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The fern Pteris vittata can tolerate and hyperaccumulate levels of 
arsenic that would be toxic to other plants and animals. A recent study 
has shown that a bacterial-like tolerance mechanism has evolved in the 
fern enabling it to tolerate and accumulate high concentrations of 
arsenic. 

The metalloid arsenic (As) is a serious environmental pollutant which can have 
significant effects on the health of plants and animals, including humans [1,2]. 
Desorption or dissolution of arsenic- containing minerals is a natural source of 
arsenic pollution, while contributory human activities include mining and fossil fuel 
combustion [1].  Arsenic has a complex organic and inorganic chemistry, existing in 
different oxidation states, and different chemical species show a range of aqueous 
solubilities and toxicity. The more abundant chemical forms of arsenic are As(III), as 
the oxyanion arsenite (AsO33−/ H3AsO3), and As(V), as arsenate (AsO43-/ H3AsO4). 
Biotransformations of these oxyanions influence arsenic cycling in the environment 
[3]. Arsenate, As(V), and arsenite, As(III), can be readily accumulated by living 
organisms. Arsenate enters cells by phosphate transport systems resulting in 
perturbation of phosphate metabolism, including ATP generation, while As(III) 
toxicity results mainly from reaction with thiol (-SH) groups of amino acids and 
proteins, affecting the function of many enzymes [1,4-6]. Arsenite is more toxic than 
arsenate [3]. Because of the concern raised by arsenic contamination, much 
research has been carried out using microbial and plant systems in order to 
understand mechanisms of toxicity and resistance [2,3], applications for 
bioremediation of contaminated water or soil [1,7-9], and the global As cycle [3]. All 
kinds of living organisms possess mechanisms for As resistance [2,3]. A recent 
study by Cai et al. [10] has shown that a bacterial-like tolerance mechanism has 
evolved in an arsenic hyperaccumulating fern, Pteris vittata, which enables it to 
tolerate and accumulate high concentrations of arsenic (Figure 1). 

Arsenic resistance in bacteria is well known and several mechanisms have 
been identified [2,3,11]. It seems that plants are generally quite sensitive to arsenic 
and only a few species can accumulate high levels [4,12]. However, as with certain 
toxic metals, some plants accumulate much higher levels than others – 
hyperaccumulator plants [6].  Such plants are of interest since they have been 
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proposed to be useful for phytoremediation strategies for pollutant detoxification or 
biorecovery [1,7-9]. Hyperaccumulators can tolerate high toxicant concentrations and 
accumulate them to high levels in stems and leaves, >100-1000 mg kg-1, depending 
on the metal [6,12]. Only a few plant species have been characterised as As 
hyperaccumulators and most of these belong to the Pteridaceae, one of the largest 
fern families with >1000 species (http://tolweb.org/Pteridaceae) living in a wide range 
of environments. Pteris vittata (Ladder brake or Chinese brake fern) is the best 
researched example, and the new study by Cai et al. [10] describes a novel model 
for arsenic metabolism and tolerance in this organism. It is speculated that elevated 
arsenic concentrations in the early environments where ferns evolved lead to 
constitutive As hyperaccumulation. However, such hyperaccumulating ferns are 
extremely widespread, and not all Pteris species can hyperaccumulate arsenic [12]. 
It seems As hyperaccumulating ferns evolved more recently than primitive ferns 
which do not show As hyperaccumulation. It is possible that As accumulation 
mechanisms evolved for other reasons besides environmental As levels and 
gratuitously confer As hyperaccumulating ability [12]. In angiosperms, As resistance 
is a result of suppressed phosphate transport [4,6]. Both arsenate and arsenite can 
be taken up by ferns, and As hyperaccumulators store arsenic in the shoots, mostly 
as free arsenite.  As(V) reduction to As(III) occurs efficiently in hyperaccumulators 
and As(III) is the predominating As species transported from roots to shoots, 
regardless of whether As(V) or As(III) is supplied. Arsenic uptake is influenced by 
environmental factors as well as As speciation since roots take up As(V), As(III) and 
organoarsenicals by different transport systems. As(V) is accumulated via high-
affinity Pi transport systems  while different transporters are involved in As(III) uptake 
[5,6,13]. Aquaglyceroporins (AQPs) take up As(III) and these are the most important 
As(III) influx and efflux mechanisms in prokaryotes and eukaryotes [13]. In P. vittata, 
a high affinity aquaporin tonoplast intrinsic protein, PvTIP4, is involved in As(III) 
uptake which underpins P. vittata's high As uptake capacity [14,15]. P. vittata can 
tolerate up to 1500 mg kg-1 arsenic in soil [15] and can accumulate As to >1000 mg 
kg-1 in the fronds when growing on soil containing 100 mg kg-1 As [12].  

Reduction of As(V) to As(III) is the first step in detoxification of As in plant 
tissues, mediated by arsenate reductase (AR) using glutathione (GSH) as a 
reductant [6]. P. vittata has two arsenate reductases, PvACR2 and Pv2.5–8, that are 
constitutively expressed in fronds, roots and gametophytes [16]. Another As 
detoxification strategy in hyperaccumulators is the production of glutathione (GSH) 
and phytochelatins (PCs) which complex As and facilitate vacuolar transport in the 
shoots. However, PCs only play a minor role in P. vittata and only low levels of PCs 
can be detected [4]. Arsenite is therefore compartmentalized in the vacuole because 
of the disruptive affinity of As(III) for -SH groups [16-18]. P. vittata is therefore highly 
equipped with efficient systems for As(V) and As(III) uptake, translocation to shoots, 
and As(III) localization in vacuoles [6-8,18]. High expression of AR and vacuolar 
As(III) transporters in shoots explains the ability of P. vittata to accumulate much 
higher levels of As compared to As-sensitive plants.   

In bacteria and archaea, genes for arsenic resistance are found in arsenic 
resistance (ars) operons, and such systems are a much researched model to 



understand resistance mechanisms and their conservation in higher organisms [2]. 
Additional genes are also involved in arsenic resistance, commonly linked to ars 
gene clusters, including those for the Acr3, AqpS, and Major Facilitator Superfamily 
(MFS) transporters [3].The systems usually constitute an As(III)-responsive 
repressor (ArsR), and an As(III) efflux transporter (ArsB or Acr3) which mediates 
As(III) efflux. An As(III)-stimulated ATPase (ArsA)  and an As(III) metallochaperone 
(ArsD), which are associated in ars operons, increase the capability of ArsB to efflux 
As(III) from cells. ArsC and other arsenate reductases are required for resistance to 
arsenate [2]. Aquaglyceroporins transport As(III) [13]. Resistance and detoxification 
pathways, such as As methylation, also exist for organoarsenicals: inorganic arsenic 
species can also be methylated [2,11]. Methylated arsenic species, e.g. 
monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA), are toxic at low 
concentration, but As(V) and As(III) are more toxic [1,6,11]. 

A new system of arsenate resistance was discovered in Pseuodomonas 
aeruginosa based on the biosynthesis and efflux of a novel As(V) organoarsenical 
[11]. This system couples the glycolytic enzyme glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) with a MFS transporter. GAPDH catalyzes the formation of 
1-arseno-3-phosphoglycerate (1As3PGA) which is effluxed and hydrolyses 
extracellularly to arsenate and 3-phosphoglycerate (3PGA) [11]. The research 
reported in this issue of Current Biology on mechanisms of arsenic tolerance in P. 
vittata has described a detoxification system that is similar to this bacterial arsenate 
resistance mechanism [10] (Figure 1). Using gametophytes of P. vittata, an RNA-
interference (RNAi) method was used to make a transcriptome from control and 
arsenate-exposed gametophytes to identify differentially expressed genes. Three 
essential genes were significantly up-regulated by As(V), glyceraldehyde 3-
phosphate dehydrogenase (PvGAPC1), organic cation transporter 4 (PvOCT4) and 
glutathione S-transferase (PvGSTF1). PvGAPC1 has a much higher affinity for 
arsenate than phosphate; PvGSTF1 has arsenate reductase activity; while PvOCT4 
is a membrane protein which localizes as puncta (probably membrane bound 
vesicles) in the cytoplasm. PvGAPC1, PvGSTF1 and arsenate all localize to a similar 
pattern [10].Therefore, the authors have postulated that PvGAPC1 converts influxed 
arsenate into 1-arseno-3-phosphoglycerate (1As3PGA) which is pumped into arsenic 
metabolizing vesicles by PvOCT4 where it hydrolyzes releasing arsenate which is 
reduced to arsenite by  PvGSTF1 [10].  

The merit of this recent work is that it now provides an overall model for As 
tolerance and accumulation in P. vittata based on the data obtained  [10], and other 
relevant work. Arsenate or arsenite can enter the fern through the transport 
mechanisms described earlier. Arsenate may be reduced to arsenite by arsenic 
reductases and localized in the vacuoles. Arsenate may also be converted to 
1As3PG and transported into vesicles, hydrolysing to arsenate which is reduced to 
arsenite. The arsenite may locate in the central vacuole after membrane fusion with 
the vesicles [10]. This overall model extends understanding of how As 
hyperaccumulators like P. vittata can deal with As toxicity while accumulating the 
element to high levels, and provides several avenues for future research. The 
analogy to the bacterial system provides scope for evolutionary speculation as well 



as underlining the value of microbial systems for informing understanding of 
metalloid metabolism in eukaryotes. 
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Figure 1. Novel organoarsenical tolerance mechanisms for As(V) in (A) bacteria and 
(B) the fern Pteris vittata. 

 = organoarsenical pathways. (1,12) arsenate (As(V)) enters cells 
through phosphate transporters; (2,13) As(V) reacts with glyceraldehyde-3-
phosphate (G3P) mediated by (3,14)  glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) which catalyses the formation of 1-arseno-3-phosphoglycerate (1As3PGA) 
(4) efflux of 1As3PGA and (5) spontaneous hydrolysis of 1As3PGA to As(V) and 3-
phosphoglycerate (3PGA) in bacteria. Other bacterial systems shown are (6) 
arsenite (As(III)) influx through aquaglyceroporins (7) As(V) reduction to As(III) 
catalysed by arsenic reductase(s) (AR) (9) As(III) efflux  (10) As(III) methylation (11) 
volatilization of methylated As compounds, e.g. monomethyl-, dimethyl-, and 
trimethylarsine. (15) influx of 1As3PGA into microvesicles of P. vittata followed by 
(16) hydrolysis to As(V) and 3PGA, (17) As(V) reduction to As(III) catalysed by AR, 
and (18) fusion of microvesicles with the vacuole and localization of As(III). Other 
fern As(V) detoxification systems are (19) As(III) influx through aquaglyceroporins 
(20) As(V) reduction to As(III) catalysed AR, and (21) As(III) influx and localization in 
the vacuole. This model is adapted from (A) Chen et al. [11] and (B) Cai et al. [10]. 
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The fern Pteris vittata can tolerate and hyperaccumulate levels of arsenic that would be toxic to other plants and animals. A recent study has shown that a bacterial-like tolerance mechanism has evolved in the fern enabling it to tolerate and accumulate high concentrations of arsenic.

The metalloid arsenic (As) is a serious environmental pollutant which can have significant effects on the health of plants and animals, including humans [1,2]. Desorption or dissolution of arsenic- containing minerals is a natural source of arsenic pollution, while contributory human activities include mining and fossil fuel combustion [1].  Arsenic has a complex organic and inorganic chemistry, existing in different oxidation states, and different chemical species show a range of aqueous solubilities and toxicity. The more abundant chemical forms of arsenic are As(III), as the oxyanion arsenite (AsO33−/ H3AsO3), and As(V), as arsenate (AsO43-/ H3AsO4). Biotransformations of these oxyanions influence arsenic cycling in the environment [3]. Arsenate, As(V), and arsenite, As(III), can be readily accumulated by living organisms. Arsenate enters cells by phosphate transport systems resulting in perturbation of phosphate metabolism, including ATP generation, while As(III) toxicity results mainly from reaction with thiol (-SH) groups of amino acids and proteins, affecting the function of many enzymes [1,4-6]. Arsenite is more toxic than arsenate [3]. Because of the concern raised by arsenic contamination, much research has been carried out using microbial and plant systems in order to understand mechanisms of toxicity and resistance [2,3], applications for bioremediation of contaminated water or soil [1,7-9], and the global As cycle [3]. All kinds of living organisms possess mechanisms for As resistance [2,3]. A recent study by Cai et al. [10] has shown that a bacterial-like tolerance mechanism has evolved in an arsenic hyperaccumulating fern, Pteris vittata, which enables it to tolerate and accumulate high concentrations of arsenic (Figure 1).

Arsenic resistance in bacteria is well known and several mechanisms have been identified [2,3,11]. It seems that plants are generally quite sensitive to arsenic and only a few species can accumulate high levels [4,12]. However, as with certain toxic metals, some plants accumulate much higher levels than others – hyperaccumulator plants [6].  Such plants are of interest since they have been proposed to be useful for phytoremediation strategies for pollutant detoxification or biorecovery [1,7-9]. Hyperaccumulators can tolerate high toxicant concentrations and accumulate them to high levels in stems and leaves, >100-1000 mg kg-1, depending on the metal [6,12]. Only a few plant species have been characterised as As hyperaccumulators and most of these belong to the Pteridaceae, one of the largest fern families with >1000 species (http://tolweb.org/Pteridaceae) living in a wide range of environments. Pteris vittata (Ladder brake or Chinese brake fern) is the best researched example, and the new study by Cai et al. [10] describes a novel model for arsenic metabolism and tolerance in this organism. It is speculated that elevated arsenic concentrations in the early environments where ferns evolved lead to constitutive As hyperaccumulation. However, such hyperaccumulating ferns are extremely widespread, and not all Pteris species can hyperaccumulate arsenic [12]. It seems As hyperaccumulating ferns evolved more recently than primitive ferns which do not show As hyperaccumulation. It is possible that As accumulation mechanisms evolved for other reasons besides environmental As levels and gratuitously confer As hyperaccumulating ability [12]. In angiosperms, As resistance is a result of suppressed phosphate transport [4,6]. Both arsenate and arsenite can be taken up by ferns, and As hyperaccumulators store arsenic in the shoots, mostly as free arsenite.  As(V) reduction to As(III) occurs efficiently in hyperaccumulators and As(III) is the predominating As species transported from roots to shoots, regardless of whether As(V) or As(III) is supplied. Arsenic uptake is influenced by environmental factors as well as As speciation since roots take up As(V), As(III) and organoarsenicals by different transport systems. As(V) is accumulated via high-affinity Pi transport systems  while different transporters are involved in As(III) uptake [5,6,13]. Aquaglyceroporins (AQPs) take up As(III) and these are the most important As(III) influx and efflux mechanisms in prokaryotes and eukaryotes [13]. In P. vittata, a high affinity aquaporin tonoplast intrinsic protein, PvTIP4, is involved in As(III) uptake which underpins P. vittata's high As uptake capacity [14,15]. P. vittata can tolerate up to 1500 mg kg-1 arsenic in soil [15] and can accumulate As to >1000 mg kg-1 in the fronds when growing on soil containing 100 mg kg-1 As [12]. 

Reduction of As(V) to As(III) is the first step in detoxification of As in plant tissues, mediated by arsenate reductase (AR) using glutathione (GSH) as a reductant [6]. P. vittata has two arsenate reductases, PvACR2 and Pv2.5–8, that are constitutively expressed in fronds, roots and gametophytes [16]. Another As detoxification strategy in hyperaccumulators is the production of glutathione (GSH) and phytochelatins (PCs) which complex As and facilitate vacuolar transport in the shoots. However, PCs only play a minor role in P. vittata and only low levels of PCs can be detected [4]. Arsenite is therefore compartmentalized in the vacuole because of the disruptive affinity of As(III) for -SH groups [16-18]. P. vittata is therefore highly equipped with efficient systems for As(V) and As(III) uptake, translocation to shoots, and As(III) localization in vacuoles [6-8,18]. High expression of AR and vacuolar As(III) transporters in shoots explains the ability of P. vittata to accumulate much higher levels of As compared to As-sensitive plants.  

In bacteria and archaea, genes for arsenic resistance are found in arsenic resistance (ars) operons, and such systems are a much researched model to understand resistance mechanisms and their conservation in higher organisms [2]. Additional genes are also involved in arsenic resistance, commonly linked to ars gene clusters, including those for the Acr3, AqpS, and Major Facilitator Superfamily (MFS) transporters [3].The systems usually constitute an As(III)-responsive repressor (ArsR), and an As(III) efflux transporter (ArsB or Acr3) which mediates As(III) efflux. An As(III)-stimulated ATPase (ArsA)  and an As(III) metallochaperone (ArsD), which are associated in ars operons, increase the capability of ArsB to efflux As(III) from cells. ArsC and other arsenate reductases are required for resistance to arsenate [2]. Aquaglyceroporins transport As(III) [13]. Resistance and detoxification pathways, such as As methylation, also exist for organoarsenicals: inorganic arsenic species can also be methylated [2,11]. Methylated arsenic species, e.g. monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA), are toxic at low concentration, but As(V) and As(III) are more toxic [1,6,11].

A new system of arsenate resistance was discovered in Pseuodomonas aeruginosa based on the biosynthesis and efflux of a novel As(V) organoarsenical [11]. This system couples the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) with a MFS transporter. GAPDH catalyzes the formation of 1-arseno-3-phosphoglycerate (1As3PGA) which is effluxed and hydrolyses extracellularly to arsenate and 3-phosphoglycerate (3PGA) [11]. The research reported in this issue of Current Biology on mechanisms of arsenic tolerance in P. vittata has described a detoxification system that is similar to this bacterial arsenate resistance mechanism [10] (Figure 1). Using gametophytes of P. vittata, an RNA-interference (RNAi) method was used to make a transcriptome from control and arsenate-exposed gametophytes to identify differentially expressed genes. Three essential genes were significantly up-regulated by As(V), glyceraldehyde 3-phosphate dehydrogenase (PvGAPC1), organic cation transporter 4 (PvOCT4) and glutathione S-transferase (PvGSTF1). PvGAPC1 has a much higher affinity for arsenate than phosphate; PvGSTF1 has arsenate reductase activity; while PvOCT4 is a membrane protein which localizes as puncta (probably membrane bound vesicles) in the cytoplasm. PvGAPC1, PvGSTF1 and arsenate all localize to a similar pattern [10].Therefore, the authors have postulated that PvGAPC1 converts influxed arsenate into 1-arseno-3-phosphoglycerate (1As3PGA) which is pumped into arsenic metabolizing vesicles by PvOCT4 where it hydrolyzes releasing arsenate which is reduced to arsenite by  PvGSTF1 [10]. 

The merit of this recent work is that it now provides an overall model for As tolerance and accumulation in P. vittata based on the data obtained  [10], and other relevant work. Arsenate or arsenite can enter the fern through the transport mechanisms described earlier. Arsenate may be reduced to arsenite by arsenic reductases and localized in the vacuoles. Arsenate may also be converted to 1As3PG and transported into vesicles, hydrolysing to arsenate which is reduced to arsenite. The arsenite may locate in the central vacuole after membrane fusion with the vesicles [10]. This overall model extends understanding of how As hyperaccumulators like P. vittata can deal with As toxicity while accumulating the element to high levels, and provides several avenues for future research. The analogy to the bacterial system provides scope for evolutionary speculation as well as underlining the value of microbial systems for informing understanding of metalloid metabolism in eukaryotes.
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Figure 1. Novel organoarsenical tolerance mechanisms for As(V) in (A) bacteria and (B) the fern Pteris vittata.

 = organoarsenical pathways. (1,12) arsenate (As(V)) enters cells through phosphate transporters; (2,13) As(V) reacts with glyceraldehyde-3-phosphate (G3P) mediated by (3,14)  glyceraldehyde-3-phosphate dehydrogenase (GAPDH) which catalyses the formation of 1-arseno-3-phosphoglycerate (1As3PGA) (4) efflux of 1As3PGA and (5) spontaneous hydrolysis of 1As3PGA to As(V) and 3-phosphoglycerate (3PGA) in bacteria. Other bacterial systems shown are (6) arsenite (As(III)) influx through aquaglyceroporins (7) As(V) reduction to As(III) catalysed by arsenic reductase(s) (AR) (9) As(III) efflux  (10) As(III) methylation (11) volatilization of methylated As compounds, e.g. monomethyl-, dimethyl-, and trimethylarsine. (15) influx of 1As3PGA into microvesicles of P. vittata followed by (16) hydrolysis to As(V) and 3PGA, (17) As(V) reduction to As(III) catalysed by AR, and (18) fusion of microvesicles with the vacuole and localization of As(III). Other fern As(V) detoxification systems are (19) As(III) influx through aquaglyceroporins (20) As(V) reduction to As(III) catalysed AR, and (21) As(III) influx and localization in the vacuole. This model is adapted from (A) Chen et al. [11] and (B) Cai et al. [10].

