Source of the Lawrence Berkeley Na-
tional Laboratory (Marcus et al., 2004). Samples were mounted onto a Peltier
stage kept at —27°C to minimize beam radiation damage. uXRF elemental maps
were recorded at 13 keV, using a 15 um (H) X 6 pm (V) beam, 15 um X 15 pm
pixel size, and 50 ms dwell time per pixel. A seven-element germanium (Ge)
solid-state detector (Canberra Co., Concord, Ontario, Canada) was used to record
the maps and spectra. The chemical forms of Se in selected areas were investigated
using Se K-edge XANES. Spectra were deadtime corrected, pre-edge background
subtracted, and postedge normalized using standard procedures (Kelly et al.,
2008). Red Se (white line position set at 12660 eV) was used to calibrate each
spectrum. Least-square linear combination (LSQ) fitting of the experimental
spectra was performed in the 12630-12850 eV range using a library of well-
characterized Se standard compounds to identify chemical species (Pickering
et al., 1999). The best LSQ fit was obtained for minimum normalized sum of
squares of residuals: NSS = X(Ly, — M) /Z(Hexp)’s Where p represents normalized
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absorbance. Error on the percentages of species present was estimated to +10%.
Se standards included Na,SeO,, Na,SeO;, SeCystine and SeMet purchased from
Sigma-Aldrich (St. Louis, Missouri, USA) and MeSeClys, y-Glu-MeSeCys, Se-
Cysth, and SeGSH, purchased from PharmaSe (Austin, Texas, USA). SeCys was
obtained by reducing SeCystine at 25°C overnight in 100 mM sodium borohy-
dride at a 1:1 molar ratio. Gray and red elemental Se were provided by Amy
Ryser and Dan Strawn (University of Idaho). A suite of custom LabVIEW (Na-
tional Instruments) programs available for the Beamline at the Lawrence Berke-
ley National Laboratory were used for all data processing and analyses.

Experiment 4: Selenoamino acids study—Astragalus bisulcatus was
grown from seeds collected near Fort Collins. This seed source was used to
have maximal ecological relevance. Seeds were scarified (razor-scored seed
coat) and sterilized for 2 min in 95% ethanol followed by 2 min in 50% bleach.
After several rinses with sterile water, seeds were soaked overnight before
planting. Seeds were planted the next day in pots containing a 1:1 mixture by
volume of sand and sieved (2 mm) field soil collected from the same population
of A. bisulcatus (Table 1). Soil in the pots was from one of two treatments: au-
toclaved to kill soil microorganisms (treatment) or containing live soil microor-
ganisms (control). Treatment soil underwent three consecutive rounds of 30
min of autoclaving (121°C, 117 kPa) followed immediately by freezing
(—=20°C) for at least 12 h. Control soil was not manipulated. Seeds were allowed
to germinate over 2 mo on a mist bench. After the germination period, plants
were allowed to acclimate to greenhouse conditions for 10 d. Then, plants were
treated with Se (100 uM sodium selenate, Na,SeO,) and a low-N fertilizer to
induce nitrogen stress and promote nodulation (0.08 mM NH,NO;) on a weekly
basis for 9 wk. Shoots were harvested, and two leaflets per leaf were removed
and immediately frozen in liquid N,. Leaflets were stored at —80°C until amino
acid extraction. The remaining shoot was dried at 50°C. Roots were frozen and
stored at —20°C until nodule counts and root surface area measurements. Fro-
zen roots were thawed and subsequently washed. Nodules were removed, and
root surfaces were immediately scanned for area calculation using WinRHIZO
(Regent Instruments, Quebec City, Quebec, Canada).

To extract amino acids from leaflets, we followed the method described by
Freeman et al. (2006). Frozen leaf tissues were ground in a mortar and pestle
under liquid nitrogen. Two milliliters of 50 mM HCI was added to the ground
sample, and the sample was left to thaw. The sample was then centrifuged for 20
min at 13200 rpm. Resulting supernatant was run through a C18 Sep-Pak (Wa-
ters, Milford, Massachusetts, USA) that had been previously charged with 5 mL
acetonitrile and rinsed with 20 mL mass spectrometry grade water. The sample
was stored at —80°C until analysis. Samples were run on a Waters quadrupole
time of flight mass spectrometer coupled with ultra performance liquid chroma-
tography (Q-TOF UPLC) at the Proteomics and Metabolomics Facility at Colo-
rado State University. Chemical standards of MeSeCys and y-Glu-MeSeCys were
included to verify peak retention times and calibrate concentrations.

Plant elemental analysis—Twenty or 50 mg of dried and ground shoot
samples from experiments 1, 2, and 4 were digested in 1 mL nitric acid for 2 h
at 60°C and then 130°C for 6 h. After dilution with 9 mL of distilled water, [Se]
and [S] in the digest was determined by inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES) at the Soil, Water, and Plant Testing Laboratory

TaBLE2. Pearson correlation coefficients (r) from experiment | including physiological, fitness, and nodulation traits for three Astragalus hyperaccumulator
species (N = 40) and three Astragalus nonhyperaccumulator species (N = 33). Significant coefficients are shown by asterisk (o = 0.05).

Variable [Se] [S] Shoot mass Root mass Nodule mass No. nodules
Hyperaccumulators

[S] 0.529*

Shoot mass -0.199 -0.574*

Root mass -0.166 —-0.447* 0.873%*

Nodule mass —-0.049 -0.452% 0.869* 0.857*

No. nodules 0.045 0.145 -0.083 -0.051 0.124

% N 0.403* 0.165 -0.169 -0.263 0.039 0.133
Nonhyperaccumulators

[S] 0.639*

Shoot mass -0.423* -0.577*

Root mass -0.636* -0.363* 0.450*

Nodule mass -0.395* -0.534* 0.660* 0.503*

No. nodules 0.081 0.300 -0.268 —-0.130 -0.199

% N 0.159 -0.083 0.045 0.335 0.047 0.094
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Fig. 1. A comparison of three Se-hyperaccumulator species (HYP;

N = 40) and three nonhyperaccumulator species (NON; N = 33) for shoot
concentrations per gram dry mass (DW) of the trace element (A) Se and the
essential nutrients (B) S and (C) the percentage of N. Shown are means and
standard error of the mean. Significant differences by ¢ tests (o = 0.05) are
shown by asterisk.
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at Colorado State University. For shoot [N], 50-100 mg dried and ground shoot
material was combusted in a Leco Tru-Spec (St. Joseph, Michigan, USA) at the
Colorado State University Natural Resource Ecology Laboratory.

Data analysis—Statistical data analysis was performed using Systat v.12
(Systat Software, Chicago, Illinois, USA). In some instances, transformations
were required to correct for normality and equality of variances in the data. In
experiment 1, the relationship of N and Se, correlation analyses were conducted
separately for the three Se hyperaccumulators and three nonhyperaccumulators
using physiological attributes (log shoot [Se] and log shoot [S]), fitness attri-
butes (log shoot mass and log root mass), and nodulation attributes (log nodule
mass, square root nodule number, and log shoot [N]). Comparisons of log-
transformed shoot [Se], shoot [S], and shoot [N] were conducted between Se
hyperaccumulators and nonhyperaccumulators. In experiment 2, nodulation
effect on shoot [Se], nodulation effects on A. bisulcatus and A. drummondii
were compared by #-test for log-transformed shoot dry mass, the log ratio of
[Se] to [S], log shoot [Se], and shoot [S]. For experiment 3, the Se localization
and speciation experiment, difference between Se compositions in each As-
tragalus species was compared by ANOVA. Differences in the molecular Se
composition between hyperaccumulators (A. praelongus and A. racemosus)
and nonhyperaccumulators (A. convallarius and A. drummondii) were com-
pared by ¢ tests. Finally for the selenoamino acids study, A. bisulcatus plants in
different soil treatments (autoclaved or live soil) were compared by ¢ test for log
shoot dry mass, root surface area, log shoot [Se], log shoot [MeSeCys], and log
shoot [y-Glu-MeSeCys]. The amount of total shoot Se derived from seleno-
amino acids was determined by converting fresh mass amino acid concentration
to dry mass concentrations for each treatment.

RESULTS

Experiment 1: Relationship of N and Se—Shoot [N] was
positively correlated with shoot [Se] in the three hyperaccumula-
tor Astragalus species (ryyp = 0.403), but there was no such cor-
relation in the three nonhyperaccumulator species (Table 2). In
both Se-hyperaccumulator species and nonhyperaccumulator
species, shoot sulfur concentration [S] was positively correlated
with shoot [Se] (rgyp = 0.529; ryon = 0.639). In both hyperaccu-
mulators and nonhyperaccumulators, significant negative corre-
lations were detected between shoot [S] and shoot mass (ryyp =
-0.574; ryon = —0.577), root mass (ryyp = —0.447; ryon =
—0.363), and total nodule mass (rgyp = —0.452; ryon = —0.534).
In the nonhyperaccumulators shoot mass (ryon = —0.423), root
mass (ryon = —0.636), and nodule mass (ryox = —0.395) were
also negatively correlated with shoot [Se], while no significant
correlations were detected for these attributes in the hyperaccu-
mulators. In both plant types, there were significant positive cor-
relations between shoot and root mass (ryyp = 0.873; ryon =
0.450), shoot and nodule weight (ryyp = 0.869; ryon = 0.660),
and root and nodule mass (rgyp = 0.857; ryon = 0.503). Hyperac-
cumulators had a significantly higher (1 = 2.619, df = 94, P =
0.010) shoot [Se] than nonhyperaccumulators (Fig. 1A). No dif-
ferences in shoot [S] (Fig. 1B; ¢ = 0.831, df = 94, P = 0.408) or
shoot [N] (Fig. 1C; t=-0.272, df =72, P = 0.786) were detected
between hyperaccumulators and nonhyperaccumulators.

Experiment 2: Nodulation effect on shoot [Se]—The hyper-
accumulator A. bisulcatus and the nonhyperaccumulator A.
drummondii were used to determine whether nodulation status
affected shoot [Se]. As shown in Fig. 2, both species produced
nodules, and the nodulation was associated with increased
shoot biomass (A. bisulcatus, t =-3.819, df = 16, P = 0.002; A.
drummondii, t = -5.899, df = 14, P < 0.001).

Both A. bisulcatus (t = —3.240, df = 12, P = 0.007) and A.
drummondii (t = =2.392, df = 8, P = 0.044) had a significantly
higher shoot Se to S ratio when nodulated (Fig. 3A, 3B). Al-
though the effect of nodulation was similar overall, changes in
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elemental concentrations differed between the two species.
While in A. bisulcatus shoot [Se] was higher in nodulated A.
bisulcatus plants than nonnodulated plants (+74.3%; t = -2.382,
df =12, P =0.033; Fig. 3C), there was no such difference in A.
drummondii (t = 0.266, df = 12, P = 0.795; Fig. 3D). Shoot [S]
did not differ with nodulation in A. bisulcatus (Fig. 3E; t =
0.429, df = 12, P = 0.675), but was significantly lower in nodu-
lated plants of A. drummondii than in nonnodulated plants
(-39.4%; t =2.198, df = 12, P = 0.048; Fig. 3F).

Experiment 3: Selenium localization and speciation—Se-
lenium was present throughout leaves of each Astragalus spe-
cies (Fig. 4). In the nonhyperaccumulator A. convallarius,
most Se was present in vascular bundles (Fig. 4A, 4B). In the
hyperaccumulator A. praelongus, the highest Se signal was
observed in trichomes (Fig. 4E, 4F). The nonhyperaccumula-
tors A. drummondii and A. convallarius had trichomes (rich in
Ca) as evidenced in the bicolor-coded maps in Fig. 4A and 4C,
but did not store Se in them. Selenium speciation data from
the XANES analysis was grouped by organic and inorganic
forms for both nonhyperaccumulators (Fig. 4I) and Se hyper-
accumulators (Fig. 4]). Nonhyperaccumulators contained sig-
nificantly higher (r = —=3.900, df = 10, P = 0.003) amounts of
inorganic Se forms and significantly less (r = 2.3096, df = 10,
P =0.044) organic Se than the Se hyperaccumulators. Table 3
shows the mean and standard error for each Se species identi-
fied in plants by XANES. Nonhyperaccumulators contained
significantly more selenate (+ = —5.067, df = 10, P < 0.001)
and selenite (1 = —4.774, df = 10, P = 0.001) than hyperaccu-
mulators. Significant differences in selenate levels were ob-
served between species (F; g = 11.214, P = 0.003). Astragalus
convallarius had the highest amount of selenate, while A. rac-
emosus did not contain any detectable amount. Significant dif-
ferences in selenite concentrations were observed between
individual species (F; g = 24.158, P < 0.001). Astragalus
drummondii had the most selenite of the four species, and
none was detected in A. praelongus. The Se hyperaccumula-
tors contained significantly more organic Se in the form of
C-Se-C (t = 2.574, df = 10, P = 0.028). The form of C-Se-C

may be either selenomethionine or MeSeCys since they are
indistinguishable by Se K-edge XANES. Differences between
C-Se-C concentrations were not distinguishable by species
(F3,5=2.390, P = 0.100). No differences in elemental Se con-
centrations were detected between hyperaccumulators and
nonhyperaccumulators as a whole (¢ = 1.195, df = 10, P =
0.260) or individually by species (F5 g = 1.386, P = 0.315).
Data from individual XANES spots analysis are shown in Ap-
pendix S1 (see Supplemental Data with the online version of
this article).

Experiment 4: Selenoamino acids study—To obtain better
insight into the contribution of symbiotically fixed N, to Se hy-
peraccumulation, we grew A. bisulcatus in the presence or ab-
sence of rhizosphere inoculant obtained from the same species
growing in its natural habitat; a control treatment received auto-
claved (dead) inoculum. As shown in Table 4, live inoculum soil
resulted in substantial nodulation, while autoclaved inoculum
did not result in any nodules. Nodulated Se hyperaccumulators
did not differ in shoot [Se] from plants without nodules (¢ =
1.863, df = 12, P = 0.087) but did reach a significantly higher
shoot dry mass (t = —12.912, df = 40, P < 0.001) and root sur-
face area (t = —4.393, df = 20, P < 0.001) (Table 4). Interest-
ingly, shoot concentration of the seleno-diamino acid
v-Glu-MeSeCys was 10-fold higher in nodulated plants (r =
-3.792, df = 6, P = 0.009) than in plants without nodules (Table
4). By contrast, shoot concentration of the selenoamino acid
MeSeCys was not significantly different between nodulated and
nonnodulated plants (t = 1.592, df = 8, P = 0.150).

To estimate what fractions of total shoot Se were y-Glu-
MeSeCys and MeSeCys, we used the percentage dry mass
of samples and converted y-Glu-MeSeCys and MeSeCys con-
centrations from a fresh mass basis to a dry mass basis. We then
calculated what fraction of total, acid-digestible Se was
v-Glu-MeSeCys or MeSeCys (Fig. 5). A similar fraction of
shoot Se was MeSeCys in nodulated plants grown in live soil
(50.3%) compared with nonnodulated plants grown in auto-
claved soil (56.9%). However, the shoot fraction of Se pres-
ent as 7-Glu-MeSeCys was approximately 13 times higher in
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Fig. 3. Effect of nodule absence (0; N = 8) or presence (+; N = 6) on shoot Se and S concentration in the Se-hyperaccumulator Astragalus bisulcatus
and the nonhyperaccumulator A. drummondii. Shown are means and standard error of the mean per gram dry mass (DW).

nodulated plants (32.3%) than in nonnodulated plants (2.3%).
Selenocompounds that made up the remaining shoot Se were
not identified, but accounted for 17.4% in nodulated plants and
40.8% in nonnodulated plants. Figure 6 depicts our current hy-
pothetical model describing how root nodules may influence
shoot [Se].

DISCUSSION

Plant symbioses with rhizobia affect metabolism in both
partners (Colebatch et al., 2004). During symbiosis, plants and
bacteria engage in a cycle of amino acid exchange within nod-
ules. Experimental evidence suggests that pea plants may supply
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Fig. 4. Selenium (red) and Ca (green) distribution in leaves of the nonhyperaccumulators (A) A. convallarius and (C) A. drummondii and the hyperac-
cumulators (E) A. praelongus and (G) A. racemosus. Selenium (white) distribution for the same leaves in (B) A. convallarius, (D) A. drummondii, (F) A.
praelongus, and (H) A. racemosus. Note: The appearance of Se in the upper portion of the A. drummondii leat was due to damage from forceps during
sample mounting; Se was not found in any other trichomes. Panels I and J show the Se speciation results for both nonhyperaccumulators and both Se hy-
peraccumulators, respectively. Inorganic Se is shown in light gray, organic Se in darker gray.

glutamate to bacteroids and the bacteroids then cycle amino ac-
ids such as aspartate back to the plants (Lodwig et al., 2003).
Because Astragalus species hyperaccumulate Se and predomi-
nantly store Se in amino acids, we hypothesized that rhizobia
contribute to Se hyperaccumulation. Using three species of Se
hyperaccumulators and three nonhyperaccumulator species, we
found that shoot [N] was correlated with shoot [Se] in hyper-
accumulators, but not in nonhyperaccumulators. Shoot [Se] in
Se-hyperaccumulator A. bisulcatus was 74.3% higher when
nodulated. In contrast, there was no effect of nodulation on
shoot [Se] in the nonhyperaccumulator A. drummondii. Thus,
the hypothesized positive effect of nodulation on [Se] was ob-
served but was specific to Se hyperaccumulators and did not
occur in nonhyperaccumulators.

It is possible that symbiotic rhizobia increase N-based de-
fenses in the Se-hyperaccumulator A. bisulcatus because Se is
stored in the leaf in several forms, including selenoamino acids
(Shrift, 1969; Pickering et al., 2003; Freeman et al., 2006), which
are considered defensive compounds. In the A. bisulcatus leaf, Se
is mainly stored as MeSeCys and y-Glu-MeSeCys, with minor
fractions of SeO,>~ and SeO5>~ (Freeman et al., 2006). In experi-
ment 4, we did not find differences between nodulated and non-
nodulated plants for total shoot [Se] or [MeSeCys], but differences
were observed in shoot [y-Glu-MeSeCys], a product of the enzy-
matic coupling of MeSeCys to glutamate (Ellis and Salt, 2003;
Freeman et al., 2006). In contrast to SeCys or SeMet, both Me-
SeCys and y-Glu-MeSeCys can safely be accumulated since they
do not get nonspecifically incorporated into proteins (Neuhierl
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TABLE 3.
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The percentage of Se atoms in various chemical forms in leaves estimated from XANES LSQ fitting (reported in Appendix S1) with standard error

from each Astragalus species and hyperaccumulation group in experiment 3. SeCys: selenocysteine; C-Se-C: organic Se with C-Se-C configuration
(methyl-SeClys, selenocystathionine or selenomethionine); Se’: elemental Se.

Plant or statistic SeO0,* Se0;> SeCys C-Se-C Sel
A. convallarius 11+3a l4t1a nd 703 a 4+3a
A. drummondii 9+2ab 25+1b 6 60t3a 1t1a
A. praelongus 3+2b nd nd 78+ 12a I5+8a
A. racemosus nd 5+3a nd 88*t4a 5+2a
Fig 11.214 24.158 2.930 1.386
P value 0.003 <0.001 0.100 0.315
Nonhyperaccumulators 10£2A 18+3A 3 66+3A 3+2A
Hyperaccumulators 2+1B 5+3B nd 84+5B 11+7A
t value -5.067 -4.774 2.574 1.195
df 10 10 10 10

P value <0.001 0.001 0.028 0.260

Notes: n.d. = Se species were not detected. Letters after values in the column indicate statistically significant differences (o. = 0.05) for species (lower

case) and plant group (upper case).

and Bock, 1996) and, unlike inorganic forms of Se, they do not
cause oxidative stress (Grant et al., 2011). Accumulation of Me-
SeCys and y-Glu-MeSeCys explains the extreme Se tolerance of
hyperaccumulators. The different effect of nodulation on [Se] in
hyperaccumulators and nonhyperaccumulators is likely attribut-
able to differences in the form of Se stored in the two plant
groups. An observation that may be linked to the differences in Se
storage in hyperaccumulators compared with nonhyperaccumu-
lators is shown in experiment 1 in which a significant negative
correlation with shoot, root, and nodule mass and [S] was found
in both hyperaccumulators and nonaccumulators. If Se follows
the same metabolic pathway as S in plants, a significant negative
correlation in organ mass and [Se] would be expected. This cor-
relation was observed in nonhyperaccumulators but not in
hyperaccumulators.

In the Se-hyperaccumulator A. bisulcatus, Se is stored in
leaves as 91% organic Se in the form of the C-Se-C compounds,
MeSeCys and y-Glu-MeSeCys, 6% SeO,’, and 3% SeO;>"
(Freeman et al., 2006). In the present study, we found that both
Se hyperaccumulators, A. praelongus and A. racemosus, also
contained high fractions of organic C-Se-C Se forms and low
amounts of inorganic forms. Both A. praelongus and A. race-
mosus stored Se throughout the leaf like A. bisulcatus (Freeman
et al., 2006). In A. praelongus, Se was stored in trichomes as
was also reported for A. bisulcatus (Freeman et al., 2006); for A.
racemosus, this was not observed. The distribution and specia-
tion of Se in leaves of nonhyperaccumulator Astragalus species
have not been previously reported. We found that Se was stored
throughout the nonhyperaccumulator leaves, but not in tri-
chomes. The nonhyperaccumulators contained more of the re-
active, oxidized inorganic Se forms than hyperaccumulators
and less of the organic Se forms. This difference is of significance

since inorganic forms of Se do not require N as a constituent as
is the case with reduced organic Se forms. Therefore, Se accu-
mulation in nonhyperaccumulators may be less limited by N
availability and hence, nodulation, than is Se accumulation in
hyperaccumulators. Higher inorganic Se levels in nonhyperac-
cumulaors may also explain the higher Se sensitivity of A.
drummondii (E1 Mehdawi et al., 2012).

In Se hyperaccumulators, rhizobia-derived N could contrib-
ute to plant Se levels through incorporation into selenocysteine
(SeCys), the precursor of MeSeCys, glutamate (the other sub-
strate for y-Glu-MeSeClys), or through the enzyme y-glutamyl-
cysteine synthetase (ECS) that likely catalyzes the formation of
Y¥-Glu-MeSeClys (Fig. 6). The mechanism for how this exchange
may operate is not known at this time and was not a focus of
this study. Even though A. bisulcatus plants did not differ in
shoot [Se] in experiment 4, where selenoamino acid levels were
determined, the presence or absence of nodulation did affect
their metabolic profile of Se. Nodulated plants were estimated
to derive 32% of their shoot Se from y-Glu-MeSeCys, while in
plants without nodules this fraction was only 2%. This finding
that nodulation affected [y-Glu-MeSeCys] but not [MeSeCys]
suggests that the contribution of the rhizobial N to overall Se
accumulation in A. bisulcatus is primarily through providing N
in the form of glutamate.

Our results suggest that the degree of nodulation with symbi-
otic rhizobia affects Se accumulation in Astragalus hyperaccu-
mulator species, but not in nonhyperaccumulators. The finding
that symbiosis with rhizobia increased [Se] in Se hyperaccumu-
lators may indicate that rhizobia have played a role in the evolu-
tion of Se hyperaccumulation in Astragalus. The nodulation
effect on shoot [Se] may be critical during early periods of
growth in a young N,-fixing hyperaccumulator because increased

TaBLE 4. Mean values and standard error for various attributes of Astragalus bisulcatus plants growing in Experiment 4.

Attribute N Autoclaved soil Live soil t value df P value
Shoot mass (mg) 21 79.8+4.8a 231+ 12b -12912 40 <0.001
Root surface area (cm?) 10 70.1+8.1a 124 £95b -4.393 20 <0.001
Number of nodules 21 0 21.3+£2.7

[Se] (ug-g~' DW) 21 3179 £ 1646 a 2402 £ 566 a 1.863 12 0.087
[MeSeCys] (ug-g~! FW) 7 590+ 102 a 413+43a 1.592 8 0.150
[YGMSC] (ug-g~! FW) 7 153+99a 153 £21b -5.959 8 <0.001

Notes: Difterent letters across the rows indicate a significant difference between the two soil treatments in a ¢ test (o0 = 0.05).
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Fig. 5. Percentage of Astragalus bisulcatus shoot [Se] on a dry mass
basis for different Se forms. Plants (N = 7) were grown in (A) autoclaved
or (B) live (nonautoclaved) field-collected soil, resulting in nodulated and
nonnodulated plants. The Se fractions in both plant groups were calculated
by setting the total acid-digestible Se to 100%; LC-MS was used to mea-
sure MeSeCys and YGMSC, and the fraction of each compound was calcu-
lated relative to the total Se. The percentage of total Se unaccounted for by
either amino acid is denoted as undetermined.

shoot [Se] helps defend plants from herbivores and pathogens
(Hurd-Karrer and Poos, 1936; Hanson et al., 2004; Galeas et al.,
2008; Quinn et al., 2008). Previous work has shown that the
leguminous symbiosis enhanced plant defenses in other species
(Johnson et al., 1987; Briggs, 1990; Valdez Barillas et al., 2007;
Dean et al., 2009; Kempel et al., 2009), especially N-containing
defensive compounds. Nitrogen-fixing symbioses are known to
contribute to plant secondary metabolites, such as alkaloid pro-
duction in Oxytropis sericea (Valdez Barillas et al., 2007).
Linkage of Se hyperaccumulation to N nutrition, and thus sym-
biotic N, fixation, was further supported by our finding that
shoot [Se] was positively correlated with shoot [N]. This cor-
relation was not significant in the nonhyperaccumulator Astrag-
alus species. Thus, N, fixation facilitates Se sequestration in
hyperaccumulators but not in nonhyperaccumulators. Nodule
number and total nodule mass were not significantly correlated
with shoot [Se]; therefore, shoot [N] may be a better predictor
of shoot [Se] in A. bisulcatus than the degree to which the plant
is colonized by rhizobia.

To determine whether the positive correlation found between
shoot [Se] and shoot [N] in hyperaccumulators was a result of
differences in nutrient or trace element levels between Se hy-
peraccumulators and nonhyperaccumulators, we compared
these attributes. The two groups of Astragalus species did not
differ in S or N concentrations, indicating that plant nutrition
levels were similar between the two groups. Rather, they only dif-
fered in shoot [Se], where, as expected, the Se hyperaccumulators
had a higher concentration than the nonhyperaccumulators. In
the nodulation study, the ratio of Se to S increased with nodula-
tion in both A. bisulcatus and A. drummondii, but the change in
the ratios was driven by different elements. An increase in
shoot [Se] was found to cause the enhanced Se to S ratio in the
hyperaccumulator A. bisulcatus, while a decrease in shoot [S]
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Fig. 6. Model of how rhizobia in Astragalus hyperaccumulators may
contribute to Se hyperaccumulation. Bacteriods (Bac) within the nodule
symbiotically fix N, and inorganic Se enters the plant through the root
system. Although N can enter through the root system, the pathway is not
represented because it is not mediated by symbiotic rhizobia. The elements
are transferred through the xylem and enter the leaf where they can be used
as building blocks for selenoamino acid synthesis in the mesophyll chloro-
plast (Chl) and cytosol. Both Se and N can be incorporated into selenocys-
teine (SeCys) in the chloroplast. This selenoamino acid can subsequently
be methylated to form methylselenocysteine (MeSeCys). Another N atom
could be added when glutamate is added to MeSeCys to form y-glutamyl-
methylselenocysteine (YGMSC). The likely enzyme mediating this process
is y-glutamyl-cysteine synthetase (ECS), which occurs in both the cytosol
and the chloroplast. N may also be used to produce ECS itself.

caused the enhanced Se to S ratio in the nonhyperaccumulator
A. drummondii.

Astragalus bisulcatus and A. drummondii occurred on the
same study site, and soil beneath these plants was similar in
total and water-extractable Se (results not shown). We used soil
slurry to inoculate plants in the greenhouse experiment; there-
fore, soil properties other than microorganisms and water-solu-
ble compounds should not have had much influence on these
results. The use of fertilizer in the experiment was intended to
minimize effects from other nutritional root symbioses, such as
mycorrhiza. However, we cannot rule out that the specific sym-
biotic interactions reported here showing differences in patterns
of nodulation and [Se] in the two species resulted from different
microorganism identities in the two soil inocula. It has been
shown that different strains of rhizobia produced different ef-
fects in nodulated legumes; for example, swainsonine produc-
tion differed in Oxytropis sericea when it was nodulated with
different strains (Valdez Barillas et al., 2007). Rather, we dem-
onstrated that in both Astragalus species, nodulation created the
expected benefit of increasing plant biomass, but only in A. bi-
sulcatus did nodulation influence accumulation of the nones-
sential element Se. In the experiment comparing six Astragalus
species with respect to the relationship between N and Se, all
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plants were grown in the same soil, which was a composite de-
rived from each species. Se hyperaccumulators were found to
differ from nonhyperaccumulators in that they showed a posi-
tive correlation between shoot [Se] and shoot [N].

Based on our results from this short-term study, rhizobial
symbionts appear to play an important supporting role in Se hy-
peraccumulation in Astragalus species by providing N for y-Glu-
MeSeCys synthesis. Future studies on other hyperaccumulators
should also consider the influence of belowground root-microbe
symbioses on uptake and accumulation of trace elements by
plants. Such studies may reveal rhizobia that have the ability to
enhance phytoremediation or biofortification potential. These
unique hyperaccumulator Astragalus species may provide fur-
ther biotechnological benefits by yielding new Se-resistant rhizo-
bial isolates. Some rhizobia isolates have been shown to have
high Se tolerance (Kinkle et al., 1994), but rhizobial isolates from
Se hyperaccumulators have never been tested in this regard.

Mutualisms play a large role in the ecology of ecosystems
because they provide vital services such as nutrient exchange,
pollination, and seed and spore dispersal (Boucher et al., 1982).
Exploring mutualisms within the context of stress and tolerance
is increasingly important because ecosystems are subjected to
rising levels of stress as human-induced pressures build. There-
fore, it would be beneficial to learn how mutualisms persist un-
der extreme conditions in natural ecosystems as well as to
understand how environmental stress has contributed to differ-
entiation among sympatric mutualists.

LITERATURE CITED

ABoU-SHANAB, R. 1., T. A. DELORME, J. S. ANGLE, R. L. CHANEY, K. GHANEM,
H. Moawap, anp H. A. GHozran. 2003. Phenotypic characteriza-
tion of microbes in the rhizosphere of Alyssum murale. International
Journal of Phytoremediation 5: 367-379.

Arrorp, E. R., E. A. H. Pion-Smits, S. C. Fakra, AND M. W. PASCHKE.
2012. Selenium hyperaccumulation by Astragalus (Fabaceae) does
not inhibit root nodule symbiosis. American Journal of Botany 99:
1930-1941.

Arrorp, E. R., E. A. H. Pon-Smits, AND M. W. Pascuke. 2010.
Metallophytes—A view from the rhizosphere. Plant and Soil 337:
33-50.

ALLEN, O. N., anD E. K. ALLEN. 1981. The Leguminosae: A source book
of characteristics, uses, and nodulation. University of Wisconsin
Press, Madison, Wisconsin, USA.

ANTONOVICS, J., A. D. BRADSHAW, AND R. G. TURNER. 1971. Heavy metal
tolerance in plants. Advances in Ecological Research 7: 1-85.

BARNUELOS, G. S., S. C. Fakra, S. S. WALSE, M. A. Marcus, S. I. Yang, . J.
PickeRrING, E. A. H. PiLoN-Smits, AND J. L. FREEMAN. 2011. Selenium
accumulation, distribution, and speciation in spineless prickly pear
cactus: A drought- and salt-tolerant, selenium-enriched nutraceutical
fruit crop for biofortified foods. Plant Physiology 155: 315-327.

BARCELO, J., AND C. PoscHENRIEDER. 2011. Hyperaccumulation of trace
elements: From uptake and tolerance mechanisms to litter decomposi-
tion; selenium as an example. Plant and Soil 341: 31-35.

BarceLoux, D. G. 1999. Selenium. Clinical Toxicology 37: 145-172.

BoucHER, D. H., S. JamEs, anp K. H. KeeLER. 1982. The ecology of mutual-
ism. Annual Review of Ecology and Systematics 13: 315-347.

Bovp, R. S.2004. Ecology of metal hyperaccumulation. New Phytologist
162: 563-567.

Boyp, R. S.2007. The defense hypothesis of elemental hyperaccumulation:
Status, challenges and new directions. Plant and Soil 293: 153-176.

Bovyp, R. S., AND S. N. MARTENS. 1992. The raison d’étre for metal hyperac-
cumulation by plants. /n A. J. M. Baker, J. Proctor, and R. D. Reeves,
The vegetation of ultramafic (serpentine) soils, Proceedings of the First
International Conference on Serpentine Ecology, 279-289, University of
California, Davis, California, USA. Intercept, Hampshire, UK.

AMERICAN JOURNAL OF BOoTANY

[Vol. 101

BriGges, M. A. 1990. Chemical defense production in Lotus corniculatus
L. I. The effects of nitrogen source on growth, reproduction and de-
fense. Oecologia 83: 27-31.

BroapLEY, M. R., P. J. WHITE, R. J. BRYsoN, M. C. MEacHAM, H. C. BOWEN,
S. E. JounsoN, M. J. HAWKESFORD, ET AL. 2006. Biofortification of
UK food crops with selenium. Proceedings of the Nutrition Society
65: 169-18]1.

Brooks, R. R. 1998. Geobotany and Hyperaccumulators. /n R. R. Brooks
[ed.], Plants that hyperaccumulate heavy metals their role in phytore-
mediation, microbiology, archaeology, mineral exploration and phy-
tomining, 55-94. CAB International, Wallingford, UK.

CoLeBATCH, G., G. DEsBrosses, T. Ort, L. KRUSELL, O. MONTANARI, S.
Kroska, J. Kopka, anp M. K. Ubpvarbpr. 2004. Global changes in
transcription orchestrate metabolic differentiation during symbiotic
nitrogen fixation in Lotus japonicus. Plant Journal 39: 487-512.

DEaN, J. M., M. C. MEsScHER, AND C. M. DE Morags. 2009. Plant-rhizo-
bia mutualism influences aphid abundance on soybean. Plant and Soil
323: 187-196.

DuiLLon, K. S., anp S. K. DHiLLON. 1997. Distribution of seleniferous
soils in north-west India and associated toxicity problems in the soil—
plant-animal-human continuum. Land Contamination & Reclamation
5:313-322.

EL MEeHpawl, A. F., J. J. Cappa, S. C. Fakra, J. SELF, anD E. A. H. PiLON-
Smits. 2012, Interactions of selenium and non-accumulators during
co-cultivation on seleniferous or non-seleniferous soil—The impor-
tance of having good neighbors. New Phytologist 194: 264-2717.

EL MEenpawi, A. F., C. F. Quinn, anp E. A. H. PiLon-Smits. 2011.  Effects
of selenium hyperaccumulation on plant—plant interactions: Evidence
for elemental allelopathy? New Phytologist 191: 120-131.

ELuis, D. R., anp D. E. Sart. 2003. Plants, selenium and human health.
Current Opinion in Plant Biology 6: 273-279.

FarINATI, S., G. DALCORSO, E. BoNA, M. CORBELLA, S. Lampis, D. CECCONI,
R. PoraTl, ET AL. 2009. Proteomic analysis of Arabidopsis halleri
shoots in response to the heavy metals cadmium and zinc and rhizo-
sphere microorganisms. Proteomics 9: 4837-4850.

Forpyck, F. 2007. Selenium geochemistry and health. Ambio 36: 94-97.

Freeman, J. L., L. H. ZHanGg, M. A. Marcus, S. FAKrA, S. P. McGRATH,
AND E. A. H. Pion-Smrts. 2006. Spatial imaging, speciation, and
quantification of selenium in the hyperaccumulator plants Astragalus
bisulcatus and Stanleya pinnata. Plant Physiology 142: 124—134.

Fu, L. H., X. F. WaNgG, Y. EvaL, Y. M. SHE, L. J. DoNaLD, K. G. STANDING,
anD G. BeEn-Hayymv. 2002. A selenoprotein in the plant kingdom.
Mass spectrometry confirms that an opal codon (UGA) encodes se-
lenocysteine in Chlamydomonas reinhardtii glutathione peroxidase.
Journal of Biological Chemistry 277: 25983-25991.

GaLeas, M. L., E. M. Krawmper, L. E. Bennert, J. L. FrREemaN, B. C.
KoNDRATIEFF, C. F. QUINN, AND E. A. H. PiLoN-Smits. 2008.  Selenium
hyperaccumulation reduces plant arthropod loads in the field. New
Phytologist 177: 715-724.

GranTt, K., N. M. CarReYy, M. MENDOZA, J. SchuLzg, M. Pion, E. A. H.
PiLoN-Smits, AND D. VAN Hoewyk. 2011.  Adenosine 5’-phosphosul-
fate reductase (APR2) mutation in Arabidopsis implicates glutathione
deficiency in selenate toxicity. Biochemical Journal 438: 325-335.

Hanson, B., G. F. GARIFULLINA, S. D. LINDBLOM, A. WANGELINE, A. ACKLEY,
K. KrRAMER, A. P. NorTON, ET AL. 2003. Selenium accumulation pro-
tects Brassica juncea from invertebrate herbivory and fungal infec-
tion. New Phytologist 159: 461-469.

Hanson, B., S. D. LinpBLoMm, M. L. LoerrLER, AND E. A. H. PILON-SMITS.
2004. Selenium protects plants from phloem-feeding aphids due to
both deterrence and toxicity. New Phytologist 162: 655-662.

Hurp-KARRER, A. M., anDp F. W. Poos. 1936. Toxicity of selenium-con-
taining plants to aphids. Science 84: 252.

Huss-DaneLL, K. 1978. Nitrogenase activity measurements in intact
plants of Alnus incana. Physiologia Plantarum 43: 372-376.

JANKONG, P., P. VISOOTTIVISETH, AND S. KHOKIATTIWONG. 2007. Enhanced
phytoremediation of arsenic contaminated land. Chemosphere 68:
1906-1912.

Jounson, N. D., B. Liu, anp B. L. BenTLEY. 1987. The effects of nitro-
gen fixation, soil nitrate, and defoliation on the growth, alkaloids, and



November 2014]

nitrogen levels of Lupinus succulentus (Fabaceae). Oecologia T4:
425-431.

KEeLLy, S. D., D. HESTERBERG, AND B. RaveL. 2008. Analysis of soils and
minerals using X-ray absorption spectroscopy. In A. L. Ulery and L. R.
Drees [eds.], Methods of soil analysis, part 5, Mineralogical methods,
387-463. Soil Science Society of America, Madison, Wisconsin, USA.

KempEL, A., R. BRANDL, AND M. ScHADLER. 2009. Symbiotic soil microor-
ganisms as players in aboveground plant—herbivore interactions—The
role of rhizobia. Oikos 118: 634-640.

KinkLg, B. K., M. J. Sapowsky, K. JoHNSTONE, AND W. C. KOSKINEN.
1994. Tellurium and selenium resistance in rhizobia and its potential
use for direct isolation of Rhizobium meliloti from soil. Applied and
Environmental Microbiology 60: 1674-1677.

Li, W. C., Z. H. YE, aNpD M. H. Wonc. 2007. Effects of bacteria on en-
hanced metal uptake of the Cd/Zn-hyperaccumulating plant, Sedum
alfredii. Journal of Experimental Botany 58: 4173-4182.

LinobBLom, S. D., S. C. FAkrA, J. LaNDON, P. ScHuLz, B. TRACY, aND E. A.
H. Pieon-Smits. 2013a.  Co-cultivation of Astragalus racemosus and
Astragalus convallarius with selenium-hyperaccumulator rhizosphere
fungi: Effects on plant growth and accumulation of selenium and other
elements. Planta 237: 717-729.

LinpBLom, S. D., J. R. VALDEZ-BARILLAS, S. C. FAKrRA, M. A. MARcuUS, A.
L. WANGELINE, AND E. A. H. PiLon-SmiTs. 2013b. Influence of mi-
crobial associations on selenium localization and speciation in roots
of Astragalus and Stanleya hyperaccumulators. Experimental and
Environmental Botany 88: 33-42.

Liu, Y., Y. G. Znu, B. D. CHeN, P. Christig, AND X. L. L1. 2005. Influence
of the arbuscular mycorrhizal fungus Glomus mosseae on uptake of
arsenate by the As hyperaccumulator fern Pteris vittata L. Mycorrhiza
15: 187-192.

Lobpwig, E. M., A. H. F. Hosig, A. BourpEs, K. FINpLAY, D. ALLAWAY, R.
KARUNAKARAN, J. A. Downig, aND P. S. PooLe. 2003. Amino-acid
cycling drives nitrogen fixation in the legume-Rhizobium symbiosis.
Nature 422: 722-726.

Lyons, G., J. StancouLss, AND R. Granam. 2003. High-selenium wheat:
Biofortification for better health. Nutrition Research Reviews 16: 45-60.

Marcus, M. A., A. A. MAacDowELL, R. CELESTRE, A. MANCEAU, T. MILLER,
H. A. PADMORE, AND R. E. SusLETT. 2004. Beamline 10.3.2 at ALS:
A hard X-ray microprobe for environmental and materials sciences.
Journal of Synchrotron Radiation 11: 239-247.

MCcLAUGHLIN, M. J., D. R. PARKER, AND J. M. CLARKE. 1999. Metals and mi-
cronutrients—Food safety issues. Field Crops Research 60: 143-163.

MURASHIGE, T., aAND F. Skooc. 1962. A revised medium for rapid growth
and bioassays with tobacco tissue culture. Physiologia Plantarum 15:
473-497.

NEUHIERL, B., AND A. Bock. 1996. On the mechanism of selenium toler-
ance in selenium-accumulating plants—Purification and characteriza-
tion of a specific selenocysteine methyltransferase from cultured cells of
Astragalus bisculatus. European Journal of Biochemistry 239: 235-238.

OsaLoo, S. K., A. A. MaassouMi, AND N. Murakami. 2003. Molecular
systematics of the genus Astragalus L. (Fabaceae): Phylogenetic
analyses of nuclear ribosomal DNA internal transcribed spacers and
chloroplast gene ndhF sequences. Plant Systematics and Evolution
242: 1-32.

PickerING, 1. J., G. N. GEORGE, V. VAN FLEET-STALDER, T. G. CHASTEEN,
AND R. C. PrINCE. 1999. X-ray absorption spectroscopy of selenium-
containing amino acids. Journal of Biological Inorganic Chemistry
4:791-794.

ALFORD ET AL.—ROLES OF RHIZOBIAL SYMBIONTS IN SE HYPERACCUMULATION

1905

PICcKERING, 1. J., C. WRIGHT, B. BUuBNER, D. ELLIS, M. W. PErsans, E. Y.
Yu, G. N. GEORGE, ET AL. 2003. Chemical form and distribution of
selenium and sulfur in the selenium hyperaccumulator Astragalus bi-
sulcatus. Plant Physiology 131: 1460-1467.

Qumw, C. F., J. L. FReeMAN, M. L. GaLEas, E. M. KLAMPER, aND E. A. H.
PrLon-Smits. 2008.  The role of selenium in protecting plants against
prairie dog herbivory: Implications for the evolution of selenium hy-
peraccumulation. Oecologia 155: 267-275.

REEVES, R. D., anD A. J. M. Baker. 2000. Metal-accumulating plants. In
I. Raskin and B. D. Ensley [eds.], Phytoremediation of toxic metals:
Using plants to clean up the environment, 193-229. John Wiley, New
York, New York, USA.

Rios, J. L., anD P. G. WATERMAN. 1997. A review of the pharmacol-
ogy and toxicology of Astragalus. Phytotherapy Research 11:
411-418.

RobriGuez, R. J., J. HENsSoN, E. VAN VOLKENBURGH, M. Hoy, L. WRIGHT, F.
BeckwitH, Y. O. Kim, AND R. S. REpMAN. 2008. Stress tolerance in
plants via habitat-adapted symbiosis. ISME Journal 2: 404-416.

SHRIFT, A. 1969. Aspects of selenium metabolism in higher plants. Annual
Review of Plant Physiology 20: 475-494.

Sors, T. G., D. R. ELLis, G. N. Na, B. LAHNER, S. LEE, T. LEUSTEK, 1. J.
PickerING, AND D. E. SaLt. 2005a. Analysis of sulfur and selenium
assimilation in Astragalus plants with varying capacities to accumu-
late selenium. Plant Journal 42: 785-797.

Sors, T. G., D. R. Eruis, aND D. E. SaLt. 2005b. Selenium uptake, trans-
location, assimilation and metabolic fate in plants. Photosynthesis
Research 86: 373-389.

Sors, T. G., C. P. MARTIN, AND D. E. SaLt. 2009. Characterization of
selenocysteine methyltransferases from Astragalus species with
contrasting selenium accumulation capacity. Plant Journal 59:
110-122.

Stowk, H. D., A.J. EAVEY, L. GRANGER, S. HALSTEAD, AND B. YAMINI. 1992.
Selenium toxicosis in feeder pigs. Journal of the American Veterinary
Medical Association 201: 292-295.

Turnau, K., aND J. MEsiasz-PrzyByrLowicz. 2003. Arbuscular mycor-
rhiza of Berkheya coddii and other Ni-hyperaccumulating members
of Asteraceae from ultramafic soils in South Africa. Mycorrhiza 13:
185-190.

UpHoF, J. C. T. 1968. Dictionary of economic plants. J. Cramer, Lehre,
Germany.

VALDEZ BARILLAS, J. R., M. W. Pascukg, M. H. RaLpus, anDp R. D. CHILD.
2007. White locoweed toxicity is facilitated by a fungal endophyte
and nitrogen-fixing bacteria. Ecology 88: 1850-1856.

VoceL-Mikus, K., P. Poncrac, P. Kump, M. NECEMER, AND M. REGVAR.
2006. Colonisation of a Zn, Cd and Pb hyperaccumulator Thlaspi
praecox Whulfen with indigenous arbuscular mycorrhizal fun-
gal mixture induces changes in heavy metal and nutrient uptake.
Environmental Pollution 139: 362-371.

WhHitE, P. J., H. C. BoweNn, P. PARMAGURU, M. Fritz, W. P. SPRACKLEN,
R. E. SeiBY, M. C. MEacHuAaM, ET AL. 2004. Interactions between
selenium and sulphur nutrition in Arabidopsis thaliana. Journal of
Experimental Botany 55: 1927-1937.

WHITING, S. N., M. P. DE Souza, anp N. TerrY. 2001. Rhizosphere bac-
teria mobilize Zn for hyperaccumulation by Thlaspi caerulescens.
Environmental Science & Technology 35: 3144-3150.

YanG, G. Q., S. Z. Wang, R. H. Znou, anp S. Z. Sun. 1983. Endemic se-
lenium intoxication of humans in China. American Journal of Clinical
Nutrition 37: 872-881.



