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Abstract
Background and aims Concentrations of chemical ana-
logs arsenic (As) and phosphorus (P) were measured in
As-hyperaccumulator (Pteris vittata; PV) and three non
As-hyperaccumulators (Thelypteris kunthii,Nephrolepsis
brownii, and N. falcata) to draw inferences regarding

their uptake from soils to roots and translocation to fronds
and spores.
Methods Frond and root samples of 150 ferns at peak
spore maturation were collected with associated soils
between July 2012 and July 2014.
Results Arsenic in PV spores (45.4–336 mg kg−1)
exceeded soil As (0.60–111 mg kg−1) in all sites and at
c lean s i t e s (0 .60–1 .17 mg kg− 1 ) fo r non-
hyperaccumulator spores (1.83–8.60 mg kg−1). In PV,
As in fronds and spores correlated positively with soil
As (r=0.71–0.74) with bioconcentration factors (tissue
As:soil As) of 14.3–654 and 3.26–53.6 compared to
0 . 08–0 . 44 and 0 . 03–8 . 3 7 f o r t h r e e non -
hyperaccumulators. However, P in PV spores (1977–
4832 mg kg−1) correlated negatively with frond (1028–
2439 mg kg−1; r=−0.43) and soil (76.2–170 mg kg−1;
r=−0.34) P.
Conclusions PV hyperaccumulates As into fronds and
spores from soils with trace As. Since PV spores con-
stituted ~9 % of frond biomass, the elevated spore As
may deserve further investigation in their role as a
potential health hazard and metal cycling.
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Introduction

Arsenic (As) has no known biological function and is
toxic to all biota. Even at low concentrations, As nega-
tively impacts physiological functions in humans. Thus,
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its presence in the environment constitutes an impera-
tive health threat (Ajmone-Marsan and Biasioli 2010).
In addition to being a carcinogen, As exposure can
inactivate enzymes, inhibit functional groups, displace
essential elements and produce reactive oxygen species
(Nagajyoti et al. 2010). Identifying potential As expo-
sure pathways, especially those that occur naturally in
the environment are important to protect public health
(Hughes et al. 2011).

Several fern species have been identified as arsenic
hyperaccumulators, including Pteris vittata (PV) (Ma
et al. 2001), Pteris cretica, Pteris longifolia, and Pteris
umbrosa (Zhao et al. 2002), and Pityrogramma
calomelanos (Visoottiviseth et al. 2002). PV is one of
the most efficient As-hyperaccumulators, with As
bioconcentration factor (BF) exceeding 26 (ratio of frond
As to soil As) (Lessl and Ma 2013). PV tissues including
callus, gametophyte, and sporophyte all effectively accu-
mulate As (Gumaelius et al. 2004; Yang et al. 2007).

However, despite extensive research on As-
hyperaccumulators, especially PV, little is known about
As concentrations in fern spores. Lombi et al. (2002)
reported 376 mg kg−1 As in PV spores growing in a soil
spiked with 300 mg kg−1 As. Given its As
hyperaccumulation nature and the known dispersal
range of fern spores (Wolf et al. 2001), it is important
to examine the As contents in PV spores grown under
natural conditions. Though there is little research on fern
spores, there are reports of zinc, copper, and lead accu-
mulation in pollen grains of common ragweed (Ambro-
sia artemisiifolia), averaging 94, 18, and 3.1 mg kg−1

(Cloutier-Hurteau et al. 2014). Furthermore, pollen from
annual blue grass (Poa annua) grown from a cadmium-
contaminated soil contain 10 % more allergen com-
pounds, exacerbating airway diseases (Aina et al.
2010). While there is limited information on metals in
pollens, there is even less on fern spores.

As a phosphorus (P) analog, arsenic is taken up via P
transporters in plants. P is an essential nutrient for plants
and is taken up from soils as inorganic phosphate, which
has low availability. Background concentrations of As
in plant tissues are 0.1–1.0 mg kg−1 compared to
~3000 mg kg−1 P (Marschner 2012). Plant P uptake is
not only highly regulated, but also inextricably tied to
As uptake. Under low P conditions, As uptake by plants
induces P deficiency (Finnegan and Chen 2012). In PV
fronds, however, As concentrations can exceed P with-
out hindering its growth (Lessl and Ma 2013), exempli-
fying the unique relationship of As and P in PV. Plants

normally respond to As by suppressing P uptake, but
this is not the case in PV, which has increased P uptake,
especially in the roots (Luongo and Ma 2005). Evalua-
tion of As and P content in different fern tissues will
facilitate a better understanding of As resiliency in PV.

We investigated As-hyperaccumulator (PV) and
three non-hyperaccumulators (T. kunthii, N. brownii,
and N. falcata). Cultivated and non-cultivated ferns
were collected from urban soils including contaminated
and clean sites in North Florida, USA. The specific
objectives of this study were to measure As and P in
soils, and fern roots, fronds and spores to infer their
uptake, translocation and accumulation characteristics
in plants. The present study also reports on the implica-
tion elevated As concentrations in PV spores on As
cycling in the environment in addition to the potential
health risk of As exposure to humans.

Materials and methods

Fern collection and spore measurement

All samples were collected from Gainesville, Florida
where P. vittata, T. kunthii, N. brownii, and N. falcata
commonly grow. Sixteen sites were identified with fern
plants containing mature fronds of 1–2.5 m. Frond and
root samples of 114 PV, 24 T. kunthii, 6N. brownii and 6
N. falcata were collected along with the associated soils
between July 2012 and July 2014 when ferns exhibited
peak spore maturation. Cultivated PV plants of 3–4 year
old (sites 5–10) growing in As-contaminated soils were
sampled on three separate occasions (18 samples per
site). Samples were taken from each remaining site,
which contained naturally growing ferns of ~6 year
old. Soil samples were taken from the base of each fern,
and roots were removed for separate analysis. After
rinsing with deionized (DI) water to remove attached
soil, roots were dried at 60 °C for 72 h. In order to obtain
a sufficient quantity of spore, 3–5 large fronds (~1.5 m
length) from each fern were clipped from the base of the
rhizome, weighed, and placed over clean papers with
sori side down. Spores were collected after the tissues
were air-dried for 1 week at room temperature. After
collection, frond tissues were placed at 60 °C for 72 h,
weighed, and ground through a 2-mm sieve for analysis.

Spores from fern plants were sifted through a 50-μm
sieve to remove extraneous fern tissues (Fig. 1). The sori
on dry fronds was gently brushed off and sieved through
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a 250-μm sieve to collect sporangia. For quantification,
10 mg of PV spores from each site were suspended in
1.0 mL DI water and vortexed. Once the samples were
homogenous, three 10.0 μL aliquots were placed onto
glass slides for enumeration via light microscopy. Spore
production was calculated as both mass and number of
spores per gram of dry frond tissue.

Chemical analyses and As speciation

Soils were air-dried, sieved through a 2-mm screen and
analyzed for pH (1:2 soil to water) and Mehlich extract-
able P (1:10 soil to solution ratio shaken at 100 rpm for
5 min). Total As and P concentrations were assessed by
subjecting 1.00 g of soil or 0.10 g of plant tissue to
HNO3/H2O2 digestion (USEPA Method 3051) on a hot
block (Environmental Express, Ventura, CA). Briefly,
samples were suspended in 15 mL 1:1 nitric acid (trace
metal grade) and heated at 105 °C for 5 h. Samples were
then cooled, adding 1 mL 20 % H2O2 and digested for
an additional 30min before bringing samples to a 50mL
volume with distilled deionized water.

The solubility of As and P from spores were assessed
by shaking 0.100 g samples in 10 mL DI water for
15 min at 200 rpm. An aliquot of the solution was
filtered (0.2 μm) while the remaining sample was
digested as described previously. Analysis of As and P
were performed by inductively coupled plasma mass
spectrometry (ICP–MS; Perkin Elmer Corp., Norwalk,
CT). Detection limits were calculated from multiple
analyses of blank solutions. All standards, samples,
and blanks were made up in acid-washed (2.5 %
HNO3) glassware and plastic materials.

Filtered solutions of DI water after washing spores
(described previously) in addition to spores ground in a
mortar were used for As speciation via high perfor-
mance liquid chromatography (HPLC, Waters e2695,
Ireland) coupled with ICP−MS with a Hamilton PRP–
X100 anion exchange column (4.1×250 mm, 10 μm)
(Hamilton, UK). The operating conditions and elution
program was slightly modified from Xu et al. (2014).
The mobile phase consisted of 10 mM NH4NO3 and
10 mM (NH4)2HPO4 adjusted to pH 6.2 with a flow rate
of 1.0 mLmin−1. The As standards were purchased from
the National Research Center for Certified Reference
Materials of China and prepared daily.

Statistical analyses

Data are presented as mean of all replicates with stan-
dard error. Two-way Analysis of Variance (ANOVA)
were used to determine significant differences between
treatment means and compared by Tukey’s multiple
range tests at p<0.05. Pearson correlations were per-
formed to test for possible relationships between As
concentrations in soils, and fern roots, fronds and
spores. Regression statistical analysis was performed
using JMP®10 PRO (SAS Institute Inc., Cary, NC,
1989–2010).

Results and discussion

Arsenic is a non-essential element and its uptake by
plants is probably an inadvertent consequence of co-
transport with the essential element P. Certain plants

A B

Fig. 1 Pteris vittata spores sifted through 50 μm mesh sieve (a) and PV sporangium with spores (b). Magnification=10X and
white bar=102 μm
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such as As-hyperaccumulator PV have adapted traits to
hyperaccumulate As from soils (Xie et al. 2009). Since
its discovery, extensive research has focused on As
uptake and translocation in PV sporophytes and game-
tophytes (Gumaelius et al. 2004; Liao et al. 2004; Li
et al. 2005a; Pickering et al. 2006; Yang et al. 2007).
However, PV reproductive tissues have received scant
attention. For that matter, there is a lack of information
regarding the elemental distribution in fern spores. The
goal of this study was to examine the transfer of As
(toxic element) and P (essential nutrient) from soils to
As-hyperaccumulator PV and non-hyperaccumulators
including T. kunthii, N. brownii and N. falcata with
emphasis on their reproductive tissues.

Characteristics of sampling sites

Arsenic is ubiquitous in the environment, averaging
5 mg kg−1 in clean soils worldwide (Reimann and
Garrett 2005). Florida soils typically contain low As
due to their sandy nature, with a background concentra-
tion of ~0.4 mg kg−1 (Chen et al. 2001). PV is a natu-
ralized fern plant originally from China while the other
three ferns are native to subtropical regions and often
grow together (Nelson 2000). Sites were grouped into
three categories: natural ferns in clean soils (0.6–1.2 mg
kg−1 As; sites 1, 2, 11, 12, 15, and 16), natural ferns in

As-contaminated soils (4.0–59 mg kg−1 As; sites 3, 4,
13, and 14), and cultivated PV in As-contaminated soils
(17–111 mg kg−1 As; sites 5–10) (Table 1). Soils were
considered clean if the As concentration was lower than
Florida cleanup level for residential soils (2.1 mg kg−1

As) (FDEP 2005). Natural PV and T. kunthii in As-
contaminated soils were growing underneath structures
made from As-treated wood in residential apartments
(Gress et al. 2014). Sites 5–10 contained cultivated PV
plants from As-contaminated soils, which were main-
tained in raised beds and harvested in 6 month intervals
from December 2009 through July 2014 (Lessl and Ma
2013).

Arsenic uptake in roots and translocation to fronds

Grown in the presence of As, PV rapidly takes it up and
transports it to the fronds where it is stored in the
vacuoles of epidermal cells (Shen et al. 2014). The As
content in PV tissues were consistent with this observa-
tion at 14–698 mg kg−1 in the roots and 454–4973 mg
kg−1 in the fronds (Table 1). Comparatively, As in the
three non-hyperaccumulators were 0.2–43 mg kg−1 in
the roots and 0.3–6.9 mg kg−1 in the fronds (Table 1).
Taking the lowest As concentration for example, the As
concentration in PV was 70–151 times greater than
those in the three non-hyperaccumulators. In PV, root

Table 1 Total arsenic concentration (mg kg−1) with standard error in soils and the roots, fronds and spores of 4 different fern species from 16
sites (n=6)

Site Fern Soil Root Frond Spore

1 clean natural P. vittata 0.83±0.12 13.8±5.04 563±82.3 45.4±13.9

2 clean natural P. vittata 1.14±0.29 23.6±2.46 454±10.7 153±28.6

3 contaminated natural P. vittata 3.97±0.72 29.8±9.13 652±138 112±21.5

4 contaminated natural P. vittata 17.5±1.15 698±92.9 4973±110 487±28.4

5 contaminated cultivated P. vittata 17.7±0.75 84.3±13.2 599±61.2 74.9±8.79

6 contaminated cultivated P. vittata 19.0±1.25 52.0±3.79 685±61.5 71.5±7.46

7 contaminated cultivated P. vittata 20.8±0.99 88.2±12.7 565±60.3 112±15.4

8 contaminated cultivated P. vittata 24.4±0.85 77.0±5.18 455±60.0 114±37.9

9 contaminated cultivated P. vittata 96.7±3.46 158±8.9 2065±130 312±47.2

10 contaminated cultivated P. vittata 111±3.80 157±22.6 1486±111 336±46.3

11 clean natural T. kunthii 0.60±0.05 0.85±0.11 0.27±0.06 5.08±1.04

12 clean natural T. kunthii 0.61±0.05 0.63±0.02 0.28±0.04 4.37±0.77

13 contaminated natural T. kunthii 13.7±0.17 20.8±6.52 6.87±2.13 2.01±0.12

14 contaminated natural T. kunthii 59.1±1.65 43.3±1.25 4.50±0.17 1.83±0.08

15 clean natural N. brownii 1.10±0.04 0.33±0.09 0.23±0.03 5.67±0.37

16 clean natural N. falcata 1.17±0.03 0.23±0.03 0.30±0.06 8.60±1.27
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and frond As concentrations correlated positively with
soil As (Table 2).

However, As bioconcentration factor (BF; ratio of
tissue As to soil As) differed among the three sites
(Table 3). Arsenic in the roots and fronds of cultivated
PV (sites 5–10) were 52–158 and 455–2065 mg kg−1,
with a BF of 3.5 for roots and 26 for fronds and an
arsenic translocation factor (TF; ratio of frond As to root
As) of 7.8 (Table 3). Comparatively, BFs in natural PV
from As-contaminated soils (sites 3 and 4) were signif-
icantly larger at 25 for roots and 232 for fronds with a
TF of 17 (Table 3). The disparity in As accumulation
between natural and cultivated PV could be attributable
to differences in canopy size, plant age and climatic
factors.Mobile elements like P can be redistributed from
older to younger tissues to support active growth
(Sánchez-Calderón et al. 2010). It is possible that in
PV, As and P behave similarly. Since cultivated PV
fronds were removed biannually, there was less oppor-
tunity for continued As translocation from the roots to
fronds. Natural PV were unattended for years, so higher
translocation was expected.

Compared to contaminated soils, higher As BF was
observed in natural PV growing in clean soils (0.8–
1.1 mg kg−1). Despite limited As (sites 1 and 2), the

roots (~19 mg kg−1 As) and fronds (~509 mg kg−1) in
natural PV had the highest BF at 643 for fronds
(Table 1). It is interesting to note that even at low soil
As concentrations (0.8–1.1 mg kg−1), PV continued to
accumulate As from soils. These observations suggest
that PV does not simply tolerate As but probably active-
ly takes it up typified by BF of 643 for fronds in natural
PV growing in clean soils (Table 3). At low soil con-
centrations, As is preferentially allocated to young PV
fronds (Tu and Ma 2005). So uptake and translocation of
As is more characteristic of a nutrient than a toxic metal
in PV. Even thoughAs has no known biological function,
in the presence of As, PV has been observed to exhibit
increased growth (Lessl et al. 2013; Xu et al. 2014).

To put results of As-hyperaccumulator PV in con-
text, naturally growing non-hyperaccumulating ferns
were sampled from As-contaminated (14–59 mg
kg−1) and clean sites (0.6–1.2 mg kg−1) (Table 1).
Regardless of soil As concentrations, their BFs were
~1 for roots and <0.6 for fronds (Tables 3 and 4).
This is typical of As-sensitive plants, which limit As
uptake (Meharg and Hartley-Whitaker 2002). There
was a slight increase in frond As of T. kunthii from<
0.3 in clean soils to 5.7 mg kg−1 in contaminated
soils (Table 1). Arsenic BF for fronds in T. kunthii,

Table 2 Pearson correlation matrix for As and P concentrations in
fronds, spores, roots, and soils in As-hyperaccumulator P. vittata
(bottom left) and non-hyperaccumulating ferns T. kunthii,

N. brownii, and N. falcata (upper right). Boxes with significant
relationships were shaded light for positive and dark for negative
relationship

A
s-

hy
pe

ra
cc

um
ul

at
or

 

Non As-hyperaccumulators

Frond As Frond P Spore As Spore P Soil As Soil P Root As Root P 

Frond As 0.60* -0.53* 0.67* 0.46* -0.01 0.59* 0.46* 

Frond P 0.36** -0.57* 0.56* 0.71** -0.18 0.41 0.51* 

Spore As 0.78** 0.49** -0.56* -0.49* -0.23 -0.78* -0.60* 

Spore P 0.17 -0.43** -0.06 0.68* -0.14 0.65* 0.14 

Soil As 0.74** 0.58* 0.71** 0.03 -0.20 0.37 0.19 

Soil P -0.48** 0.05 -0.29* -0.34** -0.20 0.53* 0.49* 

Root As 0.68** 0.44* 0.73** 0.22 0.77** -0.16 0.64* 

Root P 0.39* 0.43* 0.37* -0.12 0.67** 0.16 0.65** 

*=significant at<0.05; **=significant at<0.01

Plant Soil (2015) 390:49–60 53



N. brownii, and N. falcata was 0.3–0.4 compared to
26–654 in PV (Table 3).

Arsenic transfer from fronds to spores

Arsenic in PV spores was 45–487 mg kg−1 (Table 1),
which was positively correlated with As concentrations
in soils, fronds and roots (r=0.71–0.78) (Table 2). Sim-
ilar to As BF for fronds, the BF for spores was the
highest in natural PV from clean sites and lowest in
cultivated PV (sites 5–10) (Table 3). Compared to
fronds, PV spores contained ~17 % of the As with no
difference between sites (Table 3). The source of As in

spores is unclear, but since As is sequestered as arsenite
(AsIII) (≥94 %) in fronds (Chen et al. 2004), we com-
pared As speciation in PV spores and sporangia. Similar
to PV fronds (Singh and Ma 2006), no methylated As
species were detected in the reproductive tissues (data
not shown). However, ~64 % of the As in spores and
sporangia was AsIII (Table 5), a striking difference from
the fronds (Chen et al. 2004). The increase in oxidized
arsenate (AsV) in reproductive tissues compared to
fronds suggests that it was probably oxidized in the
spore tissue.

In homosporous ferns like PV, following its
single-cell origin, the sporangium divides into 16

Table 3 Arsenic concentration ratios of fronds, roots, spores and soils in As-hyperaccumulator (P. vittata) and non As-hyperaccumulators
(T. kunthii, N. brownii, and N. falcata)

Site root:soil frond:root frond:soil spore:soil spore:root spore:frond

As-hyperaccumulator

natural clean 28.6±9.40 a 35.5±8.16 a 643±102 a 149±62.0 a 6.03±1.63 a 0.24±0.06 a

natural contaminated 24.6±7.93 a 16.5±5.08 b 232±32.4 b 29.9±4.45 b 2.51±0.88 b 0.18±0.03 a

cultivated contaminated 3.54±0.32 b 7.78±0.70 c 26.1±0.95 c 4.13±0.23 c 1.35±0.24 b 0.14±0.02 a

Non As-hyperaccumulators

natural clean 0.90±0.17 a 0.59±0.09 a 0.38±0.06 a 7.23±0.94 a 16.6±4.23 a 25.3±3.30 a

natural contaminated 1.13±0.28 a 0.30±0.15 a 0.30±0.12 a 0.09±0.03 b 0.08±0.03 b 0.40±0.07 b

Values are the mean of 6 replicates with standard error and columns with the same letter are not significantly different at α=0.05

Table 4 Arsenic bioconcentration ratios with standard error of root, frond, spore, and soil in 4 different fern plants collected from 16 sites
(n=6)

Site Fern root:soil frond:root frond:soil spore:soil spore:frond

1 clean natural P. vittata 15.3±3.69 51.0±9.34 654±68.1 53.6±14.3 0.09±0.03

2 clean natural P. vittata 42.0±15.8 20.0±2.46 631±210 245±108 0.34±0.06

3 contaminated natural P. vittata 8.69±3.26 25.6±6.73 179±45.2 31.7±9.20 0.17±0.02

4 contaminated natural P. vittata 40.6±7.01 7.47±1.27 286±17.9 28.2±3.34 0.10±0.01

5 contaminated cultivated P. vittata 4.86±0.56 6.51±0.55 31.5±2.14 4.26±0.38 0.15±0.01

6 contaminated cultivated P. vittata 3.43±0.71 12.3±4.14 34.9±1.53 4.07±0.30 0.12±0.01

7 contaminated cultivated P. vittata 5.17±1.01 6.08±1.16 32.1±3.09 6.89±0.94 0.25±0.03

8 contaminated cultivated P. vittata 4.50±0.85 4.55±0.31 18.2±1.94 4.44±1.28 0.22±0.09

9 contaminated cultivated P. vittata 1.77±0.12 11.0±1.26 20.9±0.77 3.10±0.39 0.15±0.02

10 contaminated cultivated P. vittata 2.58±0.72 5.70±0.87 14.3±1.22 3.26±0.55 0.24±0.02

11 clean natural T. kunthii 1.41±0.26 0.36±0.09 0.44±0.10 8.73±2.15 22.6±5.33

12 clean natural T. kunthii 1.11±0.10 0.47±0.10 0.48±0.10 6.75±1.66 22.9±8.76

13 contaminated natural T. kunthii 1.53±0.48 0.49±0.26 0.51±0.16 0.15±0.02 0.39±0.16

14 contaminated natural T. kunthii 0.73±0.13 0.10±0.01 0.08±0.01 0.03±0.01 0.41±0.03

15 clean natural N. brownii 0.27±0.07 0.78±0.14 0.19±0.02 4.79±0.39 26.6±5.55

16 clean natural N. falcata 0.22±0.01 1.07±0.29 0.23±0.06 7.32±1.20 29.5±4.42
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sporogenous cells, which undergo three rounds of
meiosis to form 64 spores surrounded by a single-
layered tapetum and a microsporangial wall
(Fig. 1) (Raghavan 1989). The tapetum forms a
loose meshwork of tissue that surrounds spores
and coats the inside walls of the sporangia. We
attempted to differentiate internal and external As
by shaking spores in DI water for 15 min and
determining As speciation in solution. Washing
spores with DI water solubilized ~31 % of the
total As, with 81 % being AsV (Table 5). This
led us to suspect AsV in spores may be associated
with tapetal tissues, which was exposed to air and
subjected to oxidation following spore release. Due
to its toxicity, the soluble As associated with PV
spores could benefit gametophyte establishment by
excluding As sensitive plants in the environment.
Furthermore, since As has been shown to improve
growth of PV gametophytes (Lessl et al. 2013), it
is possible the As in spores is advantageous for
PV establishment and subsequent growth.

Spores from three non-hyperaccumulators all
contained higher As concentrations than normally found
in plant tissues. This is uncharacteristic for plant repro-
ductive tissues, which accumulate limited non-essential
elements (Kranner and Colville 2011). Interestingly, As
in T. kunthii spores from clean soils (0.6 mg kg−1 in sites
11 and 12) contained ~2.5 times more As than spores
from contaminated soils (14–59 mg kg−1 in sites 13 and
14), i.e., 4.7 vs. 1.9 mg kg−1 (Table 1). This was despite
the fact that T. kunthii from contaminated soils contained
40 times more As in the roots and 21 times more As in
the fronds (Table 1). A similar trend was observed in
N. brownii and N. falcata, which had ~27 times higher
As concentration in the spores (4.4–8.6 mg kg−1) than
fronds and roots (0.23–0.85 mg kg−1) (Table 4).

Enrichment of non-essential elements in reproductive
tissues is unusual, especially for plants growing in clean
soils (Kranner and Colville 2011). The paucity of infor-
mation pertaining to elemental distribution in fern
spores makes it difficult to hypothesize the reason be-
hind this observation. Non-essential metals are often
accumulated in plant roots where they are sequestered
in the vacuoles, limiting their translocation to reproduc-
tive tissues (Li et al. 2005b; Kranner and Colville 2011).
This is an adaptive trait for plants, as metals are known
to have detrimental impacts on plant germination and
growth (Zhang et al. 2010; Nagajyoti et al. 2010). This
is especially true for As, which is toxic to plants (Rob-
inson et al. 2009).

The low As in T. kunthii spores in contaminated soils
may be due to As-triggered defense mechanisms, which
inhibited As translocation explaining the high root As
and low spore As (Table 1). When exposed to toxic As
conc en t r a t i on s , d e f e n s e s y s t ems i n non -
hyperaccumulating plant are postulated to reduce rate
of As uptake (Catarecha et al. 2007). Comparatively, the
relative high As in T. kunthii, N. brownii, and N. falcata
spores in clean soils could be a byproduct of nutrient co-
transport with P. Fern spores amass sufficient nutrients
to allow germination of the free-living gametophyte
stage (Raghavan 1989). Elevated cobalt, lead, chromi-
um, and silver in Onoclea sensibilis spores are hypoth-
esized to be co-transported with essential trace metals,
which act as a reservoir for the developing gametophyte
(Wayne and Hepler 1985).

The presence of As in spores had no apparent
impact on their viability. Spores from all ferns had
the same relative germination rate after 10 days in
sterile DI water (data not shown). Although if
there were a discrepancy, it would be difficult to
definitively confirm if As were the sole cause.

Table 5 Arsenic speciation and phosphorus distribution in P. vittata sporangia, spores, and spore wash (solution concentration after spores
were shaken in deionized water for 15 min; mg kg−1; n=20)

Sporangia Spore Spore wash

As* AsIII %AsIII P As AsIII %AsIII P As AsIII %AsIII P

average 332 218 65.7 1644 129 80.1 61.9 2974 40.5 7.67 20.2 25.7

SE 43.0 2.06 4.79 134 12.4 0.74 5.94 286 8.06 0.13 1.66 0.48

min 117 35.9 53.2 652 26.5 9.12 42.4 1273 7.81 1.11 14.2 6.56

max 1004 759 72.0 2787 449 337 69.2 4829 166 39.7 24.0 97.1

* As=AsV + AsIII
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Further experiments are required to better our un-
derstanding of this relationship.

Phosphorus in fern tissues

Total P concentrations in fern roots and fronds averaged
1800 and 1700 mg kg−1 (Table 6). Half of the cultivated
PV ferns (sites 5–10) received soluble P applications
(site 7, 8, and 10) (Lessl and Ma 2013), having ~39 %
higher root and frond P concentrations than non-
cultivated PV (Table 6). However, regardless of P status,
growth of PV and T. kunthii appeared equally healthy
and vigorous. Since the range of P for optimal growth is
species specific, little can be gleaned from P concentra-
tion alone. For example, PV frond P concentrations
were substantially lower than those for PV growing
under hydroponic conditions, which averaged
5100 mg kg−1 in the roots and 3400 mg kg−1 in the
fronds (Wang et al. 2002; Singh and Ma 2006; Baldwin
and Butcher 2007). Cultivated fern fronds from 24
species averaged 3900 mg kg−1 P (Mills and Jones
1996). The low P concentrations from this study were
not surprising because most of the ferns were grown
under natural conditions, which lacked the P inputs of
hydroponic and cultivated ferns.

Spore P concentrations were highly variable, ranging
from 847 to 6427 mg kg−1 but were generally higher
than other fern tissues (Table 6). Spore P concentration
correlated negatively with frond P in PV (r=−0.43) but
positively with those in three non-hyperaccumulators
(r=0.56; Table 2). Little is known about the elemental
distribution in fern spores, although Onoclea sensibilis
spores contain 8200 mg kg−1 P (Wayne and Hepler
1985). Fern spores contain all essential elements to
allow germination and establishment of the gameto-
phyte (Raghavan 1989). In PV, P concentrations in the
spores increased with decreasing soil and frond P con-
centrations. The data suggested that under P limiting
conditions, PV allocated additional P to the spores to
improve successful establishment of gametophyte off-
spring. However, the opposite trend was observed for
three non-hyperaccumulators. Hence, additional fern
species are needed to assess if this observation is unique
to PVor As hyperaccumulators.

Arsenate and phosphate are chemical analogs and
share the same transporters in plants. This poses a
problem for plants, as P acquisition under P limiting
condition may promote plant As uptake. Arsenic is
generally less mobile than P with respect to translo-
cation from plant roots to shoots (Meharg et al.
1994). The exception is As-hyperaccumulators like

Table 6 Mehlich extractable P in soil and total P (mg kg−1) with standard error in the roots, fronds and spores of 4 different ferns from 16
sites (n=6)

Site Fern Soil Root Frond Spore

1 clean natural P. vittata 113±31.7 1405±175 1028±181 2844±204

2 clean natural P. vittata 135±24.0 1531±222 1240±87.6 2079±230

3 contaminated natural P. vittata 50.1±11.5 864±50.2 1183±162 3118±331

4 contaminated natural P. vittata 149±6.15 2318±418 2439±17.0 4832±75.8

5 contaminated cultivated P. vittata 92.1±7.81 1681±20.2 1333±67.8 3458±56.1

6 contaminated cultivated P. vittata 111±10.0 1771±257 1276±74.1 3310±75.0

7 contaminated cultivated P. vittata 140±3.36 1844±39.2 2164±103 2333±124

8 contaminated cultivated P. vittata 170±18.4 2624±235 1989±105 1977±144

9 contaminated cultivated P. vittata 76.2±8.21 2037±97.9 1634±84.2 3518±57.8

10 contaminated cultivated P. vittata 134±5.57 3361±79.6 2225±30.5 2351±138

11 clean natural T. kunthii 111±10.7 1695±116 1419±257 1272±159

12 clean natural T. kunthii 89.4±17.5 1499±123 1083±73.8 847±49.3

13 contaminated natural T. kunthii 107±1.15 1875±83.1 2149±72.5 5665±84.6

14 contaminated natural T. kunthii 114±7.22 1833±26.8 2644±0.33 6472±43.6

15 clean natural N. brownii 79.1±12.5 680±15.9 1418±11.5 2065±29.2

16 clean natural N. falcata 82.3±8.95 1381±81.1 1867±69.6 1013±118
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PV. In almost every regard, the relationship between
spore As and P had the opposite correlation when
comparing PV to the three non-hyperaccumulators
(Table 2). Spore As correlated positively with frond
(r=0.49) and root (r=0.37) P in PV and negatively
in three non-hyperaccumulators. There was no rela-
tionship between spore As and spore P in PV but
were nega t ive ly cor r e l a t ed in th ree non-
hyperaccumulators. This suggested that As translo-
cation from fronds to spores was not competing with
P in PV, but competed with P in three non-
hyperaccumulators. We speculated that PV has
evolved a high capacity of As transport from the
fronds to the spores as an adaptive trait.

Are PV spores a potential source of As to humans?

There is substantial concern pertaining to As exposure
because of its link to human carcinogenesis and the
development of health disorders. Ingestion of contami-
nated soils, especially by children, is an important ex-
posure pathway for risks associated with As exposure
(Smith et al. 2009). Similarly, there has been growing
interest in investigating the role of pollen-induced health
risks (Makra et al. 2010), particularly due to evidence
that pollutants associated with pollen contributing to
respiratory allergy symptoms (Motta et al. 2006).

Like-wise, fern spores are wind-dispersed propagules
that are produced in large numbers and capable of

Fig. 2 Pteris vittata sporangia with spores at 4X magnification (a) and spores at 20X magnification (b)

Table 7 Spore enumeration in Pteris vittata (n=3). Total spores and %wt were calculated based on frond dry weight

Site Frond (g) Spore (g) # spores/10 μg # spores/frond Spores/kg frond Spore %wt

1 clean natural 34.1 3.81 360±15.2 1.4E+08 4.0E+09 10.1

2 clean natural 28.2 3.05 349±14.5 1.1E+08 3.8E+09 9.76

3 contaminated natural 27.5 3.38 323±16.6 1.1E+08 4.0E+09 11.0

4 contaminated natural 36.8 4.55 348±27.0 1.6E+08 4.3E+09 11.0

5 contaminated cultivated 32.6 2.96 351±12.4 1.0E+08 3.0E+09 8.33

6 contaminated cultivated 25.5 2.96 350±7.51 1.0E+08 4.1E+09 10.4

7 contaminated cultivated 44.2 3.95 374±24.3 1.5E+08 3.3E+09 8.20

8 contaminated cultivated 34.1 3.93 361±18.2 1.4E+08 4.2E+09 10.3

9 contaminated cultivated 46.9 5.85 322±25.8 1.9E+08 4.0E+09 11.1

10 contaminated cultivated 42.2 3.94 317±8.08 1.2E+08 3.0E+09 8.54
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traveling thousands of kilometers (Wolf et al. 2001). PV
spores had a diameter of ~40 μm (Fig. 2), comprising
~9.7 % of total dry frond biomass and accounting for
~3.7×109 spores kg−1 frond (Table 7). Total PV frond
biomass was 40–200 g plant−1 (dry weight), averaging
70 g plant−1 (data not shown). Under Florida conditions,
young PV fiddleheads can mature to spore-bearing
fronds in 5–6 months and grow year round (Lessl and
Ma 2013). Thus, in a year, a single PV fern could
produce ~7.76–38.8 g spore accounting for 0.9–
7.8 mg As in clean soils (site 1 and 2) and 2.3–12 mg
As in contaminated soils (site 3 and 4). World Health
Organization (WHO) determined the lower limit on the
target dose for an increased incidence of cancer to be 2–
7 μg/kg body weight per day based on the range of
estimated total dietary exposure (WHO 2010). Addi-
tional risk of As exposure fromPV spores would depend
on a person’s proximity to and density of PV plants.
While spores can be distributed aerially over long dis-
tances, the spatial pattern of PV spore dispersal has yet
to be established.

The As in PV spores was ~31 % soluble and mostly
as AsV, which would designate a base level of bioavail-
able As since additional As could become available
upon ingestion or inhalation. While not a significant
source of As, it could be a contributing factor in a
consortium of other particulates known to negatively
impact human health. Pollen has been demonstrated to
enter and deposit in the airways while small pollen and
broken fragments (≤20 μm) have been shown to deposit
in the lung, especially in the bronchial region (Horváth
et al. 2011). The influx of As-enriched PV spores could
exacerbate the impact that other airborne particulates
have on allergy symptoms and respiratory diseases.

Conclusions

This is the first study to investigate the transfer of toxic
As and nutrient P from soils to the roots, fronds, and
spo r e s i n As -hype r a ccumu l a t o r and non -
hyperaccumulators. Arsenic in PV spores exceeded soil
As concentrations at all sites. The As BF in PV was the
highest in tissues from clean sites, indicating a threshold
of As for optimal growth may exist for PV. The remark-
able accumulation of As in PV tissues despite negligible
soil concentrations necessitates further investigation of
its role in its growth and function.

Unexpectedly, in clean soils, As content of typical
ferns T. kunthii, N. brownii, and N. falcata were the
highest in the spores. The significant bioaccumulation
of As from soils to the spores deviates from the typical
avoidance mechanisms preventing metal transfer to re-
productive tissues. The results from this study pointed to
the need for new data to better understand the mecha-
nisms involved in the transfer of metals from soils to
spores, especially for the purpose of evaluating their
impact on human health.
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