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a  b  s  t  r  a  c  t

Selenium  (Se)  is  a metalloid  that can  occur  naturally  in  soils  from  the  Cretaceous  shale  deposits  of  a
prehistoric  inland  sea  in  the  western  United  States.  Agricultural  irrigation  and  runoff  solubilizes  Se from
these shales,  causing  buildups  of toxic  levels  of  selenate  (SeO4

2−) in  water  and  soil.  Our  main  objective
was  to  investigate  the  accumulation  of  Se  in  two  Brassicaceae  species  chosen  for  their  potential  as  phy-
toremediators  of  Se  contaminated  soils.  We  tested  the  hypothesis  that  Se  will  accumulate  in the  pollen
and nectar  of  two  plant  species  and  negatively  affect  floral  traits  and  plant  reproduction.  Certain  species
of Brassicaceae  can  accumulate  high  concentrations  of  Se  in  their  leaf  tissues.  In this  study  Se  accumu-
lation  in  plant  tissues  was  investigated  under  greenhouse  conditions.  Se  accumulator  (Brassica  juncea)
and Se  hyperaccumulator  (Stanleya  pinnata)  plants  were  irrigated  in sand  culture  with  0 �M  selenate
(control),  8  �M  selenate,  and  13 �M selenate.

Nectar  and  pollen  in  S.  pinnata  contained  up  to  150  �g  Se  mL−1 wet  weight  and  12900  �g Se  g−1 dry
weight  when  irrigated  with  8 �M selenate.  Se  levels  in  nectar  (110  �g Se mL−1 wet  weight)  and  pollen
(1700  �g  Se  g−1 dry  weight)  were  not  as  high  in B.  juncea.  Floral  display  width,  petal  area  and  seed  pod
length  were  significantly  reduced  in  the  13  �M selenate  Se treatment  in  B.  juncea.  S.  pinnata  floral  traits
and seeds  were  unaffected  by  the  Se treatments.

This  study  provides  crucial  information  about  where  some  of  the highest  concentrations  of  Se are

found  in  two  phytoremediators,  and  may  shed  light  on  the  potential  risks  pollinators  may  face  when
foraging  upon  these  accumulating  plants.  In the  field,  duration  of  the  plant’s  exposure,  Se  soil  and  water
concentrations  as  well  as  other  environmental  factors  may  also play important  roles  in determining  how
much  Se  is  accumulated  into  the  leaf  and  floral  tissues.  Our  greenhouse  study  shed  light  on two  species’
ability  to  accumulate  Se,  as  well  as  determined  the  specific  plant  tissues  where  Se concentrations  are
highest.
. Introduction

Plants employ several tactics for defending against herbivory,
anging from physical structures and escape in time or space to
hemical defenses that are produced within the plant. Most plants
mploy innate defenses such as secondary compounds to guard
gainst herbivore attack. However, plant-made defenses can be
ostly and acquiring defenses from the environment may  prove
o be a less expensive tactic. Certain species of plants have evolved
n naturally metalliferous soils and may  accumulate toxic levels

f the elements to defend against herbivores, as described by the
lemental defense hypothesis (Boyd and Martens, 1992). A grow-
ng number of studies support the elemental defense hypothesis
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E-mail address: kristen.hladun@email.ucr.edu (K.R. Hladun).
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by revealing the toxic and deterrent effects of metal and metalloid-
containing plant tissues on herbivores (for reviews see Boyd, 2007;
Trumble and Sorensen, 2008).

Hyperaccumulator plants can sequester large amounts of met-
als or metalloids (such as As, Co, Cr, Cu, Mn,  Ni, Pb, Zn, or in this
case, selenium, Se) in their foliar tissues (Baker and Brooks, 1989).
They can absorb 1000 mg  kg−1 Se dry weight (dw) or higher into
shoot tissues (Brown and Shrift, 1981; Reeves and Baker, 2000),
and may  contain levels of elements several orders of magnitude
higher than what is normally found in species at the same site. Se
hyperaccumulators include plant species in the genera Astragalus
(Fabaceae), Stanleya (Brassicaceae), Oonopsis and Xylorhiza (Aster-
aceae), and these species mainly occur on naturally seleniferous

soils such as in the western USA. At least twenty Se hyperaccumu-
lator plant species have been described (Reeves and Baker, 2000).
Secondary accumulators, on the other hand, can typically absorb
up to 1000 mg kg−1 Se when grown on contaminated soils con-
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aining moderate levels of the metalloid (Brown and Shrift, 1981).
econdary accumulator plants do not accumulate extremely high
oncentrations of Se like hyperaccumulators. Certain Brassicaceae
pecies growing in seleniferous soils can accumulate high levels of
e within their tissues (Brown and Shrift, 1981). Non-accumulators
uch as forage or crop plants accumulate less than 100 mg kg−1

f Se and suffer toxic effects when growing in high-element soils.
lants normally accumulate 0.05–1 mg  kg−1 Se dw, but hyperaccu-
ulators can absorb concentrations hundreds of times greater than

he normal range of elements found in non-accumulator plants.
An extensive body of research has examined the role of Se accu-

ulation in plants. Two  plant species, Stanleya pinnata and Brassica
uncea, have recently been investigated as potential phytoremedia-
ors of polluted soils due to their ability to accumulate and volatilize
e from the soil through their plant tissues (Bañuelos et al., 2002;
arker et al., 2003; Pilon-Smits and Freeman, 2006; Terry et al.,
000). S. pinnata is a Se hyperaccumulator species that grows on
aturally formed seleniferous soils in the Western USA (Rosenfeld
nd Beath, 1964), and can absorb up to 10,000 mg  kg−1 Se dw
ven when growing on soils containing only 2–10 mg  kg−1 Se dw
Virupaksha and Shrift, 1965). S. pinnata will preferentially take
p Se even when S is present as a competitive inhibitor (Bañuelos
t al., 1997; Bell et al., 1992; Feist and Parker, 2001; Terry et al.,
000; White et al., 2007). B. juncea is a Se secondary accumula-
or that typically contains up to 350 mg  Se kg−1 dw when grown
n soils contaminated with moderate levels of Se (Terry et al.,
000), and it preferentially accumulates sulfur (S) over Se (Feist and
arker, 2001; Parker et al., 2003). B. juncea accumulates Se mostly as
elenate (SeO4

2−, Parker et al., 2003; Terry et al., 2000), and experi-
nces reduced growth when grown in soil containing 2 mg  Se kg−1

Bañuelos et al., 1997), suggesting there may  be toxic effects of
ccumulating Se in secondary accumulator plants. In secondary
ccumulator plants, selenate can be reduced to selenite (SeO3

2−)
nd then incorporated into amino acids and proteins as selenome-
hionine or selenocysteine, which can also have toxic effects (Brown
nd Shrift, 1981).

Two recent studies by Freeman et al. (2006) and Galeas et al.
2007) found high levels of Se in the flowers of S. pinnata rel-
tive to its leaf tissues, suggesting the defense of fitness-linked
eproductive organs (McKey, 1979). However, these studies did not
istinguish which specific parts of the flower (pollen, nectar, or
etal) contained Se. Selenium concentrations in specific B. juncea
nd S. pinnata floral tissues such as pollen and nectar have not been
xamined to date.

The first objective of this study was to determine whether plants
hat accumulate Se in their leaves will also accumulate Se in their
ollen, nectar, and other floral tissues. The second objective was to
etermine the toxic effects of Se uptake in terms of floral traits and
lant performance in a hyperaccumulator and accumulator plant
pecies.

. Materials and methods

.1. Plant growth conditions

Seeds from the Se hyperaccumulator plant species S. pinnata
Pursh) Britton (Desert Prince’s Plume) were obtained from a com-

ercial seed company (Western Native Seed, Coaldale, CO, USA).
eeds from the secondary Se accumulator plant species B. juncea
L.) Czern (Indian mustard, cv. “Southern Giant Curled”) were also
btained from a commercial seed company (Seedway Vegetable

eeds, Hall, NY).

Seeds of both species for Experiment 1 were germinated in the
reenhouse (Environmental Sciences Greenhouses, University of
alifornia, Riverside, CA) in University of California Standard Soil
erimental Botany 74 (2011) 90– 97 91

Mix  III and transplanted in 2007. Se treatments were then begun
20 days after transplanting. For Experiment 2, seedlings were trans-
planted to the greenhouse in 2008 and Se treatments were begun
24 days after transplanting. Seedlings were removed from germi-
nation flats and roots were rinsed with tap water to remove as
much soil as possible, and were then transplanted to the irrigation
sand culture after nutrients had already been added and passed
through the sand so that carbonates in the sand would buffer the
pH. Seedlings were transplanted to 7.5 l pots filled with silica sand
(Weist Rentals and Sales, Riverside, CA). Five plants were trans-
planted per pot, and any plants that had died were replaced during
the following week. Four pots were irrigated from a 120 L tank filled
with water and nutrient solution. The basal nutrient solution and Se
treatments were added according to Parker et al. (1991).  The basal
nutrient solution contained 1 mM NH4NO3, 1 mM CaCl2, 0.25 mM
KCl, 0.1 mM MgSO4, 10 �M NaH2PO4, 1 �M MnCl2, 1 �M ZnCl2,
0.1 �M CuCl2, 3 �M H3BO3, 0.1 �M Na2MoO4, and 10 �M Fe–EDTA.
Nutrient solution irrigation was activated on a daily timer, pumping
solution into each pot five times a day for 5 min. Nutrient solution
then drained out of the pots and back into the 120 L tanks. Water
levels were maintained at 120 L in the tank by replacing evapo-
rated water with deionized water. Solution N and P levels were
checked throughout the experiments and replenished as neces-
sary. However, solution Se levels were not replenished, and were
added only once at the start of the experiments (using protocols
from Feist and Parker, 2001). B. juncea showed reduced growth
when irrigated with 2 mg  Se kg−1 that was  maintained at this con-
centration throughout the experiment (Bañuelos et al., 1997), thus
only an initial exposure to the high Se concentration was used to
minimize the toxic effects of Se and allow for greater flower pro-
duction. In addition, a multi-year field study using Se-contaminated
soils from the Kesterson Reservoir of California found B. juncea
depleted the total soil Se inventory by almost 50% (Bañuelos et
al.,  1995), thus phytoremediators planted in Se-contaminated soils
can deplete the Se in the soils around them from an initially higher
concentration to a lower concentration over time. Tank pH was
monitored in both experiments and averaged 7.78 ± 0.05 (Experi-
ment 1) and 7.50 ± 0.08 (Experiment 2). Greenhouse temperatures
were monitored throughout the experiments using a Hobo tem-
perature sensor (Onset Computer Corp., Bourne, MA)  and averaged
26.1 ◦C.

2.2. Experimental design and Se treatments

Selenium treatments were started after 20–24 days of seedling
establishment in the sand culture. Selenium was  added as sodium
selenate (Na2SeO4, Sigma–Aldrich, St. Louis, MO)  and is reported
as concentrations of elemental Se. Treatment water concentra-
tions were chosen based on Se treatment concentrations used in
Feist and Parker (2001),  as well as concentrations below 4 mg  L−1,
the maximum Se concentrations contaminating the western San
Joaquin Valley in CA (Burau, 1985; Mikkelsen et al., 1986; Presser
and Barnes, 1985). The three treatment levels of elemental Se added
to the tanks were 0 �M selenate (0.0 mg  Se L−1) (control, nutrient
solution only), 8 �M selenate (0.63 mg  Se L−1), and 13 �M sele-
nate (1.0 mg  Se L−1). Pots from each experiment were arranged in a
randomized block design in order to minimize the variation in tem-
perature and light in the greenhouse. Each pot was used as a unit
of replication for all responses measured except Se content in nec-
tar for B. juncea because it produced such low quantities of nectar
(<0.02 �L per flower per pot). Nectar from the four pots irrigated by
individual tanks were pooled together, thus irrigation tank became

the unit of replication for this response.

In Experiment 1, B. juncea and S. pinnata plants were subjected
to the three levels of treatments (0 �M selenate, 8 �M selenate, and
13 �M selenate). In Experiment 2, B. juncea plants were subjected
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o the 0 �M selenate and 8 �M selenate levels of Se treatments and
. pinnata was subjected to the 0 �M selenate, 8 �M selenate, and
3 �M selenate treatments. Each treatment was replicated with
p to 58 pots. The datasets of both Experiment 1 and Experiment 2
ere compared for each response variable using a t test. Datasets of

e content in floral and leaf tissues were combined for both exper-
ments due to no significant differences between the two (t test,

 > 0.23). Experiments 1 and 2 datasets for display width (P < 0.03),
nther length (P < 0.004) and petal area (P < 0.0001) were analyzed
eparately for B. juncea.  Experiments 1 and 2 plant performance
esponses that showed no significant differences between the two
xperiments (total flower number, nectar per flower, seed pod
ength and total seed weight and proportion of developed seeds,

 > 0.05 for all) were combined into one dataset. S. pinnata plants did
ot flower in Experiment 1, thus Se content and plant performance
ata from Experiment 2 only are reported. The photosynthetic pho-
on fluence rate (PPFR, 400–700 nm)  was 621–895 �mol  m−2 s−1.
dditional high intensity lighting was provided in the greenhouse
nd programmed on a 16:8 day:night cycle.

.3. Collection of plant tissues for Se uptake

We  examined the effects of Se irrigation on plant tissue Se con-
ent by measuring the concentration of Se in floral and leaf tissues.
rrigation solution samples were collected 0, 41, 60, and 95 days
fter the selenate treatments were started. Irrigation solution was
nalyzed for S and Se.

Floral tissues were collected throughout the experiments, and
ncluded: pollen, nectar, anthers/stigmas, and petals. Petals and
nther/stigmas were dissected away from other floral tissues
nd placed in microcentrifuge tubes. Eighty percent ethanol was
dded to tubes containing anthers/stigmas then sonicated for 3 min
Bransonic Ultrasonics Corp., Danbury, CT) to remove pollen. The
nther/stigma portion of the flowers was then removed from the
ubes with forceps and placed into separate microcentrifuge tubes.
ubes with ethanol and pollen were then centrifuged at 10,000 rpm
or 3 min  to pellet the pollen (Fisher Scientific accuSpin Micro 17R

icrocentrifuge, Fisher Scientific, Pittsburg, PA), and tubes were
hen placed in a fume hood to evaporate the ethanol. Leaf tissues
ere also collected at the end of the experiments to compare leaf Se

oncentrations to floral tissue concentrations. Two leaves of similar
ge were collected from each plant, rinsed with tap water, and then
ried with clean paper towels. All floral and leaf tissues were frozen

n a −60 ◦C freezer (Fisher Scientific, Pittsburg, PA) and then freeze-
ried (Labconco Corp., Kansas City, MO)  at −40 ◦C and −25 psi for
t least 3 days. Nectar was not freeze-dried and is reported as
et weight in �g Se mL−1. After freeze drying, leaf tissues were

round to a fine powder using a mortar and pestle. Floral tissues
nd seeds were not ground due to their small weights. All freeze-
ried plant tissues and nectar were stored in a −60 ◦C freezer until
igestion.

.4. Plant performance measurements

We  examined the effects of Se irrigation on plant performance
y measuring both floral traits and seed production in both B. juncea
nd S. pinnata. For floral traits, we measured two  flowers per pot.
loral trait measurements included display width (distance across
ower from the tip of one petal to the other), petal area (esti-
ated as length × width), anther length (length of one anther from

wo flowers per pot), total flower number, and nectar produced
er flower (collected from two flowers per pot). The total number

f flowers produced per day were counted for each pot replicate
hroughout the experiment, and then summarized within pot to
alculate total flower number. Nectar production was measured
sing microcapillary tubes (20 �L size for B. juncea and 50 �L size
erimental Botany 74 (2011) 90– 97

for S. pinnata) (Drummond “Microcaps”, Drummond Scientific Co.,
Broomall, PA). Nectar volume was collected by first measuring the
length of the microcapillary tube using digital calipers (Fisher Sci-
entific, Pittsburg, PA). The microcapillary tube was  positioned at the
bottom of the nectary, collecting the entire nectar volume in the
flower, and the length of the nectar in the tube was  then measured
using digital calipers. The total volume of nectar was  calculated as
the tube size (20 �L or 50 �L) divided by the length of nectar in
the tube (mm)  which was also divided by the length of entire tube
(mm).  The total sum of nectar collected during the entire experi-
ment (for each pot replicate) was then summed and divided by the
total number of flowers collected for nectar to calculate the nectar
produced per flower.

Seed production was  measured from up to two  seed pods per
pot as the seed pod length, proportion of developed seeds, and total
seed weight. Seeds were categorized as developed or undeveloped;
undeveloped seeds were small and wrinkled, indicating an unde-
veloped embryo. Seed viability was confirmed for developed and
undeveloped seeds by germinating them on filter paper moistened
with tap water in a growth chamber kept at a constant temperature
of 21 ◦C and a 16:8 day:night cycle.

2.5. Atomic absorption and inductively coupled plasma optical
emission spectroscopy measurements

Plant tissues were weighed using a microbalance (weighing to
0.00000 g, model 1712 MP8, Sartorius Corp., Goettingen, Germany)
prior to microwave digestion. Plant material was microwave
digested in 110 mL  teflon-lined vessels containing a mixture of 1 mL
H2O, 2 mL  30% (v/v) H2O2, and 2 mL  concentrated HNO3 (Sah and
Miller, 1992). The vessels were heated for 20 min  using a 570 W
microwave oven (CEM Corp., Matthews, NC). Plant tissue filtrates
and irrigation solution samples were then diluted with 6 M HCl,
heated in a 90 ◦C water bath for 20 min  and analyzed using hydride
vapor-generated atomic absorption spectroscopy (HVG-AAS). Sul-
fur was  analyzed using inductively coupled plasma optical emission
spectroscopy (ICP-OES). Se and sulfur concentrations in irrigation
water are reported in �M.  Selenium concentrations in plant tissues
are reported in ppm (�g g−1 for plant tissues or �g mL−1 for nec-
tar). Samples were run in duplicate and Se spikes were added as
internal standards to determine precision and recovery. Duplicate
sample concentrations were within 10% of each other, and Se spike
recovery was  over 90%.

2.6. Statistical analyses

We  examined the effects of Se irrigation on Se concentration
in plant tissues and plant performance in B. juncea and S. pinnata.
All data were averaged within pot using pot as the unit of replica-
tion for all responses except B. juncea nectar, which was averaged
within tank due to the small volumes. Data were analyzed with SAS
version 9.2 (SAS Institute, 2008, Cary, NC) using the General Linear
Models (GLM) procedure with type III sums of squares. The basic
model analyzed the effects of Se irrigation treatment and block (a
fixed factor) on several response variables. The Se concentration
response variables were analyzed in the following plant tissues:
pollen, nectar, anther/stigmas, petals and leaves. Plant performance
was  analyzed as several responses, including: floral traits (display
width, petal area, anther length, total flower number and nectar per
flower) as well as seed traits (seed pod length, proportion of devel-
oped seeds and total seed weight). A standard Bonferroni correction
was  applied to the Se in plant tissue and plant performance analyses

due to the large number of ANOVAs conducted. Sulfur and Se con-
centrations in irrigation tank water were analyzed using regression
in the REG procedure (SAS, 2008). Assumptions of normality were
examined using normal probability plots and the Shapiro–Wilks
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ig. 1. Mean concentrations of S (closed symbols, top panels) and Se (open symbols
or  (a) B. juncea (first flower = 35 days) and (b) S. pinnata (first flower = 45 days). Sho

est in the UNIVARIATE procedure (SAS, 2008). Se concentrations
n plant tissues were log transformed to meet assumptions of nor-

ality for both B. juncea and S. pinnata. Floral traits and seed data
ere normally distributed without transformation for S. pinnata. B.

uncea display width, petal area, nectar per flower, and total seed
eights were log transformed to meet assumptions of normality.

. Results

.1. S and Se concentrations in irrigation tanks

Sulfur and Se concentrations were monitored at four timepoints
uring the experiments. For all irrigation tanks, the 0 �M selenate
reatment contained less than 0.006 ± 0.02 �M Se during the entire
uration of the experiment. B. juncea initial irrigation tank water
oncentrations averaged 8.32 �M Se (8 �M selenate treatment) and
3.01 �M Se (13 �M selenate treatment) (Fig. 1A). S. pinnata initial
ank concentrations averaged 8.10 �M Se (8 �M selenate treat-

ent) and 13.20 �M Se (13 �M selenate treatment) (Fig. 1B). After
he experiments concluded 95 days later, the final Se concentra-
ions for B. juncea averaged 0.30 �M Se (8 �M selenate treatment)
nd 8.94 �M Se (13 �M selenate treatment). S. pinnata final Se con-
entrations averaged 0.98 �M Se (8 �M selenate treatment) and
.01 �M Se (13 �M selenate treatment). Sulfur and Se levels in irri-

ation tanks were correlated in both B. juncea (r = 0.98, P < 0.0001)
nd S. pinnata (r = 0.96, P < 0.0001) in the 8 �M selenate treatment.
oth elements decreased in the irrigation solution over time. Sulfur
nd Se levels were not correlated in the 0 or 13 �M selenate treat-
m panels) in irrigation tank water over time in 0, 8, and 13 �M selenate treatments
e means ± SE.

ments for B. juncea (r < 0.02, P > 0.46 for both) or S. pinnata (r < 0.23,
P > 0.08 for both).

3.2. Leaf and floral tissue weights in B. juncea and S. pinnata

Pollen tissue weights averaged 0.008 ± 0.001 g for B. juncea
(n = 42) and 0.01 ± 0.002 g for S. pinnata (n = 32). Anther/stigma
tissue weights averaged 0.02 ± 0.002 g for B. juncea (n = 20) and
0.08 ± 0.008 g for S. pinnata (n = 34). Petal weights averaged
0.04 ± 0.008 g for B. juncea (n = 33) and 0.06 ± 0.008 g for S. pinnata
(n = 22). Leaf tissues averaged 0.10 ± 0.002 g for B. juncea (n = 29)
and 0.10 ± 0.0003 g for S. pinnata (n = 31). Nectar volumes ana-
lyzed ranged from 0.004 ± 0.0004 mL  for B. juncea (n = 19) and
0.04 ± 0.006 mL  for S. pinnata (n = 33).

3.3. Se accumulation in B. juncea and S. pinnata plant tissues

B. juncea plants irrigated with 8 and 13 �M selenate treat-
ments significantly accumulated Se into pollen, anthers/stigmas,
petals, and leaves (ANOVA, P < 0.0001 for all) (Fig. 2A). Petal
and anther/stigma tissue contained the highest Se concentra-
tions (2800 �g Se g−1 dw and 2700 �g Se g−1 dw in the 13 �M
selenate treatment). Pollen concentrations were also high
(1700 �g Se g−1 dw in the 13 �M selenate treatment). B. juncea nec-
tar irrigated with 8 and 13 �M selenate treatments significantly

accumulated Se into nectar (up to 110 �g Se mL−1 wet weight (ww),
P < 0.01) (Fig. 2A). Leaf and nectar concentrations were low rela-
tive to the other plant tissues. Block had no significant effect on Se
accumulation in any B. juncea plant tissues (P > 0.02 for all, insignif-
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Fig. 2. Se concentrations in (a) B. juncea and (b) S. pinnata after treatment with 0, 8, and 13 �M initial selenate treatments in floral tissues (top panels) (pollen (B. juncea,
n  = 13, 18, and 11 respectively, S. pinnata, n = 14, 11, 7), anther/stigmas (B. juncea, n = 8, 8, 4, S. pinnata, n = 13, 14, 7) and petals (B. juncea, n = 14, 10, 9, S. pinnata, n = 7, 9, 6)),
leaf  tissues (B. juncea, n = 9, 10, 10, S. pinnata, n = 13, 10, 8) and nectar (bottom panels) (B. juncea, n = 5, 9, 5, S. pinnata, n = 15, 11, 7). Brassica juncea and S. pinnata plants
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etters  next to the means indicate statistically significant differences between grou
g  of elemental Se.

cant with a Bonferroni correction). Seeds from B. juncea treated
ith 8 and 13 �M selenate contained 220 and 940 �g Se g−1 dw

espectively.
S. pinnata plants irrigated with 8 and 13 �M selenate

reatments also significantly accumulated Se into pollen, nec-
ar, anthers/stigmas, petals and leaves (P < 0.0001 for all)
Fig. 2B). Pollen contained the highest concentrations of Se com-
ared to all other tissues (12900 �g Se g−1 dry weight in the

 �M selenate treatment), followed by anther/stigma tissues
8200 �g Se g−1 dw in the 13 �M selenate treatment) and petal tis-
ues (4700 �g Se g−1 dw in the 13 �M selenate treatment). Nectar
ontained up to 150 �g Se mL−1 wet weight in the 8 �M sele-
ate treatment. Leaf tissues had the lowest Se concentrations
130 �g Se g−1 dw in the 13 �M selenate treatment). Seeds from S.
innata plants irrigated with 8 and 13 �M selenate contained 3300
nd 6000 �g Se g−1 dw respectively. Block had no significant effect
n Se accumulation in S. pinnata plant tissues (P > 0.44 for all).

.4. Effects of Se on plant performance in Brassica juncea and
tanleya pinnata

For Experiment 1, the 13 �M selenate treatment reduced B.
uncea floral display width by 31% (ANOVA, P < 0.0001) and petal

rea by 44% (P < 0.0001, Table 1). However, in both Experiments 1
nd 2, the 8 �M selenate treatments had no effect on these floral
raits (P > 0.08 for all), only the highest Se treatment reduced dis-
lay width and petal area. In Experiment 1, block had a significant
 (ANOVA, P < 0.0001 for all except B. juncea nectar, P < 0.04). Shown are means ± SE.
lpha = 0.05) using Tukey’s HSD test. All plant tissue concentrations are reported in

effect on display width (P < 0.006). Se treatment had no significant
effect on anther length (P > 0.05).

For Experiments 1 and 2 combined, both the 8 and 13 �M
selenate treatments reduced total flower number, but it was  not
significant with a Bonferroni correction. For Experiments 1 and 2
combined, the 13 �M selenate treatment reduced seed pod length
by almost 50% (P < 0.0001, Table 1), but the 8 �M selenate treat-
ment actually produced slightly larger seed pods. Se treatments
had no effect on nectar per flower, proportion of developed seeds,
or total seed weight (P > 0.20 for all). For both experiments com-
bined, block had no significant effect on B. juncea flower number,
nectar per flower, seed pod length, proportion of developed seeds,
or total seed weight (P > 0.10 for all).

Se treatments had no significant impact on any aspect of S. pin-
nata floral or seed traits (P > 0.20 for all, Table 1). S. pinnata could
tolerate these treatment levels and maintain its floral traits and
seed production. Block had no significant effect on all S. pinnata
plant performance responses (P > 0.10).

4. Discussion

The objectives of this study were to investigate (1) whether
plants that accumulate Se in their leaves will also accumulate Se

in their pollen, nectar, and other floral tissues, and (2) to determine
the toxic effects of Se uptake in terms of floral and seed traits in
a secondary accumulator and hyperaccumulator plant species. Our
predictions were that Se would minimally accumulate in the pollen
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Table  1
Effects of 0, 8, and 13 �M initial selenate treatments on S. pinnata and B. juncea floral traits (display width, anther length and petal area) and plant performance (flower
number  and seed pod length). There was no significant difference between Experiments 1 and 2 for B. juncea flower number and seed pod length (t test, P > 0.05), and data
shown  are for the two experiments combined. Shown are means ± SE. Letters next to the means indicate statistically significant differences between groups (alpha = 0.05)
using  Tukey’s HSD test.

Floral display width (mm) Anther length (mm)  Petal area (mm2) Flower number Seed pod length (mm)

N Mean ± SE N Mean ± SE N Mean ± SE N Mean ± SE N Mean ± SE

Experiment 2
Stanleya pinnata

0 �M selenate 16 24.14 ± 1.85a 16 3.21 ± 0.33a 16 41.96 ± 4.45a 14 43 ± 7a 15 33.50 ± 3.85a
8  �M selenate 15 23.30 ± 1.14a 15 3.60 ± 0.21a 15 46.84 ± 3.86a 7 57 ± 11a 8 31.27 ± 4.86a
13  �M selenate 6 26.88 ± 1.92a 16 3.38 ± 0.25a 6 43.61 ± 4.69a 5 23 ± 3a 7 38.28 ± 4.58a

Experiment 1 Experiments
1 and 2

Brassica juncea
0 �M selenate 34 12.84 ± 0.34a 34 1.86 ± 0.03a 34 58.66 ± 2.39a 58 108 ± 27a 36 22.23 ± 1.15b
8  �M selenate 10 12.76 ± 0.63a 11 1.88 ± 0.07a 10 57.66 ± 5.70a 39 53 ± 11a 22 27.67 ± 1.03a
13  �M selenate 11 8.92 ± 0.59b 11 1.62 ± 0.06a 11 32.68 ± 2.77b 11 22 ± 6b 4 11.41 ± 3.82c
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Experiment 2
0 �M selenate 24 11.35 ± 0.31a 24 1.67 ± 0.06a 2
8  �M selenate 25 10.75 ± 0.32a 25 1.68 ± 0.05a 2

nd nectar of both species and that Se would have a stronger neg-
tive effect on plant performance and floral traits in the secondary
ccumulator B. juncea compared to the Se hyperaccumulator S. pin-
ata.

.1. Effects of Se treatments on uptake into leaves and floral
issues

B. juncea accumulated up to 22% and 85% less Se in the nec-
ar and pollen, respectively, compared to the hyperaccumulator
lant, S. pinnata.  B. juncea plants showed no significant difference

n nectar Se concentration between the 0 and 8 �M selenate treat-
ents. However, S. pinnata accumulated similar concentrations of

e in nectar at both treatment levels (about 140 �g Se mL−1, Fig. 2B).
e accumulation in S. pinnata may  have peaked at the 8 �M sele-
ate treatment level, since there were no significant differences
etween Se concentrations at the 8 and 13 �M treatment levels in
ny of the floral tissues. Se follows the same sulfate assimilation
athway in both plant types, but B. juncea preferentially accumu-

ates S instead of Se (Feist and Parker, 2001; Terry et al., 2000).
gSO4 was added to the irrigation tanks once at the beginning of

he experiments at a concentration of 0.1 mM,  and this was  the only
ignificant source of S available to the plants. Sulfur was  not com-
letely depleted from the B. juncea irrigation tanks at the end of the
xperiments. However, B. juncea contained almost seven times as
uch Se in its leaf tissues compared with S. pinnata. At the end

f the experiments, tanks irrigating S. pinnata contained less Se
han B. juncea tanks in the 13 �M selenate treatment (0.01 �M vs.
.94 �M),  suggesting S. pinnata removed more Se from the solu-
ion. The hyperaccumulator S. pinnata may  have mobilized much
f its leaf Se into the reproductive tissues or volatilized the Se out of
ts leaves into the atmosphere. Field studies using S. pinnata have
emonstrated an increase in Se in reproductive tissues (flowers
nd seeds) corresponding with a reduction in leaf Se (Galeas et al.,
007). Selenium may  be utilized as an elemental defense by pro-
ecting fitness linked organs such as flowers and sequestering high
oncentrations of Se in the floral parts instead of the leaves at later
evelopmental stages.

.2. Secondary accumulators vs. hyperaccumulators: effects of Se
ptake on plant performance
We hypothesized that Se would have a stronger negative effect
n plant performance and floral traits in the accumulator B. juncea
ompared to the hyperaccumulator S. pinnata. Hyperaccumulators
43.14 ± 2.05a
37.13 ± 2.20a

can take up over 4000 mg  Se kg−1 without showing reduced growth
(Shrift, 1969), whereas in our study, B. juncea suffered toxic effects
on plant performance in terms of reduced flower size, flower num-
ber, and seed pod length. In addition, plants appeared smaller at the
highest Se treatment (personal observation). Several Brassica land
races showed signs of Se toxicity in terms of reduced dry matter
yield and leaf surface area (Bañuelos et al., 1997). Selenium’s toxic-
ity is attributed to its similarity to sulfur (S). Se replaces S in amino
acids and can change protein folding, causing reduced growth and
deformities (Daniels, 1996 and Lemly, 1997). However, Se hyper-
accumulators can circumvent these toxic effects by methylating
the selenocysteine for storage or volatilization (Terry et al., 2000).
Se accumulators such as the crop plant B. juncea take up low to
moderate levels of Se into their plant tissues when growing on
soils with moderate levels of Se, whereas Se hyperaccumulators
such as S. pinnata can take up high levels of Se into their plant tis-
sues even when growing on soils with low levels of Se (Terry et al.,
2000). Hyperaccumulators such as S. pinnata are thought to have
evolved on seleniferous soils, and can metabolize and biotransform
selenate into non-protein selenoamino acids (such as Se-methyl-
selenocysteine), which secondary accumulators cannot (Brown and
Shrift, 1981; Brown and Shrift, 1982; Terry et al., 2000). Methyla-
tion of the selenoamino acids may  protect the hyperaccumulators
such as S. pinnata, but not secondary accumulators such as B. juncea,
from the toxic effects of these compounds.

A large portion of the Se was  depleted from the tanks at the
beginning of the flowering period for both species (Fig. 1A and B).
In particular, S. pinnata began flowering 45 days after the Se treat-
ments were started. Within 41 days after treatments were added,
Se concentrations in the irrigation tank water dropped to 1.08 �M
Se (8 �M initial selenate treatment), and 1.74 �M Se (13 �M initial
selenate treatment). A recent study by Galeas et al. (2007) found
that Se mobilizes to different plant tissues in Se hyperaccumulator
plants. In the early part of the growing season, hyperaccumula-
tors transport Se to the leaf tissues, whereas later in the season, Se
is moved from leaf tissues into reproductive tissues such as flow-
ers and seeds. In our study, Se may  have been mobilized within
the plant from leaf tissues into the flowers, although leaves were
collected for Se testing only at the end of the experiment. In hyper-
accumulators, Se mobilization to the fitness-linked floral tissues
such as flowers and seeds may  provide support for optimal defense

theory (McKey, 1979) and the elemental defense hypothesis (Boyd,
1998; Boyd, 2007). However, in order to link the adaptive signif-
icance of Se accumulation in terms of increased fitness and as a
defense of reproductive tissues, additional studies will be required.
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lso, leaf and floral tissues would have to be collected at several
imepoints throughout the experiment to determine whether Se
as being mobilized within the plant.

. Conclusions

Although Se levels were high in the floral tissues of our green-
ouse study, Se concentrations in the leaves of B. juncea and S.
innata have varied across field studies. Galeas et al. (2007) found S.
innata leaf concentrations of 500–2000 mg  Se kg−1 dw and flower
oncentrations of 1800 mg  kg−1 dw in the field throughout a 7-
onth growing season. In addition, a study by Bañuelos et al. (2007)

ound the leaves of transgenic B. juncea grown for phytoremedia-
ion of soil contaminated with 4 mg  Se kg−1 contained only about
0–50 �g Se g−1 dw in the field. In our greenhouse study, B. juncea
ccumulated Se concentrations in the pollen and nectar that could
e potentially toxic to pollinators, but Se concentrations of leaves

n field studies (such as Bañuelos et al., 2007) suggest flower con-
entrations may  be lower. The duration and soil concentration of Se
xposure as well as other environmental factors may  play impor-
ant roles in determining how much Se is accumulated into the
eaf and floral tissues. Although the leaves in our study had higher
. juncea concentrations and lower S. pinnata concentrations com-
ared to the studies mentioned above, our experiments are relevant
ecause they focused on a 3 month period which captured the
eak flowering period of both species when irrigated with ecolog-

cally relevant Se concentrations (up to 1.4 mg  Se L−1). Our study
rovides a snapshot of the Se concentrations during the flower-

ng period that could be available to pollinators visiting flowers on
e-accumulating plants.

Several studies have found evidence for plant-produced (sec-
ndary chemical) defenses in floral tissues such as petals, nectar
Adler, 2000; Detzel and Wink, 1993; Gegear et al., 2007; Kessler
nd Baldwin, 2007; McCall and Karban, 2006) and even pollen (Praz
t al., 2008). Some hyperaccumulator plant species also accumulate
levated levels of metals and metalloids in their flowers and fruits
Freeman et al., 2006; Jaffre et al., 1976; Reeves et al., 1981), pos-
ibly as an elemental defense. Certain insect species cannot detect
nd avoid Se (Trumble et al., 1998; Vickerman et al., 2002), but
here are no studies to date examining the effects of Se-containing
lant tissues on insect pollinator visitation in terms of deterrence.

f insect pollinators cannot detect and avoid toxic compounds in
he floral tissues they are foraging upon and collecting for their
rogeny, they may  suffer similar adverse effects such as mortality
nd reduced development as has been seen in other insect guilds
Trumble et al., 1998; Vickerman et al., 2002; Hanson et al., 2003;
anson et al., 2004; Freeman et al., 2007; Sorensen et al.,  2009).
lternatively, Se is a micronutrient that is essential to many ani-
als when ingested in low quantities (Burau, 1985) and may  be a

eneficial antioxidant to pollinators that feed upon Se-containing
oral tissues.

B. juncea and S. pinnata have gained interest as phytoremedia-
ors of Se-contaminated soils (Parker et al., 2003, Pilon-Smits and
reeman, 2006). In particular, B. juncea has been genetically modi-
ed to increase its ability to accumulate and volatilize Se (Bañuelos
t al., 2007, Pilon-Smits and LeDuc, 2009). In our study, S. pinnata
ad low concentrations of Se in the leaves, suggesting this species
ay  volatilize Se as well. Phytoremediation using these species may

xpose pollinators to Se-containing tissues, unless plants are har-
ested before flowering. Transgenic plants are harvested when 25%
f the plants flower (as mandated by the USDA-Animal and Plant

ealth Inspection Service) and a similar approach to managing
on-transgenic phytoremediators may  protect beneficial pollina-
ors from exposure to potentially toxic floral tissues. This study
rovides crucial information about where some of the highest con-
erimental Botany 74 (2011) 90– 97

centrations of Se are found in two  phytoremediators, and may  shed
light on the potential risks pollinators may  face when foraging upon
these accumulating plants.
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