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Abstract

Selenium (Se) is an essential micronutrient for many organisms, but is also a toxin and environmental pollutant
at elevated levels. Due to its chemical similarity to sulphur, most plants readily take up and assimilate Se. Se
accumulators such as Brassica juncea can accumulate Se between 0.01% and 0.1% of dry weight (DW), and
Se hyperaccumulators such as Stanleya pinnata (Brassicaeae) contain between 0.1% and 1.5% DW of Se. While Se
accumulation offers the plant a variety of ecological benefits, particularly protection from herbivory, its potential
costs are still unexplored. This study examines the effects of plant Se levels on reproductive functions. In B. juncea,
Se concentrations >0.05-0.1% caused decreases in biomass, pollen germination, individual seed and total seed
weight, number of seeds produced, and seed germination. In S. pinnata there was no negative effect of increased
Se concentration on pollen germination. In cross-pollination of B. juncea plants with different Se levels, both the
maternal and paternal Se level affected reproduction, but the maternal Se concentration had the most pronounced
effect. Interestingly, high-Se maternal plants were most efficiently pollinated by Se-treated paternal plants. These
data provide novel insights into the potential reproductive costs of Se accumulation, interactive effects of Se in pollen
grains and in the pistil, and the apparent evolution of physiological tolerance mechanisms in hyperaccumulators to

avoid reproductive repercussions.
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Introduction

The element selenium (Se) naturally occurs in seleniferous
soils arising from shale originating from the Cretaceous and
early Tertiary periods (~130-40 million years ago; White
et al., 2004). Seleniferous areas, for example in the Western
USA and Hubei province in China, have soil Se levels that
may exceed 10 mg Se kg~ ', whereas other areas such as the
Northeastern USA, Finland, and New Zealand have little
or no Se in soils (Reeves and Baker, 2000; Hartikainen,
2005). Se is necessary for animal and human health, but like
most trace elements can be toxic at higher levels (Rayman,
2000; Brown and Arthur, 2001; Goldhaber, 2003). In higher
plants there is no demonstrated need for Se; however, Se
can be beneficial to plant growth at low levels and detrimental
at high levels (Pilon-Smits ez al, 2009). Plants readily take up
Se due to its similarity to sulphur (S) (Anderson, 1993; Arvy,
1993). This capacity may be used both to fortify crops with

Se and thereby help alleviate Se deficiency in humans and
livestock (Gissel-Nielsen, 1998; Gomez-Galera et al., 2010),
and to remove excess Se from seleniferous areas (Banuelos
et al., 2005, 2007; Banuelos and Lin, 2010).

Not all plant species accumulate or metabolize Se in the
same way. Most plant species are Se non-accumulators and
typically accumulate 10-100 mg Se kg~ dry weight (DW)
when growing on seleniferous soil. Plants can also be classified
as Se accumulators, also called secondary accumulators,
which typically accumulate 100-1000 mg Se kg~' DW.
Thirdly, there is a small group of plant species that can accu-
mulate 1000-15000 mg Se kg~' DW from seleniferous soil;
these plants are called Se hyperaccumulators (Neuhierl and
Bock, 1996; Terry et al., 2000; White et al., 2004; Seppdnen
et al., 2010). Hyperaccumulators such as Astragalus bisulcatus
(Fabaceae) and Stanleya pinnata (Brassicaceae) accumulate Se
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mainly in the organic form methyl-selenocysteine (MeSeClys),
while non-accumulators and secondary accumulators ac-
cumulate mainly inorganic Se (Neuhierl and Bock, 1996;
Pilon-Smits et al., 1999; Terry et al., 2000). In addition,
hyperaccumulators show relatively higher shoot-to-root Se
accumulation and Se-to-S ratios, and store Se in specialized
epidermal storage areas (Freeman et al., 2006a, 2010). Both
Se accumulators and hyperaccumulators readily accumulate
Se in the reproductive tissues (Terry et al., 2000; Galeas
et al., 2007; Dhillon and Dhillon, 20094, b), and within
hyperaccumulator flowers Se levels can be particularly high
in ovules and pollen (Quinn ez al., 2011).

Several studies have shown that Se accumulation and
hyperaccumulation can serve as a form of defence against
herbivores such as caterpillars (Pieris rapae), grasshoppers
and crickets (Orthoptera), aphids (Myzus persicae), thrips and
spidermites, prairie dogs, and two pathogenic fungi (Fusarium
and Alternaria) (Hanson et al., 2003, 2004; Freeman et al.,
2007, 2009; Quinn et al., 2010). Se concentrations as low as
10 mg kg~ ' DW were already effective in reducing herbiv-
ory of aphids. Thus, this elemental defence can offer plants
an evolutionary benefit even at low levels, and herbivores
and pathogens may exert further positive selection pressures
toward higher plant Se accumulation. This leads to the ques-
tion of whether there are evolutionary selection pressures that
would act against Se accumulation. One possible negative
ecological effect of Se accumulation is deterrence of polli-
nators by volatile selenocompounds, or toxicity to pollinators
after ingestion of Se-rich nectar or pollen. Also, physiological
processes involved in plant growth and reproduction may be
affected by high Se levels. There is no evidence that Se deters
pollinators: the European honeybee (Apis mellifera) foraged
without preference on high- and low-Se plants from either
the Se accumulator Brassica juncea (Brassicaceae) or the Se
hyperaccumulator S. pinnata (Quinn et al., 2011). Moreover,
hyperaccumulators in their natural habitat appeared to be
pollinated by native bumble bees, which contained significant
Se levels in their tissues and may be Se tolerant.

The goal of the study presented here was to obtain insight
into potential physiology-based evolutionary selection pres-
sures against Se accumulation. To date, little is known
regarding physiology-based evolutionary selection pressures
affecting hyperaccumulation. In one study using lead hyper-
accumulators, there was an overall decrease in seed germina-
tion rate with increasing lead concentration (Xiong 1998). In
another study by Searcy and MacNair (1990), copper (Cu)-
tolerant plants had decreased seed production when grown
on increasing Cu concentrations, but only when cross-
pollinated with a Cu-sensitive plant. In the study described
here, B. juncea and S. pinnata were examined with respect
to the effects of Se accumulation on plant productivity
and reproduction. The parameters examined include pollen
germination, seed weight and number, seed germination,
and vegetative and reproductive biomass. The findings from
this study give further insight into the evolution of Se
accumulation and have broader implications for cultiva-
tion of Se-rich plants for phytoremediation or as fortified
foods.

Materials and methods

Plant material

Stanleya pinnata plants were grown together in the greenhouse
(24/20 °C day/night, 16/8 h light/dark photoperiod, 300 pmol m™>
s~! photosynthetic photon flux). The plants used were maintained
in greenhouse conditions for 3 years on a 50:50 mix of Pro mix BX
(Premier Horticulture, Quakertown, PA, USA) and Turface MVP
(Profile Products LLC, Buffalo Grove, IL, USA). The plants were
split into a high-Se treatment and a control (low-Se) treatment
(n=15). The high-Se treatment received 80 uM Na,SeO, twice
a week and 1 g 17! fertilizer (Miracle-Gro Excel, 15:5:15 Cal-Mag,
The Scotts Co., Marysville, OH, USA) once a week. The control
treatment was watered with fertilizer but no Se. To induce flowering
in S. pinnata, plants were placed in a cold room (4 °C day and night,
16/8 h light/dark photoperiod, 75 pmol m~2 s~! photosynthetic
photon flux) for 4 weeks. Se treatments were continued throughout
the cold treatment, and the plants began flowering within 4 weeks
of returning to regular greenhouse conditions. Leaves and flowers
were sampled for Se analysis, and pollen was collected for pollen
germination studies, all as described below.

Brassica juncea seeds were germinated in 10x10 cm pots (T.O.
Plastics, Clearwater, MN, USA) filled with Pro mix BX (Premier
Horticulture, Quakertown, PA, USA), thinned to one plant per
pot, and placed together in the greenhouse (conditions described
above). Water was supplied until the first true leaves appeared,
then Se treatments began. All plants received fertilizer once a week
(1 g 17! of Miracle-Gro Excel, 15:5:15 Cal-Mag, The Scotts Co.),
and were supplied three times a week with one of five Se concentra-
tions: 0, 20, 40, 60, or 80 uM Na,SeO4 (n=2X%36 in two consecutive
greenhouse studies).

Brassica juncea plants that were not used in cross-pollination
studies were harvested and dissected into vegetative (shoots and
leaves) and reproductive (flowers, siliques, and seeds) parts. The
tissues were dried for 3 d at 60 °C, weighed for dry biomass, and
analysed for Se concentration as described below. Other plants
from the same treatments were used for cross-pollination experi-
ments and to collect pollen for pollen germination experiments, as
described below.

Pollen germination

Semi-solid pollen germination medium (PGM) was prepared [18%
sucrose, 0.01% boric acid, I mM CaCl,, 1 mM Ca(NO3),, | mM
MgSO,, and 5% agar] (Carlson et. al/ 2009) and three Se concen-
trations: 0, 100, or 1000 mg 17! Na,SeO,, were added to simulate
stigma/style Se concentrations in the plant. Anthers from newly
opened B. juncea flowers from plants treated with 0, 20, 40, 60, or
80 uM Na,SeO, and S. pinnata flowers from plants treated with
0 or 80 pM Na,SeO, were collected and placed on all three PGM
Se treatment plates. The pollen grains were germinated on the
plates in a moist environment for 3 h (for B. juncea) or 24 h (for
S. pinnata) based on preliminary trials, photographed under a com-
pound light microscope, then counted with respect to the number of
pollen tubes that had broken the pollen coat, and the percentage
pollen germination calculated.

Cross-pollination experiments

Flowering B. juncea plants used as the maternal plant were
emasculated, and unopened flowers were removed. Anthers with
mature pollen were removed from the paternal plant and rubbed
on the stigma of the maternal flowers. Most Se treatments were
used as both maternal and paternal plants for a total of 23 cross-
pollinations for every possible combination of Se treatments (e.g. the
40 pMx60 puM cross was conducted 23 different times). The 80 uM
plants, however, did not make enough flowers to complete all crosses,
resulting in lower numbers of crosses. Glassine pollination bags were
placed over the cross-pollinated inflorescences (Ward et al., 2009)
and daily hand pollination was used to ensure pollination was



successful. Mature seeds were harvested from each treatment and
the average individual seed weight was determined. The total num-
ber of successful crosses, average seed number per silique, and
total seed weight per silique are given in Supplementary Table S1
available at JXB online.

For seed germination studies, seeds from all crosses were placed
on sterile filter paper moistened with ddH,O inside culture plates
(Lifeline Sciences, Frederick, CO, USA). The dishes were closed
and sealed with Parafilm® (Pechiney Plastic Science, Menasha, WI,
USA) and placed under fluorescent lights (24 °C, 12/12 h light/
dark photoperiod). Every day the number of germinated seeds was
recorded and the seed germination percentage calculated.

To quantify fecundity, seeds were collected from 10 B. juncea
plants from each Se treatment, and dried for 3 d at 60 °C. The total
number of seeds produced per plant and the total seed biomass were
determined.

Elemental analysis

Brassica juncea and S. pinnata leaves, flowers, and seeds were
analysed for Se as described previously (Freeman et al., 2006a). In
short, 0.1 g of dried material was acid-digested in nitric acid as
described by Zarcinas et al. (1987) and analysed for Se analysis
via inductively coupled plasma atomic emission spectroscopy (ICP-
AES) as described by Fassel (1978).

Statistical analysis

All statistical analyses were performed using JMP-IN (version
3.2.6, SAS Institute, Cary, NC, USA) or SAS software (9.2, SAS
Institute). Tests for normality and equal variances were conducted.
One-way analyses of variance (ANOVAs) were used to compare
several means, multiple linear regression analysis of covariance
(ANCOVA) models were used to analyse the effect of several var-
iables and the interactions, x> tests were done to analyse percentages,
and Student’s t-tests were used to compare two means. All ANOVAs
and ANCOVAs were post-hoc evaluated using Tukey—Kramer tests
for significance at a=0.05.

Results
Plant material

In B. juncea, treatments with increasing Se concentration
resulted in a significantly increased plant Se concentration
in both leaf and reproductive tissues (P <0.0001, Fig. 1A; and
P <0.0001, Fig. 1D). Also in S. pinnata, the Se concentra-
tion in leaf and reproductive tissues of the high-Se treatment
were significantly higher than those of the low-Se treatment
(P <0.0001, Fig. 1C; and P=0.0017, Fig. 1F). Increased
plant Se concentration decreased the dry biomass of B. juncea
in both vegetative and reproductive tissues (P <0.0001, Fig. 1B;
and P <0.0001, Fig. 1E). The effect, however, was not sig-
nificant until the 60 pM SeQy, treatment. The S. pinnata plants
used in the pollinator studies and pollen germination experi-
ments were not harvested and dry biomass data not collected.

Pollen germination

With respect to pollen germination in B. juncea, the Se level
in the plant and the Se level in the media interacted and had
different effects on pollen germination (F=2.93, P=0.0035,
Fig. 2). On pollen germination medium containing no Se,
pollen collected from plants that had received the 60 pM or
80 uM Na,SeOy4 treatment germinated less often (ratios of
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Fig. 1. Biomass (g) and tissue Se concentration (mg Se kg~' DW)
of B. juncea and S. pinnata treated with different Se concen-
trations (0-80 pM Nas,SeO,). (A) Se concentration in B. juncea leaf
(n=8). (B) Dry weight of B. juncea vegetative tissues (n=16).
(C) Se concentration in S. pinnata leaf (h=15). (D) Se concentration
of B. juncea reproductive tissues (n=8). (E) Dry weight (n=16) of
B. juncea reproductive tissues. (F) Se concentration of S. pinnata
reproductive tissues (n=15). Values are means =SE; different
letters above the bars represent a significant difference (¢=0.05).

0.30 and 0.29, respectively) than pollen from plants that
received other Se treatments (0.40, 0.45, and 0.40, P=0.0480,
Fig. 2A). On the 100 mg 1~' Na,SeO,4 pollen germination
medium, plants with higher Se levels showed a decrease in
pollen germination, with germination ratios ranging from
0.45 in the no-Se treatment to 0.0 in the 80 uM Se treatment
(P=0.0035, Fig. 2B). On the 1000 mg 1~' Na,SeO, pollen
germination medium, there were no significant differences in
pollen germination between Se treatments (Fig. 2C). The Se
concentration in the media had a significant effect on pollen
germination, with the average ratio in the no-Se treatment
being the highest at 0.37 compared with the 100 mg 1" Se
treatment, which was the lowest at 0.27 (F=7.47, P=0.0007).
The 1000 mg 1"' medium treatment was not significantly dif-
ferent from either the no-Se or moderate Se media treatments.
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Stanleya pinnata showed different results from B. juncea.
At each of the three Se concentrations in the pollen ger-
mination medium, there was no significant difference be-
tween plant Se treatments (P=0.1549, P=0.3096, P=0.7103,
Fig. 2D-F). There was a significant effect of Se in the media,
and S. pinnata pollen germinated better on media containing
Se than they did on media without Se. The average germi-
nation ratio for the no-Se treatment was 0.13, which was
significantly lower compared with the high-Se media treat-
ment at 0.19 and the moderate-Se media treatment at 0.27
(F=9.82, P <0.0001, Fig. 2D-F).

Cross-pollinations

Cross-pollinations were performed between B. juncea plants
treated with different Se concentrations. Individual seed

weight was determined from each of the crosses to measure
if there is any effect on seed vigour with increasing Se con-
centration. The paternal Se treatment had no effect on the
individual seed weight (P=0.9538, Fig. 3A-E). The maternal
Se treatment did have a significant effect on seed weight,
especially at leaf concentrations >1000 mg Se kg~' DW
(P <0.0001, Figs 3F, 1A). The 20, 40, and 60 M Se maternal
treatments resulted in a 20% reduction in seed weight com-
pared with the 0 uM Se treatment, and the 80 pM-treated
plants even showed a 90% reduction in seed weight. However,
the heaviest seeds were obtained from the 40 uMx60 uM
Se cross, which resulted in an average weight of 3.31 mg
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(A) B. juncea pollen germination on medium without Se (=30
plants). (B) B. juncea pollen germination on medium containing
100 mg I~ Na,SeO, (n=12 plants). (C) B. juncea pollen germina-
tion on medium containing 1000 mg I~" Na,SeO, (=12 plants).
(D-F) S. pinnata pollen germination ratios on medium containing
0, 100, and 1000 mg I~! Na,SeQy, respectively (1=10 plants).
Values are means =SE; a different letter above the bars represents
a significant difference (0=0.05).

Fig. 3. Average individual seed weight (mg) from crosses of B.
juncea parents treated with 0, 20, 40, 60, or 80 uM Na,SeO4. A-E
each represent plants from one maternal Se treatment that were
pollinated with paternal plants that received different Se levels.

F shows the average for each maternal Se treatment when all
paternal Se treatments are pooled. Values are means *SE;

a different letter above the bars represents a significant difference
(2=0.05). See Supplementary Table S1 at JXB online for details on
the number of seeds weighed.
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as compared with 2.98 mg for the 0 uMx0 pM Se cross
(Fig. 3C). The number of seeds produced in each cross was
not significantly different between Se treatments, except at
the Se treatment of 80 puM. (Supplementary Table S1 at JXB
online).

Seeds from each of the cross-pollinations were collected
and analysed for their Se concentration. Due to the high
number of seeds required for Se analysis and the need for
seeds for seed germination studies, only one replicate for
each cross was obtained and analysed. For each maternal
Se concentration, the paternal Se concentration did not af-
fect the seed Se concentration (P=0.9966). The increasing
maternal treatment concentration, however, significantly in-
creased seed Se concentration (P <0.0001). Average seed Se
concentration for increasing maternal Se treatments pooled
across paternal Se treatments were 8, 86, 153, and 792 mg kg~

In the B. juncea seed germination study, all cross-
pollinations done with an 80 uM Na,SeO, plant as the
maternal or paternal plant did not produce enough seeds
for adequate statistical power and are not included in the
statistical analyses. The study was terminated after 7 d be-
cause germination rates of most treatments were beginning
to plateau (Fig. 4E). x> analyses were done on the frequency
of germination at the end of the 7 d germination period, for
an estimation of total seed germination percentage. All
P-values are reported in the text, and y? values and P-values
are reported in Fig. 4. When considering both maternal
and paternal Se treatments together, the combination of
treatments significantly affected the total seed germination
(P <0.0001, Fig. 4). When the maternal Se treatment was
analysed across all paternal Se treatments, the maternal Se
treatment significantly affected the total percentage of seed
germination (P <0.0001, Fig. 4E). The seed germination ratio
decreased with increasing levels of maternal Se treatment.
The paternal Se treatment, when analysed across all maternal
Se treatments, also had a significant effect on the total per-
centage of seed germination (P=0.0100), but there was
no consistent relationship between increasing paternal Se
treatment and seed germination.

When the interactions of the maternal and paternal Se
treatments were analysed, the Se treatment showed a signif-
icant effect on the percentage of seed germination by day 5
(P <0.0001). The maternal and paternal Se treatment effects
were also analysed separately, and both treatments yielded
a significant effect on seed germination (P <0.0001 and
P <0.0001). %> values and probabilities within each mater-
nal treatment show a significant effect of the paternal Se
concentration (Fig. SA-D). Increasing paternal Se concen-
tration had a significant negative effect when the maternal
Se treatment was 0 pM Na,SeO, (P=0.0052, Fig. 4A).
When the maternal Se treatment was 20 uM and 40 uM
Na,SeOy, the paternal Se treatment did not have a signif-
icant effect (P=0.2380, P=0.5193, Fig. 4B, C). Then, at the
maternal Se treatment of 60 pM Na,SeOy, the increasing Se
treatment of the paternal plant significantly increased seed
germination (P=0.0013, Fig. 4D). At the maternal Se treat-
ment of 80 uM Na,SeO,, none of the seeds germinated over
the 7 d period. Thus, the effect of the paternal Se treatment
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Fig. 4. Progressive seed germination rates over a period of 7 d
(seeds germinated/total seeds sown) of B. juncea seeds obtained
from crosses of parents treated with different Se concentrations. In
A-D different lines correspond to different paternal Se treatments
(LM NasSeQ,) as labelled in the panel on the right. (A) Maternal
plants treated with O uM NaySeQ,. (B) Maternal plants treated with
20 uM NaySeQy,. (C) Maternal plants treated with 40 uM NaySeOy,.
(D) Maternal plants treated with 60 uM Na,SeQ,. (E) Average for
each maternal Se treatment when all paternal Se treatments are
pooled. Each line corresponds to a maternal Se treatment, as
described in the panel on the right. Values are the means *+SE;

n =150 seeds.

on seed germination depended on the Se level of the mother
plant.

The total weight of seeds produced from each B. juncea
plant not used in cross-pollination experiments (via selfing)
was significantly decreased with increased seed Se con-
centration (F=15.7589, P <0.0001, Fig. 5A). Plants treated
with 20 uM Se had on average 20% lower total seed weight,
40 uM Se treatment resulted in 60% lower total seed weight,
and plants treated with 60 pM or 80 uM Se produced no
seeds. Similarly, when the total number of seeds was counted,
there was a significant effect of increasing Se concentration
(F=17.9588, P <0.0001, Fig. 5B). Plants not treated with Se
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represent a significant difference (¢=0.05).

produced more seeds than plants treated with increasing Se
levels. This effect became significant above 20 pM Na,SeOy,
corresponding to a leaf and flower Se concentration >500 mg
Se kg~! DW (Fig. 1A, D).

Discussion

The goal of this study was to analyse the effect of plant Se
accumulation on reproductive functions in B. juncea and
S. pinnata. The main finding of the study is that the Se
accumulator B. juncea showed inhibited growth and repro-
duction with floral Se concentrations in excess of 500 mg
Se kg~! DW, in terms of biomass production, pollen ger-
mination, seed germination, and seed production. The Se
hyperaccumulator S. pinnata, however, showed no negative ef-
fect of Se at floral concentrations of ~4000 mg Se kg~ ! DW.
These results were reproducible in a consecutive greenhouse
experiment where comparable results were obtained.

In the greenhouse trials, B. juncea with floral concen-
trations of ~1500 mg Se kg~' DW and leaf concentrations
>1000 mg Se kg~! DW showed a significant decrease in
biomass. In contrast, the hyperaccumulator S. pinnata had

floral concentrations close to 4000 mg Se kg™, but this had
no significant effect on growth.

Furthermore, in B. juncea, the 60 UM and 80 pM Se
treatments led to decreased pollen germination rates, and
increasing Se concentration in the pollen germination media
decreased the pollen germination rate. Pollen germination
in S. pinnata was not affected by high Se concentrations in
the flower or pollen germination media; rather, S. pinnata
pollen germinated better on media containing Se.

An interesting observation in the cross-pollination studies
was that pollen from Se-rich B. juncea plants appeared to be
better able to fertilize Se-rich maternal plants. In an earlier,
somewhat similar study conducted by Searcy and Macnair
(1990), Cu-tolerant plants fertilized with Cu-sensitive pollen
showed decreased levels of fertilization. The authors hypo-
thesized that the pollen tubes from Cu-sensitive plants did
not survive and grow as well as the pollen from Cu-tolerant
plants in the high-Cu environment of the style. Here, mod-
erate levels of Se in the paternal plants improved seed
germination and seed weight of Se-rich maternal plants. It
is possible that plants treated with no or low Se produce
pollen tubes that are inhibited by the high concentrations
of Se in the style and ovule of a plant treated with higher
Se concentrations. Pollen from a high-Se plant may have
a physiological predisposition to cope with the toxic effects
of Se and are not as vulnerable in a style with high Se
concentration. It would be interesting to investigate this Se-
dependent pollen—pistil interaction further and identify the
underlying physiological mechanisms.

In B. juncea, the Se concentration of the maternal plant
had the most pronounced effect on reproduction. The in-
dividual seed weight, seed germination, and seed production
were all detrimentally affected by increasing maternal Se
levels, with significant effects happening above the 40 uM
or 60 uM Na,SeO, treatment, which corresponded to 500—
1000 mg Se kg~' DW tissue Se concentrations. The maternal
plant contributes more resources to seed production than
the paternal plant, and thus it is to be expected that
increasing Se concentration in the maternal plant would
have a stronger effect on seed production compared with
the paternal Se. One exception observed here is that the
paternal Se concentration appeared additionally to affect
the percentage of seed germination within the same
maternal Se treatment.

The negative effects of Se on reproduction in B. juncea
started around tissue concentrations of 1000 mg Se kg~! DW;
that is, the same as the defining Se concentration differen-
tiating between secondary Se accumulators and Se hyper-
accumulators. This appears to be an appropriate upper limit
for defining secondary Se accumulators, since higher levels
would probably not be sustainable in nature due to significant
toxicity. Incidentally, common levels of Se in secondary
Se accumulators used for phytoremediation in the field do
not reach Se concentrations close to 1000 mg Se kg~! DW
and instead are more commonly ~50 mg Se kg~' DW Se
(Banuelos et al., 2005, Bafiuelos 2006). Thus, negative effects
of Se on reproduction and growth are not anticipated in
current field settings.



Se levels in the hyperaccumulator S. pinnata are particu-
larly high in pollen and ovules (Quinn et al., 2011), perhaps
as a form of elemental defence. Yet, the plants appear to
have evolved physiological mechanisms that enable them
to prevent the toxic effects of floral Se on reproductive
functions that were observed in B. juncea. Earlier research
had shown that hyperaccumulators store more Se in organic
form, particularly MeSeCys, which does not get incorporated
into protein and therefore is relatively non-toxic (Neuhierl
and Bock, 1996). This form was indeed found in both leaves
and flowers of S. pinnata and may explain their extreme Se
tolerance (Freeman et al., 2006a; Quinn et al., 2011).

In the past it has been shown that low levels of Se in both
accumulator and hyperaccumulator species can act as a plant
defence against a wide variety of herbivores as well as some
fungi. Freeman et al. (2007) fed grasshoppers and crickets
(Orthoptera) to S. pinnata plants with Se concentrations as
low as 145 mg Se kg~ ' DW and saw effective defence against
these herbivores. Se was even more effective against aphids,
where 10 mg Se kg~! DW already protected B. juncea plants
from phloem-feeding Myzus persicae (Hanson et al., 2004).
Caterpillar (Pieris rapae) herbivory was deterred by B. juncea
containing 600 mg Se kg~' DW (Hanson et al., 2003). In
field plants, an Se range of 50-750 mg Se kg~ ' Se was
sufficient in S. pinnata for deterring prairie dogs (Cynomys
ludovicianus) (Freeman et al., 2009). As is to be expected for
a plant defence, over time some herbivores appear to have
evolved Se tolerance, and these can feed freely on hyper-
accumulators. Freeman ez al. (2006b) describe diamondback
moth larvae (Plutella xylostella) that fed without ill effects
on S. pinnata containing 2000 mg Se kg~' DW. Together,
these studies paint an interesting picture of the evolution of
Se accumulation. Plants probably began to accumulate low
levels of Se non-specifically through the S assimilation path-
way, and even those low levels of Se aided in defence against
herbivory. Continuous selection pressure in the form of
herbivory may have favoured higher and higher plant Se
accumulation, to the point where plants experienced toxic-
ity. It appears that for secondary Se accumulators this level
is between 500 mg Se kg~' DW and 1,000 mg Se kg~' DW,
when physiological processes such as pollen germination
and seed production become affected by the Se, resulting in
an evolutionary disadvantage for further Se accumulation.
In seleniferous habitats, some herbivores evolve tolerance
to Se, leading to an increase in herbivory and a need for
the plant to evolve even higher Se levels. Here, additional
Se tolerance mechanisms and true hyperaccumulation may
arise, leading to plants that experience no ill effect of Se
on reproductive processes, and even more protection from
herbivores. Finally, even at true hyperaccumulator levels,
some herbivores will eventually disarm Se as an elemental
defence. Along with the evolution of hyperaccumulation,
insects with positive interactions with hyperaccumulators,
such as native pollinators, may also have evolved tolerance
to Se so that they can forage on hyperaccumulator plants
without suffering toxicity.

In conclusion, the study reported here provides novel
information regarding the effects of Se on reproductive

Effects of selenium on reproduction | 5639

parameters of Se hyperaccumulators and secondary accu-
mulators, and is one of the first of its kind to be carried out
for hyperaccumulators of any element. The results provide
further insight into selective pressures in the evolution of
Se hyperaccumulation and hypertolerance. In addition to
increasing evolutionary insight, these findings may have
applications for the cultivation of accumulators and hyper-
accumulators in agriculture or for phytoremediation.

Supplementary data

Supplementary data are available at JXB online.
Table S1. Brassica juncea cross-pollination parameters.
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