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Abstract: Despite arsenic (As) being very toxic with deleterious effects
on metabolism, it can be tolerated and accumulated by some plants.
General genetic mechanisms responsible for As tolerance in plants,
including Salix species, have been described in transcriptomic analysis,
but further experimental verification of the significance of particular
transcripts is needed. In this study, a Salix atrocinerea clone, able to
thrive in an As-contaminated brownfield, was grown hydroponically in
controlled conditions under an As concentration similar to the
bicavailable fraction of the contaminated area (18 mg kg-1) for 30 days.
At different time points, i.e. short-term and long-term exposure,
biometric data, As accumulation, phytochelatin synthesis, non-protein
thiol production and expression of target genes related to these
processes were studied. Results showed that S. atrocinerea presents a
great tolerance to As and accumulates up to 2,400 mg As kg-1 dry weight
in roots and 25 mg As kg-1 dry weight in leaves. Roots reduce As V to As
IITI rapidly, with As III being the predominant form of As accumulated in
root tissues, whereas in the leaves it is As V. After 1 d of As exposure,
roots and leaves show de novo synthesis and an increase in non-protein
thiols as compared to the control. Integrating these data on As
accumulation in the plant and its speciation, non-protein thiol
production and the kinetic gene expression of related target genes, a
fundamental role is highlighted for these processes in As accumulation
and tolerance in S. atrocinerea. As such, this study offers new insights
in the plant tolerance mechanisms to As, which provides important
knowledge for future application of high-biomass willow plants in
phytoremediation of As-polluted soils.

Response to Reviewers: Major comment:

1) The authors present novel findings related to arsenic species
shifts and transport which is certainly of interest to the field. The
gene expression element of the work is, in my opinion, gquite poor in
relying very heavily on assumptions and the work of Yanitch et al 2018 as
well as, importantly, relying on gPCR which isn’t really up to the
contemporary standard in the field. As such I think the gene expression



represents a major flaw preventing publication as it would be a step
backwards in the field and could be unsound (I’ve outlined the
methodological flaws below). If the authors can shift the focus of this
manuscript away from very limited gene expression towards the more novel
results and discussion about arsenic fate and non-protein thiolic
compounds, I would consider this suitable for publication.

2) Abstract:

2.1) The major discussion point here is that “analysis of transcript
levels of target genes.. highlighted a fundamental role for certain gene
in As accumulation and tolerance in S. atrocinerea”. The target genes
were already identified as being of potential importance using RNAseq and
differential expression analysis. Do the author’s believe the gPCR is an
important addition to that work? I’m concerned as the targeted nature of
the analysis actually precluded any novel genetics findings.

2.2) The subsequent major conclusion point ends with “new possibilities
for genotype selection and genetic engineering.. in phytoremediation”.
Neither of these statements are appropriate given the very limited gPCR
work on genes from the Yanitch paper. The genetic engineering point
really seems very far away from something relevant for the abstract of
this work - can the author’s rephrase this to discuss why understanding
arsenic accumulation, fate and plant tolerance is important?

3) Methods:

3.1) Line 152: the assessment of As III, As V, monomethylarsenic acid and
dimethlyarsenic acid is a real strength of this work in my eyes. Can the
authors focus the results and, in particular, the discussion around
considering these novel findings and their potential meaning (in place of
the expression levels of selected genes).

3.2) Lines 183-206: The authors use gPCR to estimate expression levels of
genes selected from the Yanitch paper. While gPCR was the gold standard
for gene expression study, such approaches seem outdated when next
generation sequencing is available for exploring an organism’s gene
expression of a new treatment, especially when extensive subsequent
interpretation is made. I don’t believe the approach taken by the authors
prevents publication of the work per se and I do recognise that modern
sequencing approaches can be expensive. However, the extensive focus on a
very limited number of genes selected from a different system here,
alongside very extensive discussion, is not an appropriate use of this
gPCR data. Ultimately the work provides generates a more limited version
of the Yanitch findings (as it is limited to their findings). I’d
strongly recommend removing the majority of gene expression data from the
MS and focusing on the novel analysis of non-protein thiolic compounds,
which are interesting results that aren’t discussed at length.

3.3) On a more technical note, the referenced Li paper doesn’t establish
these reference genes are appropriate for this species of willow or (more
importantly) for arsenic stress, and cites a number of studies where most
of these reference gene are not stable.

3.4) I do know the graynorm algorithm approach (Remans et al., 2014), no
data about stability of these genes in the system is presented. Are the
authors sure that arsenic won’t impact the stability of these genes? For
example, one of the three reference genes used for the roots was
identified as DE in roots of the Yanitch paper (EFl-alpha), and reference
genes used for leaves were identified as DE in leaves (ACT7 and alpha-
TUB2) - each being the same genes from L. Smart’s assembly. I’'m not sure



the DNAJ mentioned in the paper’s table was used as this isn’t consistent
with the text.

4) Results + discussion

4.1) The section starting on line 255: this represents interesting
findings which I think are the strength of the presented research - the
subsequent section on gene expression opens with a general pattern of
some of the Yanitch et al selected genes showing the same increases
observed in their paper (but assessed with less sound methodology). I'm
particularly uncomfortable with the presentation of differential gene
expression based on reference gene normalisation and then Tukey HSD - one
has to consider the background of complexity from which these transcripts
are being amplified. As an example, the statement in line 353: “there
were no changes in the expression levels of GS, nor PCS transcripts,” -
isn’t justifiable using this methodological approach.

4.2) The discussion lines: 382-464 were well written and interesting
given the manuscripts novel findings (as was the conclusion section). The
subsequent, quite long, discussion presents the gene expression as
independent from Yanitch et al paper but with persistent comparisons. The
selection of these genes prevents this analysis from being independent.
It might be potentially of interest to focus on the significant
differences from their study, although the limited approach (not
assessing all the transcripts) would make this a bit unconvincing.

5) Minor comments

We thank the reviewer for the valuable comments and we took them into
account when revising the manuscript. Especially the emphasis on As
speciation and non-protein thiol production was more focussed upon and
the gene expression analyses were discussed in function of these
processes. This really improves the focus and novelty of the current
manuscript.

Hereafter, we provide a point-by-point reply to the reviewer’s comments:
Response 1): We fully agree with the reviewer that presenting gene
expression data on its own is insufficient to draw conclusions on the As
tolerance mechanisms of willow species. That is why in our manuscript, we
complemented these data with metabolic data on As speciation and non-
protein thiol compounds to integrate the data set and not solely rely on
the gene expression outcome.

Whereas the reviewer mentions that gPCR is not the standard to the field
anymore, it is still the standard validation technology for NGS data
sets. In addition to the work of Yanich et al. (2018), who presented
transcriptome data of willow (other species) exposed during 30 days (1
time point) to As, the current manuscript followed a selection of genes
over time, which provides kinetic insights (instead of a snapshot) in the
plant responses to As exposure. However, we do agree with the reviewer
that we should better present our selection of genes and might limit them
to the genes related to the As uptake (phosphate transporters and
aquaporins), speciation (arsenate reductases), and to the non-protein
thiol production (glutathione and phytochelatin synthases) and
sequestration into the vacuoles (ABC transporters) in the manuscript.
Other genes, more in general related to the stress response are put into
supplemental data. This will improve the focus of the manuscript towards
the As speciation and thiol metabolism as suggested by the reviewer.



Response 2.1: In order to better highlight the focus of our manuscript,
we rewrote part of the abstract to emphasise on the integration of the
metabolic and gene expression data as was proposed by the reviewer. In
addition, we emphasize on the kinetic experimental set-up for the
experimental verification of the significance of particular transcripts,
which is highly relevant in studying tolerance mechanisms and which will
provide novel findings on the plant’s coping mechanisms with As stress.
Nevertheless, as we are not working with full transcriptome datasets, but
focus on a selection, therefore, we rephrased all the parts where ‘the
genetic importance’ is too much put forward.

Response 2.2: We do agree with the reviewer that making the relation
between genetic engineering and phytoremediation based on our results is
too ambitious. Therefore, as mentioned in the previous comment, we
omitted the parts on ‘genetic engineering’. Furthermore, we briefly
addressed why it is important to understand As tolerance in relation to
phytoremediation.

Response 3.1: We do agree with the reviewer that As speciation is very
important when considering plant tolerance mechanisms to As exposure. At
present, it is often overlooked in studies investigating As stress
responses. Therefore, together with the other metabolic findings, we
highlighted this in the integrated discussion in which gene expression is
part of it to support the observations.

Response 3.2: As mentioned previously, gPCR is the golden standard to
validate gene expression results that are obtained during NGS.
Nevertheless, we do agree with the reviewer that it is only used for a
selection of genes and it does not provide a full overview of the
transcriptome response. Therefore, integrating the gene expression data
from a selection of genes that are related to the metabolic data (see
earlier comment) is a very powerful tool to understand the mode of action
of plants to As stress. Furthermore, the present study was performed in a
kinetical experimental setup (from short-term, i.e. 1 day, to long-term,
i.e. 30 days exposure and time points in between), in which the dynamics
of plant responses are addressed. Therefore, the discussion was rewritten
in the light of this major suggestion focussing on the genes involved in
the metabolic processes reported of As uptake, accumulation, speciation
and synthesis of non-protein thiols.

Response 3.3: We understand that there might be a confusion to the
selection of reference genes that were chosen to normalize the expression
of the genes of interest. We wanted to make the selection for reference
genes as extensive as possible based on studies in which Salix is exposed
to abiotic stress. Therefore, we also included published data from Li et
al. (mainly drought stress), because we saw in several studies that some
reference genes might be unstable under As exposure, as well as in our
data as provided in Supplementary Fig. 1. Using the Graynorm algorithm,
the best selection of at least 3 genes is proposed, with best
normalisation outcome proposed.

Response 3.4: Concerning the genes we used to find the optimal selection
for normalisation, we provided a list in supplemental data (Supplementary
Fig. 1). As reviewed, we also noticed that EFl-alpha in roots and ACT7
and alpha-TUB2 in leaves were differentially expressed genes in the study
of Yanitch et al. (2017). However, we do not observe this in our data. In
contrast to Yanitch et al. (2017) another Salix species was used and a
different arsenic concentration, which might make a big difference in
stability. In addition, we also performed the Graynorm algorithm to
clarify our selection of reference genes.



Response 4.1: A more detailed description of the data analysis is
provided in the statistical analysis section, where non-normalized and
normalized gPCR data were analysed following the standards in the field.
Nonetheless, statements as the one referred have been removed from the
text.

Response 4.2: As was mentioned before, the focus on the description of
the gene expression will be on the genes related to the metabolic
findings. Nevertheless, with the overall gene expression, including the
stress responsive genes, we want to address the dynamic response of the
plant to As stress.

Response 5: All minor comments were addressed and changed according to
the reviewer’s suggestions.
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*Responses to Reviewers Comments

Reply to reviewer’s comments
Manuscript Number: Stoten-D-19-04903

Changes in Non-Protein Thiolic Compounds and Gene Transcripts Contributing to Arsenic
accumulation and Tolerance in Salix atrocinerea

The manuscript describes a pot trial treating hydroponically grown willow with Arsenate and then
measuring the arsenic concentration and species in roots and leaves as well as measuring some
specific non-protein thiolic compounds and some gene expression.

We thank the reviewer for the valuable comments and we took them into account when revising the
manuscript. Especially the emphasis on As speciation and non-protein thiol production was more
focussed upon and the gene expression analyses were discussed in function of these processes. This
really improves the focus and novelty of the current manuscript.

Hereafter, we provide a point-by-point reply (in blue) to the reviewer’s comments.

Major comment:

The authors present novel findings related to arsenic species shifts and transport which is certainly of
interest to the field. The gene expression element of the work is, in my opinion, quite poor in relying
very heavily on assumptions and the work of Yanitch et al 2018 as well as, importantly, relying on
gPCR which isn’t really up to the contemporary standard in the field. As such | think the gene
expression represents a major flaw preventing publication as it would be a step backwards in the field
and could be unsound (I’ve outlined the methodological flaws below). If the authors can shift the
focus of this manuscript away from very limited gene expression towards the more novel results and
discussion about arsenic fate and non-protein thiolic compounds, | would consider this suitable for
publication.

We fully agree with the reviewer that presenting gene expression data on its own is insufficient to
draw conclusions on the As tolerance mechanisms of willow species. That is why in our manuscript,
we complemented these data with metabolic data on As speciation and non-protein thiol compounds
to integrate the data set and not solely rely on the gene expression outcome.

Whereas the reviewer mentions that gPCR is not the standard to the field anymore, it is still the
standard validation technology for NGS data sets. In addition to the work of Yanich et al. (2018), who
presented transcriptome data of willow (other species) exposed during 30 days (1 time point) to As,
the current manuscript followed a selection of genes over time, which provides kinetic insights
(instead of a snapshot) in the plant responses to As exposure. However, we do agree with the reviewer
that we should better present our selection of genes and might limit them to the genes related to the As
uptake (phosphate transporters and aquaporins), speciation (arsenate reductases), and to the non-
protein thiol production (glutathione and phytochelatin synthases) and sequestration into the vacuoles
(ABC transporters) in the manuscript. Other genes, more in general related to the stress response are
put into supplemental data. This will improve the focus of the manuscript towards the As speciation
and thiol metabolism as suggested by the reviewer.

Abstract:

The major discussion point here is that “analysis of transcript levels of target genes... highlighted a
fundamental role for certain gene in As accumulation and tolerance in S. atrocinerea”. The target
genes were already identified as being of potential importance using RNAseq and differential
expression analysis. Do the author’s believe the qPCR is an important addition to that work? I’'m
concerned as the targeted nature of the analysis actually precluded any novel genetics findings.



In order to better highlight the focus of our manuscript, we rewrote part of the abstract to emphasise
on the integration of the metabolic and gene expression data as was proposed by the reviewer. In
addition, we emphasize on the kinetic experimental set-up for the experimental verification of the
significance of particular transcripts, which is highly relevant in studying tolerance mechanisms and
which will provide novel findings on the plant’s coping mechanisms with As stress. Nevertheless, as
we are not working with full transcriptome datasets, but focus on a selection, therefore, we rephrased
all the parts where ‘the genetic importance’ is too much put forward.

The subsequent major conclusion point ends with “new possibilities for genotype selection and
genetic engineering... in phytoremediation”. Neither of these statements are appropriate given the
very limited gPCR work on genes from the Yanitch paper. The genetic engineering point really seems
very far away from something relevant for the abstract of this work — can the author’s rephrase this to
discuss why understanding arsenic accumulation, fate and plant tolerance is important?

We do agree with the reviewer that making the relation between genetic engineering and
phytoremediation based on our results is too ambitious. Therefore, as mentioned in the previous
comment, we omitted the parts on ‘genetic engineering’. Furthermore, we briefly addressed why it is
important to understand As tolerance in relation to phytoremediation.

Methods:

Line 152: the assessment of As I1l, As V, monomethylarsenic acid and dimethlyarsenic acid is a real
strength of this work in my eyes. Can the authors focus the results and, in particular, the discussion
around considering these novel findings and their potential meaning (in place of the expression levels
of selected genes).

We do agree with the reviewer that As speciation is very important when considering plant tolerance
mechanisms to As exposure. At present, it is often overlooked in studies investigating As stress
responses. Therefore, together with the other metabolic findings, we highlighted this in the integrated
discussion in which gene expression is part of it to support the observations.

Lines 183-206: The authors use gPCR to estimate expression levels of genes selected from the
Yanitch paper. While gPCR was the gold standard for gene expression study, such approaches seem
outdated when next generation sequencing is available for exploring an organism’s gene expression of
a new treatment, especially when extensive subsequent interpretation is made. I don’t believe the
approach taken by the authors prevents publication of the work per se and | do recognise that modern
sequencing approaches can be expensive. However, the extensive focus on a very limited number of
genes selected from a different system here, alongside very extensive discussion, is not an appropriate
use of this qPCR data. Ultimately the work provides generates a more limited version of the Yanitch
findings (as it is limited to their findings). I"d strongly recommend removing the majority of gene
expression data from the MS and focusing on the novel analysis of non-protein thiolic compounds,
which are interesting results that aren’t discussed at length.

As mentioned previously, gPCR is the golden standard to validate gene expression results that are
obtained during NGS. Nevertheless, we do agree with the reviewer that it is only used for a selection
of genes and it does not provide a full overview of the transcriptome response. Therefore, integrating
the gene expression data from a selection of genes that are related to the metabolic data (see earlier
comment) is a very powerful tool to understand the mode of action of plants to As stress.
Furthermore, the present study was performed in a kinetical experimental setup (from short-term, i.e.
1 day, to long-term, i.e. 30 days exposure and time points in between), in which the dynamics of plant
responses are addressed. Therefore, the discussion was rewritten in the light of this major suggestion
focussing on the genes involved in the metabolic processes reported of As uptake, accumulation,
speciation and synthesis of non-protein thiols.



On a more technical note, the referenced Li paper doesn’t establish these reference genes are
appropriate for this species of willow or (more importantly) for arsenic stress, and cites a number of
studies where most of these reference gene are not stable.

We understand that there might be a confusion to the selection of reference genes that were chosen to
normalize the expression of the genes of interest. We wanted to make the selection for reference genes
as extensive as possible based on studies in which Salix is exposed to abiotic stress. Therefore, we
also included published data from Li et al. (mainly drought stress), because we saw in several studies
that some reference genes might be unstable under As exposure, as well as in our data as provided in
Supplementary Fig. 1. Using the Graynorm algorithm, the best selection of at least 3 genes is
proposed, with best normalisation outcome proposed.

I do know the graynorm algorithm approach (Remans et al., 2014), no data about stability of these
genes in the system is presented. Are the authors sure that arsenic won’t impact the stability of these
genes? For example, one of the three reference genes used for the roots was identified as DE in roots
of the Yanitch paper (EF1-alpha), and reference genes used for leaves were identified as DE in leaves
(ACT7 and alpha-TUB2) — each being the same genes from L. Smart’s assembly. I’m not sure the
DNAJ mentioned in the paper’s table was used as this isn’t consistent with the text.

Concerning the genes we used to find the optimal selection for normalisation, we provided a list in
supplemental data (Supplementary Fig. 1). As reviewed, we also noticed that EF1-alpha in roots and
ACT7 and alpha-TUB?2 in leaves were differentially expressed genes in the study of Yanitch et al.
(2017). However, we do not observe this in our data. In contrast to Yanitch et al. (2017) another Salix
species was used and a different arsenic concentration, which might make a big difference in stability.
In addition, we also performed the Graynorm algorithm to clarify our selection of reference genes.

Results + discussion

The section starting on line 255: this represents interesting findings which I think are the strength of
the presented research — the subsequent section on gene expression opens with a general pattern of
some of the Yanitch et al selected genes showing the same increases observed in their paper (but
assessed with less sound methodology). I’'m particularly uncomfortable with the presentation of
differential gene expression based on reference gene normalisation and then Tukey HSD — one has to
consider the background of complexity from which these transcripts are being amplified. As an
example, the statement in line 353: “there were no changes in the expression levels of GS, nor PCS
transcripts,” - isn’t justifiable using this methodological approach.

A more detailed description of the data analysis is provided in the statistical analysis section, where
non-normalized and normalized gPCR data were analysed following the standards in the field.
Nonetheless, statements as the one referred have been removed from the text.

The discussion lines: 382-464 were well written and interesting given the manuscripts novel findings
(as was the conclusion section). The subsequent, quite long, discussion presents the gene expression
as independent from Yanitch et al paper but with persistent comparisons. The selection of these genes
prevents this analysis from being independent. It might be potentially of interest to focus on the
significant differences from their study, although the limited approach (not assessing all the
transcripts) would make this a bit unconvincing.

As was mentioned before, the focus on the description of the gene expression will be on the genes
related to the metabolic findings. Nevertheless, with the overall gene expression, including the stress
responsive genes, we want to address the dynamic response of the plant to As stress.

All minor comments were addressed and changed according to the reviewer’s suggestions.
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Highlights, “

«e_Salix atrocinerea accumulates and tolerates high As concentrations in its tissues.

«e_|nside the roots As V rapidly reduces to As Il and accumulates.

e As exposure decreased P and increased Ca and Fe concentrations in roots.

«e_Transcriptional regulation of As transporters and reductases are key for tolerance. “

e De novo synthesis and accumulation of thiols occurs in As-exposed plants.

Abstract <

Despite arsenic (As) being very toxic with deleterious effects on metabolism, it can be tolerated and
accumulated by some plants. General genetic mechanisms responsible for As tolerance in plants,
including Salix species, have been described in transcriptomic analysis, altheughbut further
experimental verification of the significance of particular transcripts is needed. In this study, a Salix
atrocinerea clone, able to thrive in an As-contaminated brownfield, was grown hydroponically in
controlled conditions under an As concentration similar to the bioavailable fraction of the
contaminated area (18 mg Kgkg™) for 30 days. At different time points, i.e. short-term and long-term
exposure, biometric data, As accumulation, phytochelatin synthesis, non-protein thiol production and
expression of target genes related to arsenic-tolerancethese processes were measuredstudied, Results
fhowed that S. atrocinerea presents a great tolerance to As and accumulates up to 2,400 mg As Kgkg
dry weight

Jin roots and 25 mg As ngg“l dry weight in leaves. Roots reduce As V to As Il rapidly, with As Il

being the predominant form of As accumulated in root tissues, whereas in the leaves it is As V. After
1 d of As exposure, roots and leaves show de novo synthesis and an increase in non-protein thiols as

compared to the control. -Analysisintegrating these data on transeripttevelsAs accumulation in the
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1 Introduction

Avrsenic (As) is a metalloid widely spread in the upper Earth’s crust although at very low

concentrations. The overall mean value of the total arserieAs for different soils is estimated as 6.83
mg Kggg;l soil. Nenetheless;arsenicHowever, As soil concentrations may range from 0.1 to more

than 1,000 mg ngg;l in some locations due to both anthropological and geological factors (Kabata-
Pendias, 2010). ArsericConcerning its toxicity, As is the only known human carcinogen for which
there is adequate evidence of carcinogenic risk for both exposure routes, inhalation and ingestion
(Smith et al., 2009). Therefore, As has been defined as a group 1 carcinogen and is placed in the
highest health hazard category by the international agency for research on cancer (Naidu et al., 2006).
By the use of natural resources, humans release arsenricAs, into the air, water and soil (Mandal and
Suzuki, 2002). Sixty percent of the anthropogenic As emissions can be accounted to only two
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87  sources: Cu-smelting and coal combustion. Nevertheless, the application of herbicides, Pb and Zn
88  smelting, glass production, wood preservation, waste incineration and steel production are also
89  responsible for As emissions (Matschullat, 2000). According to the European

90 Commission (2000), air contributes less than 1% of the total arsericAs exposure since most of« ( Formatted: Font color: Text 1 )
Formatted: Justified, Indent: Left: 0
91 this emitted As ends up retained in the water and soils, making these the major sources of As cm, First line: 1 cm, Space After: 0 pt,

Line spacing: Double, Don't adjust
space between Latin and Asian text,

92 exposure to humans. Don't adjust space between Asian text
‘ and numbers
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93 Once inside the cell, arsericAs toxicity depends on its speciation state, Arsenite (As Il1) has a Formatted: Font color: Toxt 1
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94  high affinity for sulfhydryl groups found in the amino acid cysteine. As such, it inactivates a wide
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95  range of enzymes by disrupting protein structure and impairs the metabolism by preventing protein— Formatted: Font color: Text 1

96  protein interactions (Ehlrich, 1990). This affects many key metabolic processes in the cell such as
97  fatty acid metabolism, glucose uptake and glutathione production (Paul et al., 2007; Ahsan et al.,
98 2008; Wang et al., 2015). Arsenate (As V) is a phosphate analogue and can substitute inorganic
99 phosphate affecting ATP synthesis and therefore interrupting the production of energy, carbon
100  metabolism and nucleic acid synthesis (Singh et al., 2011; Spratlen et al., 2017). This can also
101  negatively affect DNA repair and methylation and thus impact on gene expression (Reichard and
102  Puga, 2010). Therefore, removal or reductionlowering of arsenicAs concentrations from highly As-
103  polluted soil and water is an environmental priority. Among the most eco-friendly cleanup
104  technologies and opposite to traditional excavation and disposal in landfills, emerges—the

105  phytoremediation

106  20615)emerges. This green technology, already described more than two decades ago by Raskin et al.
107  (1994)—exploit), exploits the ability of certain plants species to accumulate metal(loid)s in their

108  tissues, thus reducing their concentrations or attenuating their mobility in the environment
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{PHonSmits;—2005)., and therefore offering a solution to the above-mentioned pollution challenge

(Pilon-Smits, 2005; Kidd et al., 2015).

Jtis well known that toxic metal(loid)s induce loss of plant biomass, among other deleterious
effects, mainly associated with growth inhibition (Gill et al., 2015). Plants differ in As tolerance,
from sensitive plant species like all major crops, to tolerant plants such as certain ecotypes of the
grass

Holcus lanatus (Quaghebeur and Rengel, 2003), as well as hyperaccumulators like Pteris«
vittata (Chinese break fern), which can accumulate 2% of its dry weight as arsericAs (Wang et al.,
2002). However, hyperaccumulator species are usually limited by a low biomass production, which
may pose serious restrictions to this cleaning procedure (Shelmerdine et al., 2009, Ferndndez et al.,
2010). Some plant species and soil biota populations, usually autochthonous to polluted soils, are
able to colonize and thrive in highly polluted environments, even when high concentrations of metals
are found in their cells and tissues. This is the case of Salix atrocinerea (grey willow). AbeutSo far,

about 450 species of Salix worldwide have been described (Argus, 1995), with some of them reported

as efficientsuitable in phytoremediation processes because of their high growth rate and deep-rooting

traits (Kuzovkina and Quigley, 2005; Janssen et al., 2015). WhereasNevertheless, the focus on the

NS VO I IN99,

use of Salix for arsenicAs uptake is still low because it is not a metal(loid) hyperaccumulating

species. However, some investigations have highlighted its phytoremediation potential for As (Purdy
and Smart, 2008; Puckett et al., 2012; Yanitch et al., 2017). In addition, complementary studies
exploring the feasibility of high biomass plants to extract metals from polluted soils such as willow,

concluded that the high biomass compensates for the moderate metal concentrations found in the

aboveground tissues (Hammer et al., 2003; Ruttens et al., 2011).

Understanding arsenieAs tolerance in plants is petentialy-useful knowledge-to know whether

plants avoid As uptake and, thus, reduce human-arsenicthe As intake by humans and the As-

associated health problems (Song et al., 2010), or enhance As uptake and its removal by
phytoremediation (Yang et al., 2012). To achieve this, it is necessary to study the As behavior from
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the soil to its accumulation in the aboveground plant tissues. Although arsericAs is toxic and not
essential for plants it is effectively absorbed through various transporters into the roots, mainly as As
V, the most thermodynamically stable and hence dominant species in aerobic environments

(Quaghebeur and Rengel, 2003). Specifie;As M-such, specific As transporters have-been-identified

thatjinclude the high affinity phosphate uptake systems for As V (Shin et al., 2004; Catarecha et al.,

2007;
LeBlanc et al., 2013), while As I11 uses the silicon transporters are-responsible-for-AsHi-infhix

(Xu et al., 2015; Lindsay and Maathuis, 2016). Once inside the plant cells, a small amount may be
transported to the xylem but the majority is reduced to As Il by arsenate reductases (Ellis et al.,
2006; Duan et al., 2007; Zhao et al., 2009). In this form, As can be exported back into soil,
transported via the xylem to stem and leaves, or complexed with thiol-rich molecules like
metallothioneins (MTs), glutathione (GSH) or, more stably, by phytochelatins (PCs) (Schmdger et
al., 2000; Hartley-Whitaker et al., 2001; Dave et al., 2013; Batista et al., 2014). Then thisthese, As-
PCs complexes can subsequently be transferred from the cytosol into the vacuole by ABC
transporters for storage in order to prevent cell damage (Song et al., 2010). FhisTherefore, this

suggests that PSsnon-protein thiols (NPTs) compounds play an important role in decreasing As

toxicity in plants—and preventing its transport from roots to shoots,

Apart from the works on arsenic with Salix of Purdy and Smart (2008), Puckett et al. (2012),

and more recently the extensive transcriptomic study by Yanitch et al. (2047)—enly-tmited-butnet

integrated(2017) that have provided unequivocal useful information to understand the tolerance of

Salix to As, still an integrative approach concerning the tolerance mechanisms of Salix to As is

avatlable-and-this-information-has-hardhy-any-emphasis-onneeded. Besides, special attention needs to

be paid to, the speciation state of As:, since this determines its uptake and also its tolerance by the

plant. In the current study, a S. atrocinerea clone, previously selected for its As accumulation;
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159 | (unpublished data), was grown hydroponically in the presence of As V., Samples were harvested at Formatted: Font color: Text 1
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182 Plants were cultured under a 12— h light photoperiod and 22- °C/18- °C with 65% relative

183  humidity. Light was provided by a combination of blue, red and far-red Philips Green-Power LED
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modules, simulating the photosynthetically active radiation (PAR) of sunlight. The PAR level

reached 170 umol m 2s™* at the plant apex level.

170-pmelm s -at the plantapexlevek

After 1, 3, 10 and 30 days (d), plants were carefully removed from beakers and roots+
exhaustively rinsed with tap water first, and 3 times with double de-ionized water at 4 °C. Leaves
were rinsed only once in distilled water. To determine the influence of the treatments on plant
growth, fresh and dry weights and lengths of roots and leaves were measured. Leaves and root
samples of at least 3 different plants were analyzed individually for each treatment. Plant material

was homogenized with liquid nitrogen- and stored at- —80- °C until further use.

2.2 Analysis of essential elements, arsenic and arsenic speciation -

Nutrients, such as boron (B), calcium (Ca), iron (Fe), phosphorus (P), and zinc (Zn), together
with As, were determined in leaves and roots of S. atrocinerea. For this, 100 mg of dry powdered
samples were dissolved in 8 mL of 50% nitric acid solution (Sigma, Aldrich, USA) using a
microwave at 800 W during 15 min (Multiwave3000, Anton Paar). The solutions were diluted up to
50 mL with ultrapure water and filtered through a 0.45 um polytetrafluorethylene (PTFE) filter prior
to their analysis. Plant samples were analyzed by ICP-MS (Agilent Technologies 7700 ICP-MS)

using isotopic dilution analysis (IDA) as previously described (Gallego et al., 2015). |

To determine the As speciation in leaves and roots, 100 mg of finely-greund—sampledry

powdered samples were extracted in 2.5 mL of 0.3 M nitric acid solution at 95 °C for 90 min (Huang

et al., 2012). The extracts were centrifuged at 3000 g during 15 min and the supernatants were

9
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2.4 Gene expression analysis

JIsolation of RNA was carried out using the protocol described by Chang et al. (1993) with<

slight modifications. Frozen leaves or roots (100- mg) were homogenized with 550- pL. of buffer
containing 2% hexadecyltrimethylammonium bromide (CTAB), 2% polyvinylpyrrolidone (PVP),

100- MM FisHC!Tris-HCI, (pH 8.0), 25-mM EDTA, 2- M NaCl, 0.5-g- L - spermidine and 2% p-
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mercaptoethanol. Then, it was extracted twice by adding 550- uL of chloroform:isoamyl alcohol

(24:1) and centrifuged at 14,000 g- for 20- min at 4- °C. After addition of 10- uL LiClI (10- M), RNA

\
was precipitated overnight at 4- °C and harvested by centrifugation at 14,000 g- for 20- min at 4- °C.

concentration of RNA was determined spectrophotometrically at 260- nm using Nanodrop equipment
(Isogen Life Science) and the RNA quality was tested using the Experion™ automated
electrophoresis system (Bio-Rad). DNA was removed using a TURBO DNA-free Kit (Ambion) and

the cDNA synthesis was performed using PrimerScript RT reagent Kit (Takara) with equal amounts

of RNA input (1 pg). Finally, the cDNA was ten-fold diluted using a 1/10 dilution of TE (Tris-

EDTA) buffer (1 mM Tris-HCI, 0.1 mM EDTA, pH 8.0) and stored at —20 °C.

Reverse Transcription quantitative PCR (RT-gPCR) was performed with an ABI Prism 7900HT

[Fast Real Time PCR system (Applied Biosystems), using Fast SYBR Green chemistry. Gene forward
and reverse primers (Supplementary Table 1) were designed using Primer 3 (Untergasser et al.,
2012), according to sequences of genes obtained in the Phytozome nucleotide database of the closely
related species- Salix purpurea v1.0, for which the whole genome has been sequenced, (Goodstein et
al., 2012} 2 Ascri i anitch-eta

11

\
The pellet obtained was washed with 75% ethanol and resuspended in RNase free water. The
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and therefore a combination of a-TUB2, OUT-and-ACT7was-used-forOTU and ACT7 was used for

normalization (Supplementary Fig. 1B). In both roots a leaves the suggestion selected by GrayNorm

corresponded to the genes less affected by As exposure.
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2.5 Statistical analysis
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Analysis of variance (ANOVA) was performed. Log transformation was applied to approximate
nermality-when it was necessary (e.g. to determine statistical significance of gene expression data,

datasets were first log-transformed). Data normality was tested using the Shapiro-Wilk test, while
homoscedasticity was verified via Bartlett” s and Levene’s tests. If data did not meet the normality
assumption, a non-parametric Kruskall-Wallis test was used, followed by the Wilcoxon rank sum test.
When the F ratio was significant (p < 0.05), Tukey's least significant difference test (HSD, p < 0.05)
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was employed to compare between individual means—A-principal-compenent of different data groups
(e.q. different treatments). In the gene analysis {PREA)the previous was performed using-the-log-

transformed-data-of-gene-expressionon both the normalized and the non-normalized data, although

only the first are presented both were taking into account to establish the significance of the different

treatments-and-exposure-perieds.results, Results are expressed as the mean + standard deviation of at

least three independent replicates. BataAll data were analyzed using R (version

3.3.1, http://www.r-project.org/) with the packages mixOmics (for PCA, version 6.0.1«

http://www.mixOmics.org) and agricolae (version 1.2e4, hitptarwitamelina-edu-pe/~fmendiburu):

http://tarwi.lamolina.edu.pe/~fmendiburu). Outliers were determined using the Extreme Studentized

Deviate method (GraphPad Software, La Jolla, CA, USA) at significance level p <0.05.
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JIn roots of control plants, only GSH was observed and present at a 2-fold higher concentration+

than that observed in the As-exposed roots (Table 4)-—Nevertheless—already-after1-d-of-expesured).

However, in roots and leaves of S. atrocinerea plants exposed to As, changes in the concentrations of

non-protein thiols (NPTSs) in+eets-and-leaves-were already observed in-Asexpesed-plants-after 1 d

and this trend was maintained over time (Table 4—nterestingly3). Besides, in the roots of

AsexposedAs-exposed, plants the total concentration of NPTs increased over time (up to 4.5-fold
higher after 30 d compared to 1 d) and it was always higher than that observed in leaves. This NPTs
increase in roots under As exposure was mainly due to an increment of de novo synthesized
compounds such as PC,, Cys-PC,, PCs, desGly-PCs;, Cys-PC; and also two unidentified thiolic

compounds that were named TC; and TC; (Table 4)-3).,

In leaves of control plants, the thiolic compounds GSH, desGly-PC,, and TC3 were detected«

(Table 43), whereas under arsericAs, exposure we observed de novo synthesis of desGly-PC, at

increasing concentrations over time. In both control and As-exposed plants, GSH concentrations in
leaves were always higher than those observed in roots and were initially higher in As-exposed plants

than in control plants (Table 43). This increase in GSH, together with de novo synthesis of desGly-

PC,, accounted for a higher NPTs concentration at 1 d and 3 d in leaves of As-exposed plants.
However, after 10 and 30 d of exposure, the total NPTs concentration in leaves of plants exposed to

As did not significantly differ from that observed in leaves of plants grown under control conditions

(Table 4-3).,

3.4 Gene expression

JIn general, the gene expression patterns-differed-pattern in roots between control and As-treated
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NIP1, SIP1, CSA, AIP-1, vacuolar transporter (CAX2-2;), glutathione reductase (GR) and-<

ACCS, whereas the expression of BORON, PHO1, MT1A, CDC25-2, WBABCT, vacuolar transporter

(ABCG), was higher at later time points. On the other hand, PCA component 2 in roots (24% of the

total variation) indicated that the increased expression of ABCG, clustered samples at 3 d, whereas
the decrease in expression for phytochelatin synthase (PCS) and transcripts for a high-affinity

phosphate transporter (HAPO4), at 3 d separated this group from the rest (Fig. 3}-4A).

In leaves, according to PCA component 1, the differential gene expression collected from plants
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growing under arsenicAs exposure at 1 and 3 d, had a more similar pattern than that observed at 10

and

30 d. Main differences were attributed to the up-regulation of genes involved in the flavonoid<

pathway CHS3, CHS2, ANR, F3H, FLH, 2HFLR, BORON and CHS1 expression at 1 and 3 d and of

CDC25-2 at 10 and 30 d. Component 2 (20% of the total variation), however, indicated a separation

between the initial (1 d) and the last time point (30 d) from the intermediate points (3 and 10 d) as a

4B),
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Nonetheless, the fact that S. atrocinerea plants used in this study already grow on the-Nitrastura ( Formatted: Font color: Text 1 )
brownfield with an As exchangeable fraction of 18 mg Kggg;l (data not shown), suggests that the As  Formatted: Font color: Text 1 ]
dose could be increased for this hydroponic assay. Furthermore, this As concentration matches that

recommended in previous hydroponic studies with willow (Purdy and Smart, 2008) and it has already

been used in analyzing differential As gene expression under hydroponic conditions (Puckett et al.,
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It iswell-knewnhas been reported that exposure to toxic metalloids, such as As, can disturb the
nutrient profile of the plant and hence lead to toxicity (Lou et al., 2010)-and-atse-that-arsenate-uptake

accumulatio oots-of S—atro a—Ca-is-a al-pla acronu ). and also that As
V uptake and tolerance to its induced toxicity is intimately linked to phosphate nutrition. In the soil,
As is mainly present in its As V form (Cordos et al., 2006) and once it is in contact with the roots, As
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538 | V can enter via phosphate transporters (Maciaszczyk-Dziubinska et al., 2012). Therefore, changes in
539 | transcripts encoding for As V-related transporter proteins could be expected and, in our case, the As
540 | V added to the hydroponic solution caused a differential requlation of transcripts for phosphate
541 | transporters. The up-regulation of PHOL1 in roots of S. atrocinerea from the onset of the As exposure
542 | (Fig. 3) and that observed at 10 and 30 d of transcripts encoding for a high-affinity phosphate
543 | transporter protein (HAPO4) (Supplementary Fig. 3A), relate to the first lower and then similar P
544 | concentrations in roots of As-exposed S. atrocinerea as compared to non-exposed plants (Table 1). It
545 | has been suggested that reduced uptake of As V is a well-known mechanism of As V resistance
546 | employed by many plant species, which is achieved through a reduction of the phosphate/arsenate
547 | uptake system in resistant plants (Meharg and Hartley-Whitaker, 2002). Moreover, it is thought that
548 | this reduction decreases As V influx to a level at which the plant can detoxify As, presumably by
549 | constitutive mechanisms (Catarecha et al., 2007). However, according to our results of As
550 | accumulation and a lower concentration of P under As exposure as compared to the control condition,
551 | it can be suggested that the transcript uprequlation of phosphate-related transcripts in roots is based
552 | on preventing As V competition and avoiding P deprivation. Therefore, since As does accumulate at
553 | high concentrations in roots of willow, a more effective detoxification mechanism than inhibition of
554 | phosphate transporters as seen in other plants would be necessary in S. atrocinerea. After 30 d, As
555 | concentration in leaves of S. atrocinerea reached levels higher than toxicity levels established for
556 | non-tolerant plants (1-20 mg As kg* dry weight: White and Brown, 2010). Under these conditions, a
557 | differential requlation of As V-related transporters in leaves of S. atrocinerea was observed. The
558 | decrease in PHO1 transcripts at 1, 3 and 10 d (Supplementary Fig. 3B), is a similar response to that
559 | of As resistant species, where avoiding As uptake in leaves by reducing phosphate uptake constitutes
560 | atolerance mechanism (Meharg and Hartley-Whitaker, 2002). However, at 30 d the down-regulation
561 | ceased and there were no differences in transcript levels of PHO1 compared to those observed in
562 | leaves of control plants and it matched with a similar P concentration in leaves of both treatments
563 | (Table 1). According to the Ca concentrations observed in plants of S. atrocinerea (Table 1), it can
564 | be suggested that Ca accumulation in the roots and its reduced translocation to the leaves is a

565 | response to As accumulation. Ca is an essential plant macronutrient and, it plays an important role in  Formatted: Font color: Text 1
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have a role in As transport into the cell (Yanitch et al., 2017), which is also reflected in our results

with increased BORON transcript levels in roots (Fig. 3) and leaves (Supplementary Fig. 3B).

Furthermore, boric acid transporter NIP5.1 from Arabidopsis is also permeable to As Il (Mitani-

Ueno et al., 2011), and our data showed that B accumulation in plant tissues changes along the time

of exposure to As (Table 1), with BORON transcripts 5-fold down-requlated at 1 d (Fig. 3), when As

111 concentration in the medium was the highest (Fig. 2B). In leaves, BORON transcripts are induced

at 1 and 3 d in response to As (Supplementary Fig. 3B), coinciding at 3 d with the highest B

concentration (Table 1). Whereas Zn is described as an indispensible micronutrient, which mitigates
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adsorbed with Fe on the surface of the roots, forming Fe-As plagques. Thus, the iron plaque formed on
the root surface will act as a natural As barrier and reduce As uptake by the plant and its

translocation-- to shoots.

Besides the impact of other elements in the medium on As uptake, the speciation of As also
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active As V reduction to As |11 during the first days of exposure, with a lot of free As Ill initially in

the cytoplasm. This transcript up-requlation for As Il transporters in roots, suggests that As V

reduction has occurred even before its entry into the roots, which is supported by the presence of 4%

of As 11l in the medium at 1 d of exposure (Fig. 2B), and which coincides with the highest up-

requlation of NIP1 and SIP1. In leaves, where As was mainly present as As V, no changes in

transcript levels for the aguaporin transcripts were observed (Supplementary Fig. 3B).
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Once inside the cell, since As V has no affinity for the “-SH” groups in the PCs, the first step in

As detoxification is As reduction (Finnegan and Chen, 2012). The main mechanism for As V

reduction is the presence of As V reductases where GSH acts as electron donor (Dhankher et al.,

2002). Arsenate reductases are believed to have evolved from the CDC-25 (cell division cycle) dual-

specificity tyrosine phosphatases (Duan et al., 2007). Based on _homology with the yeast As V

reductase, ACR2P, Bleeker et al. identified a CDC25-like plant candidate and showed that it

had arsenate reductase activity like it was also observed in other assays (Dhankher et al., 2006).

arseniteln our study, As V reduction to As Il was observed in roots right after As uptake with an

increasing As Il concentration in root tissues from 9% to 70% by the end of the study (Fig. 2C).

This coincides with the CDC25-1 up-regulation in roots of plants exposed to As (Fig. 3), whereas no

changes were observed for CDC25-2 (Supplementary Fig. 3A).

Another mechanism to reduce As V in the plant is through a non-enzymatic reduction, where GSH is
implied, but this process is relatively slow, so according to the NPT data we can attribute the large
up-regulation observed in GS transcripts along the As-exposure time to PC production as a
detoxification mechanism. This was reflected by the increased NPT concentrations in S. atrocinerea
roots after As uptake (Table 3). Our results showed that although there was a clear up-regulation of
GS transcripts in roots (Fig. 3), GSH concentrations of As-exposed plants remained constant over
time and lower than those in the roots of control plants (Table 3). However, since PCs use GSH as a
building substrate, the decreasing concentrations of GSH are consistent with its use in PCs or other
NPTs. This fast increase in NPT concentrations and the As 11l presence in the roots, support our
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observations of As speciation in the medium; where it seems that As Il efflux by roots occurs right

after arsenateAs V. uptake and that this efflux diminishes once the arseniteAs 11 is complexed with

thiols and stored in the vacuoles{Zhao-et-al—2009).. Therefore, an increase in NPTs under increased

As 111 presence points towards an As-PC complex formation possibly leading to less As 111 efflux.

support to this explanation, Raab et al. (2005) found that in sunflower roots the amount of As not
complexed by thiols feII from 90% of total As after 1h exposure, to 43% after 4 dof exposure.

In addition, although PCs were synthesized in S. atrocinerea in response to As exposure and their
concentration increased over time in roots (Table 3), waee&mum%m—leavesefé—a#eewmea
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roots and leaves, due to the Fe accumulation in roots and its reduction in leaves, it mightcould be that

MT1A induction in leaves (Supplementary Fig. 3B) corresponds to the need of supplying enough Fe

in-leaves-and that this up-regulation is not be-involved in direct As chelation. AmywayHowever, its
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Once arsenateAs V. is reduced to arseniteAs 11l and complexed to NPTs to limit its toxicity,«

these complexes eoutd-beare taken up by ABC transporters and stored in the vacuole.His-krown-that

al—2000). ABC transporters constitute one of the largest protein families, present in organisms

ranging from bacteria to humans, and have been identified as transporters involved in detoxification

processes by transporting metal(loid)-PC complexes (Kang et al., 2011). It is known that As I1I-PCs

complexes have a low stability and their storage into the acidic environment of vacuoles can limit its
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Taking into account that speciation and distribution of As in the plant can provide important
information and help to understand the mechanisms for As accumulation, translocation, and
transformation as noted by Zhang et al. (2002), our results suggest that the As tolerance mechanism
of S. atrocinerea relies on As V reduction in roots but not in leaves. Therefore, limited As V
translocation by an effective As V reduction to As |1l and its complexation to NPT compounds and
further sequestration into the root vacuoles, as supported by the gene expression, seems to be the
reason for the tolerance of S. atrocinerea to As.
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preteinproteins, like AIP-1-related—AdP-1-is, a highly conserved gene selectively activated by

arsentteAs III in many ceII types—tnaetwatrenef—the—@aenemabmtrsaegans—hemetegam—}

5 (Sok et al., 2001)+r),

that in our expenment—transenpts—fer—AJrP—} showed in roots at 1 d the h|ghest up- regulatlon observed

for any of the measured genesﬂandtheseresahswereentyebsewedwreetHNherearsemte
i - (Supplementary Fig.

2) and it decreased overtlme Smce this protein is As 11- mduced and As 111 concentrations increase
over time in roots, this suggest an effective complexation of As Il from 1 d on with NPTs to prevent
its toxicity, Another As-related response of willow-te-arsenic-contamination is the biosynthesis of

phenylpropanoids that may culminate with the increased production of tannins (Yanitch et al., 2017).

In our study, we observed an early up-regulation of ehateenesynthase&@HSi—GHSQ—}and—mether
Selected genes (CHS1, CHS2, 2HFLR and F3H) in the flavonoid pathway at 1 and-3-d

(Fig. 4 B and Supplementary Fig. 3B), whereas at-16-ane-30-¢-no_major, changes in the«

expression pattern or a down-regulation were noticed-_later on as compared to control conditions, ||

Therefore, by the information provided by the transcript levels, we suggest that S. atrocinerea relies
on the phenylpropanoid pathway to cope with As toxicity during the early times of exposure, but

further investigation at metabolic level is essential.
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5 Conclusions «

The selected S. atrocinerea clone naturally growing in an As-contaminated brownfield showed

great tolerance when grown in the presence of a high concentration of arserieAs and accumulated
more than 2,400 mg As Kgkg™ dry weight in its roots without showing phytotoxicity symptoms. Our

findings reveal that telerance—to—arsenic—in—S—atrocinerea—is—assoctated—withunder the folowing
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thiolic—compeund, glutathione synthesis and aceumulation—in—both—roots—andleaves—leading—to
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vacuolar-As-sequestration—and-{(N\S)-mediated-arsenic-defense of As into the vacuoles, together with

genes involved in stress responses-by-ACC-sighaling, which coincides with a rapid As Il presence

and accumulation in root tissues, altered nutrient profile and de novo synthesis and echaperone

induction—increase of NPT compounds, all of which contribute to the tolerance to the metalloid by S.

atrocinerea.

The high As accumulation together with a high biomass yield makes this_willow, species a*

potential tool for its use in As phytoremediation. Overall, a better understanding of the physiological
mechanisms of tolerance to arsenic toxicity in S. atrocinerea was achieved through this study by
experimental verification of the significance of particular transcripts complemented by a

comprehensivean integrative analysis of nutrient profile, As accumulation and speciation, as well as

non-protein-thielieNPT compounds synthesis. Mere—research—is—neededHowever, according, to our

observations, further

phyteremediation—n—the—field—Further—research should also focus on what happens in real field
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conditions—polluted soils where, apart from As, there are; usually; other metal(loid)s at high

concentrations in-As-peHuted-seHs-that can affect As-remediation—the plant detoxification responses,
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Supplementary Table 1. Primer sequences used for the real time RT-PCR analyses.
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Abstract

Despite arsenic (As) being very toxic with deleterious effects on metabolism, it can be tolerated and
accumulated by some plants. General genetic mechanisms responsible for As tolerance in plants,
including Salix species, have been described in transcriptomic analysis, but further experimental
verification of the significance of particular transcripts is needed. In this study, a Salix atrocinerea
clone, able to thrive in an As-contaminated brownfield, was grown hydroponically in controlled
conditions under an As concentration similar to the bioavailable fraction of the contaminated area (18
mg kg™) for 30 days. At different time points, i.e. short-term and long-term exposure, biometric data,
As accumulation, phytochelatin synthesis, non-protein thiol production and expression of target
genes related to these processes were studied. Results showed that S. atrocinerea presents a great
tolerance to As and accumulates up to 2,400 mg As kg™ dry weight in roots and 25 mg As kg™ dry
weight in leaves. Roots reduce As V to As Il rapidly, with As 11l being the predominant form of As
accumulated in root tissues, whereas in the leaves it is As V. After 1 d of As exposure, roots and
leaves show de novo synthesis and an increase in non-protein thiols as compared to the control.
Integrating these data on As accumulation in the plant and its speciation, non-protein thiol production
and the kinetic gene expression of related target genes, a fundamental role is highlighted for these
processes in As accumulation and tolerance in S. atrocinerea. As such, this study offers new insights
in the plant tolerance mechanisms to As, which provides important knowledge for future application

of high-biomass willow plants in phytoremediation of As-polluted soils.

Keywords: Salix, arsenic, non-protein thiols, speciation, phytochelatins, gene expression
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1 Introduction

Arsenic (As) is a metalloid widely spread in the upper Earth’s crust although at very low
concentrations. The overall mean value of the total As for different soils is estimated as 6.83 mg kg™
soil. However, As soil concentrations may range from 0.1 to more than 1,000 mg kg™ in some
locations due to both anthropological and geological factors (Kabata-Pendias, 2010). Concerning its
toxicity, As is the only known human carcinogen for which there is adequate evidence of
carcinogenic risk for both exposure routes, inhalation and ingestion (Smith et al., 2009). Therefore,
As has been defined as a group 1 carcinogen and is placed in the highest health hazard category by
the international agency for research on cancer (Naidu et al., 2006). By the use of natural resources,
humans release As into the air, water and soil (Mandal and Suzuki, 2002). Sixty percent of the
anthropogenic As emissions can be accounted to only two sources: Cu-smelting and coal combustion.
Nevertheless, the application of herbicides, Pb and Zn smelting, glass production, wood preservation,
waste incineration and steel production are also responsible for As emissions (Matschullat, 2000).
According to the European Commission (2000), air contributes less than 1% of the total As exposure
since most of this emitted As ends up retained in the water and soils, making these the major sources

of As exposure to humans.

Once inside the cell, As toxicity depends on its speciation state. Arsenite (As Ill) has a high
affinity for sulfhydryl groups found in the amino acid cysteine. As such, it inactivates a wide range of
enzymes by disrupting protein structure and impairs the metabolism by preventing protein—protein
interactions (Ehlrich, 1990). This affects many key metabolic processes in the cell such as fatty acid
metabolism, glucose uptake and glutathione production (Paul et al., 2007; Ahsan et al., 2008; Wang
et al., 2015). Arsenate (As V) is a phosphate analogue and can substitute inorganic phosphate
affecting ATP synthesis and therefore interrupting the production of energy, carbon metabolism and

nucleic acid synthesis (Singh et al., 2011; Spratlen et al., 2017). This can also negatively affect DNA
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repair and methylation and thus impact on gene expression (Reichard and Puga, 2010). Therefore,
removal or lowering of As concentrations from highly As-polluted soil and water is an environmental
priority. Among the most eco-friendly cleanup technologies and opposite to traditional excavation
and disposal in landfills, phytoremediation emerges. This green technology, already described more
than two decades ago by Raskin et al. (1994), exploits the ability of certain plants species to
accumulate metal(loid)s in their tissues, thus reducing their concentrations or attenuating their
mobility in the environment, and therefore offering a solution to the above-mentioned pollution

challenge (Pilon-Smits, 2005; Kidd et al., 2015).

It is well known that toxic metal(loid)s induce loss of plant biomass, among other deleterious
effects, mainly associated with growth inhibition (Gill et al., 2015). Plants differ in As tolerance,
from sensitive plant species like all major crops, to tolerant plants such as certain ecotypes of the
grass Holcus lanatus (Quaghebeur and Rengel, 2003), as well as hyperaccumulators like Pteris
vittata (Chinese break fern), which can accumulate 2% of its dry weight as As (Wang et al., 2002).
However, hyperaccumulator species are usually limited by a low biomass production, which may
pose serious restrictions to this cleaning procedure (Shelmerdine et al., 2009, Fernandez et al., 2010).
Some plant species and soil biota populations, usually autochthonous to polluted soils, are able to
colonize and thrive in highly polluted environments, even when high concentrations of metals are
found in their cells and tissues. This is the case of Salix atrocinerea (grey willow). So far, about 450
species of Salix worldwide have been described (Argus, 1995), with some of them reported as
suitable in phytoremediation processes because of their high growth rate and deep-rooting traits
(Kuzovkina and Quigley, 2005; Janssen et al., 2015). Nevertheless, the focus on the use of Salix for
As uptake is still low because it is not a metal(loid) hyperaccumulating species. However, some
investigations have highlighted its phytoremediation potential for As (Purdy and Smart, 2008;

Puckett et al., 2012; Yanitch et al.,, 2017). In addition, complementary studies exploring the



108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

feasibility of high biomass plants to extract metals from polluted soils such as willow, concluded that
the high biomass compensates for the moderate metal concentrations found in the aboveground

tissues (Hammer et al., 2003; Ruttens et al., 2011).

Understanding As tolerance in plants is useful to know whether plants avoid As uptake and,
thus, reduce the As intake by humans and the As-associated health problems (Song et al., 2010), or
enhance As uptake and its removal by phytoremediation (Yang et al., 2012). To achieve this, it is
necessary to study the As behavior from the soil to its accumulation in the aboveground plant tissues.
Although As is toxic and not essential for plants it is effectively absorbed through various
transporters into the roots, mainly as As V, the most thermodynamically stable and hence dominant
species in aerobic environments (Quaghebeur and Rengel, 2003). As such, As transporters include
the high affinity phosphate uptake systems for As V (Shin et al., 2004; Catarecha et al., 2007;
LeBlanc et al., 2013), while As Ill uses the silicon transporters (Xu et al., 2015; Lindsay and
Maathuis, 2016). Once inside the plant cells, a small amount may be transported to the xylem but the
majority is reduced to As Il by arsenate reductases (Ellis et al., 2006; Duan et al., 2007; Zhao et al.,
2009). In this form, As can be exported back into soil, transported via the xylem to stem and leaves,
or complexed with thiol-rich molecules like metallothioneins (MTs), glutathione (GSH) or, more
stably, by phytochelatins (PCs) (Schmoger et al., 2000; Hartley-Whitaker et al., 2001; Dave et al.,
2013; Batista et al., 2014). Then these As-PCs complexes can subsequently be transferred from the
cytosol into the vacuole by ABC transporters for storage in order to prevent cell damage (Song et al.,
2010). Therefore, this suggests that non-protein thiols (NPTs) compounds play an important role in

decreasing As toxicity in plants and preventing its transport from roots to shoots.

Apart from the works on arsenic with Salix of Purdy and Smart (2008), Puckett et al. (2012),
and more recently the extensive transcriptomic study by Yanitch et al. (2017) that have provided

unequivocal useful information to understand the tolerance of Salix to As, still an integrative
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approach concerning the tolerance mechanisms of Salix to As is needed. Besides, special attention
needs to be paid to the speciation state of As, since this determines its uptake and also its tolerance by
the plant. In the current study, a S. atrocinerea clone, previously selected for its As accumulation
(unpublished data), was grown hydroponically in the presence of As V. Samples were harvested at
different time points to kinetically study As accumulation and its chemical speciation in roots and
shoots. In addition, the production of NPTs as well as the expression of the main transcripts involved
in the genetic response behind As tolerance were also measured. Therefore, this study aims to
describe the As uptake and accumulation in S. atrocinerea, together with the changes in the

mechanisms involved in As tolerance at different biological organization levels.

2 Material and Methods

2.1 Plant material and hydroponic culture conditions

Salix atrocinerea plants were selected from an in vitro willow clone previously obtained from
seeds collected at Nitrastur brownfield (Asturias, Spain). Stem cuttings of 15 cm length were placed
on cellulose plugs in a hydroponic system containing 50 mL of 1/10 Woody Plant Medium (pH 5.7)
(Lloyd, 1981) with an aeration system to prevent lack of oxygen (Moreno-Jimenez et al., 2010).
After 3 weeks of growth, 48 cuttings were exposed to 0 and 18 mg L™ As. This As concentration was
similar to that found at the exchangeable fraction of the Nitrastur brownfield soil. The As was added

as sodium heptahydrate arsenate, Na,HAsO,4.7H,0, since in this form the As is freely soluble.

Plants were cultured under a 12 h light photoperiod and 22 °C/18 °C with 65% relative

humidity. Light was provided by a combination of blue, red and far-red Philips Green-Power LED
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modules, simulating the photosynthetically active radiation (PAR) of sunlight. The PAR level

reached 170 pmol m2s* at the plant apex level.

After 1, 3, 10 and 30 days (d), plants were carefully removed from beakers and roots
exhaustively rinsed with tap water first, and 3 times with double de-ionized water at 4 °C. Leaves
were rinsed only once in distilled water. To determine the influence of the treatments on plant
growth, fresh and dry weights and lengths of roots and leaves were measured. Leaves and root
samples of at least 3 different plants were analyzed individually for each treatment. Plant material

was homogenized with liquid nitrogen and stored at —80 °C until further use.

2.2 Analysis of essential elements, arsenic and arsenic speciation

Nutrients, such as boron (B), calcium (Ca), iron (Fe), phosphorus (P), and zinc (Zn), together
with As, were determined in leaves and roots of S. atrocinerea. For this, 100 mg of dry powdered
samples were dissolved in 8 mL of 50% nitric acid solution (Sigma, Aldrich, USA) using a
microwave at 800 W during 15 min (Multiwave3000, Anton Paar). The solutions were diluted up to
50 mL with ultrapure water and filtered through a 0.45 um polytetrafluorethylene (PTFE) filter prior
to their analysis. Plant samples were analyzed by ICP-MS (Agilent Technologies 7700 ICP-MS)

using isotopic dilution analysis (IDA) as previously described (Gallego et al., 2015).

To determine the As speciation in leaves and roots, 100 mg of dry powdered samples were
extracted in 2.5 mL of 0.3 M nitric acid solution at 95 °C for 90 min (Huang et al., 2012). The
extracts were centrifuged at 3000 g during 15 min and the supernatants were filtered through a 0.45
pm PTFE membrane filter. The solutions were neutralized by the addition of NaOH. The As species
were separated through a mobile phase of 0.2 M EDTA dissolved in 2 M PBS (Phosphate Buffered

Saline; pH 6.0) in a separation column with a 1260 Infinity HPLC coupled to a 7700 ICPMS (both
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from Agilent Technologies). Identification of As species was confirmed by spiking real extracts with
a mixture of standard solutions: As Ill, As V, monomethylarsenic acid (MMA), and dimethylarsenic

acid (DMA).
2.3 Analysis of non-protein thiolic compounds

The extraction and analysis of non-protein thiols (NPTs) were carried out from 150 mg of fresh
weight leaves and roots of S. atrocinerea following the protocol described by Fernandez et al. (2012).
The high-performance liquid chromatography (HPLC) separation was performed using a
chromatograph Waters 600 (Waters Corporation) with a post-column derivatization with Ellman's
reagent (Ellman, 1959). The sample (100 uL) was injected into a Kromasil 100 C18 5 um
(250 x 4.6 mm) column (Scharlau) and eluted with solvent A (acetonitrile: H,O, 2: 98 (v/v) to which
0.05% trifluoroacetic acid (TFA) was added) and solvent B (acetonitrile: H,0, 98: 2 (v/v) also with
0.05% TFA). Samples were separated using a linear gradient (0-25% in 25 min and 25-50% in
5 min) of solvent B at 1.5 mL min™* flow for 30 min. The derivatized thiols were detected at 412 nm
using a Waters 996 photodiode array detector and the obtained peaks were identified by comparison
with the standards of GSH and a mix of PCs. The quantitative changes in the thiol compounds
observed were calculated by the integration of their peak areas at 412 nm converted into nmol and

quantified as GSH equivalents.

2.4 Gene expression analysis

Isolation of RNA was carried out using the protocol described by Chang et al. (1993) with
slight modifications. Frozen leaves or roots (100 mg) were homogenized with 550 uL of buffer
containing 2% hexadecyltrimethylammonium bromide (CTAB), 2% polyvinylpyrrolidone (PVP),

100 mM Tris-HCI (pH 8.0), 25mM EDTA, 2M NaCl, 0.5gL ' spermidine and 2% pB-



201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

mercaptoethanol. Then, it was extracted twice by adding 550 uL of chloroform:isoamyl alcohol
(24:1) and centrifuged at 14,000 g for 20 min at 4 °C. After addition of 10 uL LiCI (10 M), RNA was
precipitated overnight at 4 °C and harvested by centrifugation at 14,000 g for 20 min at 4 °C. The
pellet obtained was washed with 75% ethanol and resuspended in RNase free water. The
concentration of RNA was determined spectrophotometrically at 260 nm using Nanodrop equipment
(Isogen Life Science) and the RNA quality was tested using the Experion™ automated
electrophoresis system (Bio-Rad). DNA was removed using a TURBO DNA-free Kit (Ambion) and
the cDNA synthesis was performed using PrimerScript RT reagent Kit (Takara) with equal amounts
of RNA input (1 pg). Finally, the cDNA was ten-fold diluted using a 1/10 dilution of TE (Tris-
EDTA) buffer (1 mM Tris-HCI, 0.1 mM EDTA, pH 8.0) and stored at —20 °C.

Reverse Transcription quantitative PCR (RT-gPCR) was performed with an ABI Prism
7900HT Fast Real Time PCR system (Applied Biosystems), using Fast SYBR Green chemistry.
Gene forward and reverse primers (Supplementary Table 1) were designed using Primer 3
(Untergasser et al., 2012), according to sequences of genes obtained in the Phytozome nucleotide
database of the closely related species Salix purpurea v1.0, for which the whole genome has been
sequenced (Goodstein et al., 2012), only for three genes, high-affinity phosphate transporter
(HAPO4), arsenite-inducible RNA-associated protein (AIP-1) and metallothioneins (MT1A), their
sequences were obtained from willow reference sequences annotated at the NCBI (National Center
for Biotechnology Information) (O'Leary et al., 2016). Their specificity was verified in silico using
BLAST (http://www.arabidopsis.org/Blast/index.jsp). The genes measured (Supplementary Table 1)
were selected based on different genetic aspects behind As tolerance (Konlechner et al., 2013;
Puckett et al., 2012; Yanitch et al., 2017). The gPCR efficiency of the primers was determined using
a standard curve consisting of a two-fold dilution series of a pooled sample. Only primers with an

efficiency between 90 and 110% were used for gPCR analysis and their amplification specificity was

10


http://www.arabidopsis.org/Blast/index.jsp

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

validated by melting curves. PCR amplifications were done in a total volume of 10 uL containing
2 uL cDNA sample, 5 uL. SYBR Green, 0.6 puL of primers (300 nM) and 2.4 pL. RNase free water.
The reaction cycle was as follows: 20 s at 95 °C, 40 cycles of 1 s at 95 °C and 20 s at 60 °C. Gene

expression was calculated relatively as 274

, in which ACq represents each corresponding
quantification cycle (Cq) value minus the minimum Cq value observed (Schmittgen, 2008). Gene
expression was normalized with a normalization factor based on the expression of six reference genes
from Salix selected from literature under As and other abiotic stresses (Li et al., 2016; Zhang et al.,
2017). The 6 selected candidate reference genes, a-TUB2, Alpha-tubulin 2; ACT7, Actin 7; ARF2,
ADP-ribosylation factor 2; DNAJ, Chaperone protein DnaJ 49; EFla, Elongation factor 1l-alpha
and OTU; OTU-like cysteine protease (Supplementary Table 1) are also orthologs of genes in S.
purpurea. The primer sequences, amplicon length, PCR amplification efficiency and correlation
coefficient are shown in Supplementary Table 1. To evaluate the stability of the 6 candidate
reference genes (RG) at the transcript level under As exposure, the gene expression levels were
determined by the average Cq values (Supplementary Fig. 1). In order to detect the stabilities of 6
candidate RGs, the best combination of RG for normalization of our transcripts of interest was
suggested by the Graynorm algorithm (Remans et al., 2014). In roots AFR2, OTU and EF'/« were the
three most stable reference genes in all the sample sets according to the GrayNorm algorithm and the
combination of the three was used for normalization (Supplementary Fig. 1A). In leaves a different
combination of genes than that obtained in roots showed the most stable pattern in all the sample sets,
and therefore a combination of «-TUB2, OTU and ACT7 was used for normalization (Supplementary

Fig. 1B). In both roots and leaves the suggestion selected by GrayNorm corresponded to the genes

less affected by As exposure.

A principal component analysis and heat maps were constructed to compare expression levels

between different genes and samples at different time points.
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2.5 Statistical analysis

To evaluate the effects of As toxicity in S. atrocinerea over the different time points on the
measured variables, depending on the number of variables to compare a one-way or a two-way
Analysis of variance (ANOVA) was performed. Log transformation was applied to approximate
when it was necessary (e.g. to determine statistical significance of gene expression data, datasets
were first log-transformed). Data normality was tested using the Shapiro-Wilk test, while
homoscedasticity was verified via Bartlett’s and Levene’s tests. If data did not meet the normality
assumption, a non-parametric Kruskall-Wallis test was used, followed by the Wilcoxon rank sum
test. When the F ratio was significant (p < 0.05), Tukey's least significant difference test (HSD, p <
0.05) was employed to compare between individual means of different data groups (e.g. different
treatments). In the gene analysis the previous was performed on both the normalized and the non-
normalized data, although only the first are presented both were taking into account to establish the
significance of the results. Results are expressed as the mean * standard deviation of at least three
independent replicates. All data were analyzed using R (version 3.3.1, http://www.r-project.org/)
with the packages mixOmics (for PCA, version 6.0.1, http://www.mixOmics.org) and agricolae
(version 1.2e4, http://tarwi.lamolina.edu.pe/~fmendiburu). Outliers were determined using the
Extreme Studentized Deviate method (GraphPad Software, La Jolla, CA, USA) at significance level

p <0.05.

3 Results

3.1 Plant growth and nutrient analysis
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After 30 d of exposure, no external symptoms of phytotoxicity (data not shown) nor growth
reduction, measured as dry weight, were observed between plants grown on control or As-containing
medium (Fig. 1).

With regard to nutrient concentrations, total P concentration significantly decreased in roots
from 10 d onwards in As-exposed plants as compared to controls, whereas in leaves the P
concentration was lower in As-exposed plants as compared to controls at 3 and 10 d. However, P
concentration in leaves was similar in both treatments after 30 d of exposure (Table 1).
Accumulation of Ca increased in As-exposed roots along the exposure time when compared to
control conditions. However, in leaves a Ca decrease was observed in As-exposed plants, except at 3
d (Table 1). Although the B concentration was slightly higher in roots of As-exposed plants, this
increase was only significant at 3 d. In leaves, an increase in B concentration at 3 d was observed and
this increase was maintained in As-exposed plants till the end of the experiment. For Zn
concentrations, there was an increase in roots and a decrease in leaves as compared to control
conditions at 1 d of As exposure. However, no differences were observed in for this elements at other
time periods. Fe concentrations were higher in roots of As-exposed plants throughout the experiment,
whereas the opposite trend was observed in leaves (Table 1).

With regard to the pH of the culture medium, we generally observed a decrease during the first
3 days of the experiment. However, an increase from 10 d onwards was observed under As exposure

as compared to control medium (Fig. 2A).

3.2 Arsenic accumulation and speciation

We observed that roots of S. atrocinerea accumulated As concentrations ranging from 180 mg
As kg™ dry weight at 1 d to more than 2,400 mg As kg™ dry weight after 30 d of exposure (Table 2).

In leaves, As accumulation was much lower, although after 30 d of exposure, it reached an As
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concentration higher than that present in the culture medium (Table 2). Although only As V was
added to the culture medium, 4% of As Ill was observed in the medium after 1 d of exposure and it
decreased to 0% by the end of the experiment (Fig. 2B). Total As concentration in the medium
decreased 14 % due to plant uptake and no spontaneous As speciation was detected in the medium
when S. atrocinerea was not present (data not shown).

In plant tissues, the As was detected as As Ill or As V, but no As methylated species were
observed (Table 2). In roots, As V was more abundant (91%) during the first 3 d of exposure but
after 10 d, As Ill was the predominant As form (Fig. 2C). In leaves, As V was the predominant
speciation form observed throughout the experiment and As 111 was only detected at 3 d of exposure

in low quantity (18%) (Fig. 2C).

3.3 Analysis of non-protein thiolic compounds

In roots of control plants, only GSH was observed and present at a 2-fold higher concentration
than that observed in the As-exposed roots (Table 3). However, in roots and leaves of S. atrocinerea
plants exposed to As, changes in the concentrations of non-protein thiols (NPTs) were already
observed after 1 d and this trend was maintained over time (Table 3). Besides, in the roots of As-
exposed plants the total concentration of NPTs increased over time (up to 4.5-fold higher after 30 d
compared to 1 d) and it was always higher than that observed in leaves. This NPTs increase in roots
under As exposure was mainly due to an increment of de novo synthesized compounds such as PC,,
Cys-PC,, PCs, desGly-PCs3, Cys-PC3 and also two unidentified thiolic compounds that were named
TCyand TC, (Table 3).

In leaves of control plants, the thiolic compounds GSH, desGly-PC,4, and TC3 were detected

(Table 3), whereas under As exposure we observed de novo synthesis of desGly-PC, at increasing
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concentrations over time. In both control and As-exposed plants, GSH concentrations in leaves were
always higher than those observed in roots and were initially higher in As-exposed plants than in
control plants (Table 3). This increase in GSH, together with de novo synthesis of desGly-PC,,
accounted for a higher NPTs concentration at 1 d and 3 d in leaves of As-exposed plants. However,
after 10 and 30 d of exposure, the total NPTs concentration in leaves of plants exposed to As did not

significantly differ from that observed in leaves of plants grown under control conditions (Table 3).

3.4 Gene expression

In general, the gene expression pattern in roots between control and As-treated samples differed
due to the prominent regulation of transcripts related to As transport, As V reduction to As Ill, thiol
metabolism and vacuolar transports. In this way changes were observed in transcripts coding for the
phosphate transporter (PHOL), aquaporins (NIP1, SIP1 and SILICON), boron transporter (BORON),
As V reductase CDC25-like tyrosine phosphatase (CDC25-1), glutathione synthase (GS) and ABC
transporter (WBABCT) (Fig. 3). This differential regulation was also accompanied by changes in
transcripts for As stress-related proteins like cellulose synthase (CSA), arsenite inducible protein
(AIP-1) and aminocyclopropane-1-carboxylate synthase (ACCS). In leaves, regulation of the
transcripts measured was not so noticeable as in roots and differences in gene expression between
control and As-exposed plant were due mainly to the overexpression of ACCS (Supplementary Fig.
2). A heat map representation of the other transcripts measured in this study with a fold regulation
lower than two can be found for both roots (Supplementary Fig. 3A) and leaves (Supplementary
Fig. 3B).

To establish the kinetic gene expression of related target genes, a principal component analysis
(PCA) was performed using the gene expression data obtained in leaves and roots of S. atrocinerea

plants collected at 1, 3, 10 and 30 d. According to PCA component 1, roots of plants exposed to As
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for 1 d showed the highest gene expression for GS, NIP1, SIP1, CSA, AIP-1, vacuolar transporter
(CAX2-2), glutathione reductase (GR) and ACCS, whereas the expression of BORON, PHO1, MT1A,
CDC25-2, WBABCT, vacuolar transporter (ABCG) was higher at later time points. On the other hand,
PCA component 2 in roots (24% of the total variation) indicated that the increased expression of
ABCG, clustered samples at 3 d, whereas the decrease in expression for phytochelatin synthase (PCS)
and transcripts for a high-affinity phosphate transporter (HAPO4) at 3 d separated this group from the
rest (Fig. 4A).

In leaves, according to PCA component 1, the differential gene expression collected from
plants growing under As exposure at 1 and 3 d, had a more similar pattern than that observed at 10
and 30 d. Main differences were attributed to the up-regulation of genes involved in the flavonoid
pathway CHS3, CHS2, ANR, F3H, FLH, 2HFLR, BORON and CHS1 expression at 1 and 3 d and of
CDC25-2 at 10 and 30 d. Component 2 (20% of the total variation), however, indicated a separation
between the initial (1 d) and the last time point (30 d) from the intermediate points (3 and 10 d) as a

consequence of lower ACCS and higher ABCG2 expression in these intermediate points (Fig. 4B).

4  Discussion

The total pollutant concentration of a certain element in the soil is not a representation of the
amount that is available (exchangeable) for the plant uptake, neither a good indicator to establish
plant toxicity limits. Therefore, when phytoremediation processes will rely on the use of certain plant
species that tolerate and accumulate high concentrations of metal(loid)s, it is very important that the
studies conducted in the laboratory under controlled conditions, on which the basic physiological
knowledge is set, are based on well reflected pollutant concentrations. Many hydroponic studies have
used higher As concentrations than those found in soil solution, and their environmental relevance

has been questioned (Fitz and Wenzel, 2002). According to this, some authors propose that
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hydroponic cultures should include As doses in the range of 0 — 10 uM to allow the extrapolation of
the results to As-polluted soils (Moreno-Jimenez et al., 2010). Nonetheless, the fact that S.
atrocinerea plants used in this study already grow on a brownfield with an As exchangeable fraction
of 18 mg kg™® (data not shown), suggests that the As dose could be increased for this hydroponic
assay. Furthermore, this As concentration matches that recommended in previous hydroponic studies
with willow (Purdy and Smart, 2008) and it has already been used in analyzing differential As gene
expression under hydroponic conditions (Puckett et al., 2012). Although some authors have reported
that willows have the capability to translocate As from roots to aboveground tissues (Tlustos et al.,
2007; Puckett et al., 2012; Sylvain et al., 2016) the As accumulation in leaves does not reach those
quantities present in hyperaccumulating species like Pteris vittata (Caille et al., 2004), as it was our
case, but the phytoremediation potential is compensated with a higher biomass (Meers et al., 2007,
Witters, 2009). Furthermore, after 30 d of As exposure, S. atrocinerea did not show any phytotoxic
symptoms and was capable of accumulating a higher As concentration than that present in the culture
medium, showing therefore a bioaccumulation factor higher than 1, which is an added value for the
phytoremediation of As.

It has been reported that exposure to toxic metalloids, such as As, can disturb the nutrient
profile of the plant and hence lead to toxicity (Lou et al., 2010), and also that As V uptake and
tolerance to its induced toxicity is intimately linked to phosphate nutrition. In the soil, As is mainly
present in its As V form (Cordos et al., 2006) and once it is in contact with the roots, As V can enter
via phosphate transporters (Maciaszczyk-Dziubinska et al., 2012). Therefore, changes in transcripts
encoding for As V-related transporter proteins could be expected and, in our case, the As V added to
the hydroponic solution caused a differential regulation of transcripts for phosphate transporters. The
up-regulation of PHO1 in roots of S. atrocinerea from the onset of the As exposure (Fig. 3) and that
observed at 10 and 30 d of transcripts encoding for a high-affinity phosphate transporter protein

(HAPO4) (Supplementary Fig. 3A), relate to the first lower and then similar P concentrations in
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roots of As-exposed S. atrocinerea as compared to non-exposed plants (Table 1). It has been
suggested that reduced uptake of As V is a well-known mechanism of As V resistance employed by
many plant species, which is achieved through a reduction of the phosphate/arsenate uptake system
in resistant plants (Meharg and Hartley-Whitaker, 2002). Moreover, it is thought that this reduction
decreases As V influx to a level at which the plant can detoxify As, presumably by constitutive
mechanisms (Catarecha et al., 2007). However, according to our results of As accumulation and a
lower concentration of P under As exposure as compared to the control condition, it can be suggested
that the transcript upregulation of phosphate-related transcripts in roots is based on preventing As V
competition and avoiding P deprivation. Therefore, since As does accumulate at high concentrations
in roots of willow, a more effective detoxification mechanism than inhibition of phosphate
transporters as seen in other plants would be necessary in S. atrocinerea. After 30 d, As
concentration in leaves of S. atrocinerea reached levels higher than toxicity levels established for
non-tolerant plants (1-20 mg As kg™ dry weight; White and Brown, 2010). Under these conditions, a
differential regulation of As V-related transporters in leaves of S. atrocinerea was observed. The
decrease in PHOL1 transcripts at 1, 3 and 10 d (Supplementary Fig. 3B), is a similar response to that
of As resistant species, where avoiding As uptake in leaves by reducing phosphate uptake constitutes
a tolerance mechanism (Meharg and Hartley-Whitaker, 2002). However, at 30 d the down-regulation
ceased and there were no differences in transcript levels of PHO1 compared to those observed in
leaves of control plants and it matched with a similar P concentration in leaves of both treatments
(Table 1). According to the Ca concentrations observed in plants of S. atrocinerea (Table 1), it can
be suggested that Ca accumulation in the roots and its reduced translocation to the leaves is a
response to As accumulation. Ca is an essential plant macronutrient and it plays an important role in
cell wall and membrane stabilization and regulates nutrient uptake as well as different stress

responses (Ahmad et al., 2015), including an increase of the antioxidant defense under As exposure
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and reducing As uptake (Rahman et al., 2015). In multiple studies, it has been shown that
micronutrient accumulation is affected by As exposure, but it can also have an impact on As uptake
and hence As toxicity (Srivastava et al., 2017). It has been proposed that B channels might have a
role in As transport into the cell (Yanitch et al., 2017), which is also reflected in our results with
increased BORON transcript levels in roots (Fig. 3) and leaves (Supplementary Fig. 3B).
Furthermore, boric acid transporter NIP5.1 from Arabidopsis is also permeable to As Il (Mitani-
Ueno et al., 2011), and our data showed that B accumulation in plant tissues changes along the time
of exposure to As (Table 1), with BORON transcripts 5-fold down-regulated at 1 d (Fig. 3), when As
I11 concentration in the medium was the highest (Fig. 2B). In leaves, BORON transcripts are induced
at 1 and 3 d in response to As (Supplementary Fig. 3B), coinciding at 3 d with the highest B
concentration (Table 1). Whereas Zn is described as an indispensible micronutrient, which mitigates
As toxicity by modulating ROS and the antioxidant function in plants (Das et al. 2016) or by
improving the thiol metabolism (Srivastava and Srivastava, 2017), no major changes were detected in
Zn concentration apart from the increase at 1 d in As-exposed plants. With regard to Fe, our data
showed that Fe translocation to leaves was more affected by As than any of the other elements, with
an increased Fe concentration in roots exposed to As, whereas in leaves it decreased (Table 1).
Shaibur et al. (2008) described that one of the symptoms of As toxicity is the formation of Fe plaques
in roots and, as also seen in our case, Fe:P ratios in the roots of the As-exposed plants were higher
than those observed in the control roots. This suggests that, in the liquid culture medium, As may
have been adsorbed with Fe on the surface of the roots, forming Fe-As plaques. Thus, the iron plaque
formed on the root surface will act as a natural As barrier and reduce As uptake by the plant and its
translocation to shoots.

Besides the impact of other elements in the medium on As uptake, the speciation of As also
plays an important role in the accumulation of As and tolerance by the plant (Moreno-Jimenez et al.,

2010). The As was added to the culture medium as As V and after 24 h a 4% reduction to As Il was
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observed (Fig. 2B). This chemical reduction can be attributed to metabolic activities of S. atrocinerea
since no speciation was detected when the plant cuttings were not present in the culture medium. For
this observation, two possible explanations can be given. On one side, plants might induce changes in
the pH and in the redox potential of the culture medium as it was observed in this study (Fig. 2A),
and those changes might affect the speciation of As. For an example, it has been proposed that
protons released from organic acids (R-COOH) and excreted by plant roots may contribute to the
reduction of As V to As Ill, while increasing the pH as the process consumes H* (Park et al., 2016).
Interestingly, only As V was detected after 30 d and it matched with the highest pH value in the
medium; whereas the highest As 11l concentration was detected at 1 d, when the pH was the lowest
(Fig. 2A). Therefore, another possible explanation for the presence of As Il1 in the medium is a direct
efflux of As Ill from the plant to the medium that can be linked to the proton gradient across the
plasma membranes or dependent of the plant metabolism (e.g. direct As Il from plant cells to the
medium) (Xu et al., 2007; Park et al., 2016). Taking transcriptional regulations into account, since
willow plants were able to induce the occurrence of As Il in the medium, differences in transcript
levels of genes encoding for As I11 transport were expected in roots of As-exposed plants.

In our case, we observed a noticeable up-regulation of the transcripts encoding the aquaporin
NIP1.1, reported for As 1l uptake into the roots (Ma et al., 2008), and in transcripts for SIP1 at 1 d of
As exposure (Fig. 3). This up-regulation diminishes over time, probably as a consequence of a very
active As V reduction to As Il during the first days of exposure, with a lot of free As Il initially in
the cytoplasm. This transcript up-regulation for As Il transporters in roots, suggests that As V
reduction has occurred even before its entry into the roots, which is supported by the presence of 4%
of As Il in the medium at 1 d of exposure (Fig. 2B), and which coincides with the highest up-
regulation of NIP1 and SIP1. In leaves, where As was mainly present as As V, no changes in

transcript levels for the aquaporin transcripts were observed (Supplementary Fig. 3B).
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Once inside the cell, since As V has no affinity for the “~-SH” groups in the PCs, the first step in
As detoxification is As reduction (Finnegan and Chen, 2012). The main mechanism for As V
reduction is the presence of As V reductases where GSH acts as electron donor (Dhankher et al.,
2002). Arsenate reductases are believed to have evolved from the CDC-25 (cell division cycle) dual-
specificity tyrosine phosphatases (Duan et al., 2007). Based on homology with the yeast As V
reductase, ACR2P, Bleeker et al. (2006) identified a CDC25-like plant candidate and showed that it
had arsenate reductase activity like it was also observed in other assays (Dhankher et al., 2006). In
our study, As V reduction to As Il was observed in roots right after As uptake with an increasing As
I11 concentration in root tissues from 9% to 70% by the end of the study (Fig. 2C). This coincides
with the CDC25-1 up-regulation in roots of plants exposed to As (Fig. 3), whereas no changes were
observed for CDC25-2 (Supplementary Fig. 3A).

Another mechanism to reduce As V in the plant is through a non-enzymatic reduction, where
GSH is implied, but this process is relatively slow, so according to the NPT data we can attribute the
large up-regulation observed in GS transcripts along the As-exposure time to PC production as a
detoxification mechanism. This was reflected by the increased NPT concentrations in S. atrocinerea
roots after As uptake (Table 3). Our results showed that although there was a clear up-regulation of
GS transcripts in roots (Fig. 3), GSH concentrations of As-exposed plants remained constant over
time and lower than those in the roots of control plants (Table 3). However, since PCs use GSH as a
building substrate, the decreasing concentrations of GSH are consistent with its use in PCs or other
NPTs. This fast increase in NPT concentrations and the As Il presence in the roots, support our
observations of As speciation in the medium; where it seems that As Il efflux by roots occurs right
after As V uptake and that this efflux diminishes once the As 111 is complexed with thiols and stored
in the vacuoles. Therefore, an increase in NPTs under increased As Ill presence points towards an
As-PC complex formation possibly leading to less As I11 efflux. In support to this explanation, Raab

et al. (2005) found that in sunflower roots the amount of As not complexed by thiols fell from 90% of
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total As after 1 h exposure, to 43% after 4 d of exposure. In addition, although PCs were synthesized
in S. atrocinerea in response to As exposure and their concentration increased over time in roots
(Table 3), there was only a slight increase, in transcripts coding for PCS at 1 d, similar to the
behavior observed in transcripts of GR (Supplementary Fig. 3A). This suggests that the induction of
PCS expression is unlikely to play a significant role in regulating PC biosynthesis (Cobbett 2000).
This agrees with Rea el al. (2004), who reported that PCS enzymes are expressed constitutively at
relatively high levels and are generally unaffected by exposure of cell cultures or plants to heavy
metal(loid)s. As described in other plant species, PC-based sequestration is considered to be essential
for As tolerance, where hypertolerant ecotypes present higher PC concentrations under As exposure
compared to non-tolerant ecotypes (Meharg and Hartley-Whitaker, 2002; Schat et al., 2002;
Fernandez et al., 2013). The 7-fold increase in NPT concentration observed in our case in roots of
willow after 1 d of As exposure, it is then related to a fast As V reduction to As Il and to the need to
synthetize longer-chain PCs to chelate the increasing concentrations of As Ill, and therefore
maintaining cellular stability. As it has been reported by Sharma et al. (2016), longer chain PCs
contribute to a more effective cellular detoxification due to a higher metal-binding capacity and
formation of more stable As-complexes that will prevent the interaction with sulfhydryl groups of
other proteins and hence affect the metabolism.

We also observed that in the roots, the organ where more As was accumulated, a greater PCs
synthesis was present than in leaves where As accumulation is lower. Another interesting observation
of our study is the presence of many unknown thiol products. This is in accordance with the results of
Li et al. (2004) in Arabidopsis, where As exposure resulted in the expression of many unknown thiol
products, whereas cadmium induced higher increases in traditional PCs (PC,, PC3, PCy).

Most of the As speciation experiments described in literature propose As Il as being the

predominant As form in leaves (Kertulis et al., 2005; Zhang et al., 2009; Yan et al., 2012; Park et al.,
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2016). However, in our case As V was the main As species observed in leaves throughout the
experiment (Fig. 2C). Despite As exposure caused de novo synthesis of desGly-PC, and the increase
of desGly-PC, in leaves of As-exposed plants, a possible explanation for the lack of As 1l observed
in leaves, with the exception at 3 d, could be attributed to the relatively low concentration of As in
leaves as compared to roots (Table 2) , which might require a less effective NPT response. Another
explanation could be related to the stability of the As-thiol complexes present in leaves, where As Il
could be mainly bound to GSH which was present at higher concentrations than in roots, and
represent the main NPT in leaves (Table 3). Since As I1l — GSH complexes are less stable that As 111
— PCs, a dissociation of these complexes could take place with the consequent re-oxidation of As 111
to As V (Bluemlein et al., 2009; Zhao et al., 2009). In relation to this, the As V presence in leaves of
S. atrocinerea might explain the need for the up-regulation of the CDC25-like tyrosine phosphatases
pathway observed at 10 and 30 d, when As increased in shoots (Supplementary Fig. 3B), and
exceeded plant toxic limits (White and Brown, 2010). In contrast to PCs that rely on enzymatic
synthesis, MTs, which are also important metal chelators in plant cells, are direct products of mMRNA
translation (Anjum et al., 2015). Examples of MTs induction under metal exposure in Salix have been
described by Konlechner et al. (2013), and it is known that metals like Zn or Fe bind to MTs with the
highest affinity (Blindauer et al. 2010). Therefore, in this study according to the differential
transcription pattern of MT1A between roots and leaves, due to the Fe accumulation in roots and its
reduction in leaves, it could be that MT1A induction in leaves (Supplementary Fig. 3B) corresponds
to the need of supplying enough Fe and that this up-regulation is not involved in direct As chelation.
However, its induced expression in leaves forms part of the response to the As-induced stress.

Once As V is reduced to As Il and complexed to NPTs to limit its toxicity, these complexes
are taken up by ABC transporters and stored in the vacuole. ABC transporters constitute one of the
largest protein families, present in organisms ranging from bacteria to humans, and have been

identified as transporters involved in detoxification processes by transporting metal(loid)-PC
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complexes (Kang et al., 2011). It is known that As I11-PCs complexes have a low stability and their
storage into the acidic environment of vacuoles can limit its dissociation and As release back into the
cytosol (Schmdger et al., 2000). Song et al. (2010) already emphasized that engineering of vacuolar
PC transporters in plants may be of potential use in phytoremediation. According to this, in our
study, the up-regulation observed of WBABCT transcripts (Fig. 3) highlights its role in metal(loid)-
PC complexes transportation and constitutes an interesting target gene to increase accumulation for
phytoremediation purposes. Interestingly, in leaves, since only As V was present and at low
concentration compared to roots, no differential up-regulation of WBACT transcripts was observed as
compared to control (Supplementary Fig. 3B).

Taking into account that speciation and distribution of As in the plant can provide important
information and help to understand the mechanisms for As accumulation, translocation, and
transformation as noted by Zhang et al. (2002), our results suggest that the As tolerance mechanism
of S. atrocinerea relies on As V reduction in roots but not in leaves. Therefore, limited As V
translocation by an effective As V reduction to As Ill and its complexation to NPT compounds and
further sequestration into the root vacuoles, as supported by the gene expression, seems to be the
reason for the tolerance of S. atrocinerea to As.

Under As accumulation, stress is induced in plant cells. Although in leaves As detoxification
processes are not really activated as seen in roots, S. atrocinerea plants respond to As in both roots
and leaves by altering gene expression related to general stress. This response includes alterations at
the transcript level of genes related to (1) cell wall synthesis, as a down-regulation of the cellulose
synthase like A (CSA) (Supplementary Fig. 3A,B) is observed; (2) ethylene biosynthesis, with ACCS
notably up-regulated in roots and to a lesser extent in leaves, probably explained a low As
translocation (Supplementary Fig. 2); and (3) transcripts related to the synthesis of heat shock

proteins, like AIP-1, a highly conserved gene selectively activated by As Il in many cell types (Sok
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et al., 2001). In our experiment the highest up-regulation was observed in roots at 1 d after exposure
and it decreased over time (Supplementary Fig. 2). Since this protein is As Ill-induced, and As Il
concentrations increase over time in roots, this suggests an effective complexation of As Ill from 1 d
on with NPTs to prevent its toxicity. Another As-related response of willow is the biosynthesis of
phenylpropanoids that may culminate with the increased production of tannins (Yanitch et al., 2017)
and might be an important stress defense mechanism in leaves. In our study, we observed an early
up-regulation of selected genes (CHS1, CHS2, 2HFLR and F3H) in the flavonoid pathway at 1 d after
As exposure (Fig. 4 B and Supplementary Fig. 3B), whereas no major changes in the expression
pattern or a down-regulation were noticed later on as compared to control conditions. Therefore, by
the information provided by the transcript levels, we suggest that S. atrocinerea relies on the
phenylpropanoid pathway to cope with As toxicity during the early times of exposure, but further

investigation at metabolic level is essential.

5 Conclusions

The selected S. atrocinerea clone naturally growing in an As-contaminated brownfield showed
great tolerance when grown in the presence of a high concentration of As and accumulated more than
2,400 mg As kg™ dry weight in its roots without showing phytotoxicity symptoms. Our findings
reveal that under the presence of As V in hydroponic conditions, willow plants show a transcriptional
regulation of genes involved in nutrient transporters, As V reduction, glutathione synthesis and
sequestration of As into the vacuoles, together with genes involved in stress responses, which
coincides with a rapid As 11 presence and accumulation in root tissues, altered nutrient profile and de
novo synthesis and increase of NPT compounds, all of which contribute to the tolerance to the

metalloid by S. atrocinerea.
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The high As accumulation together with a high biomass yield makes this willow species a
potential tool for its use in As phytoremediation. Overall, a better understanding of the physiological
mechanisms of tolerance to arsenic toxicity in S. atrocinerea was achieved through this study by
experimental verification of the significance of particular transcripts complemented by an integrative
analysis of nutrient profile, As accumulation and speciation, as well as NPT compounds synthesis.
However, according to our observations, further research should also focus on what happens in real
polluted soils where, apart from As, there are usually other metal(loid)s at high concentrations that

can affect the plant detoxification responses.
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928  Supplementary Table 1. Primer sequences used for the real time RT-PCR analyses.

S. purpurea ortholog locus

Product

L . ) ar . »
Gene Gene description or NCBI annotation Primer sequence F/R (5'-3') size (bp) Efficiency R
Reference genes (1: used to normalize gene expression data in roots, 2: used to normalize gene expression data in leaves)

12 . . . . GGCAGTGGTTCCTCTTCGAA
OoTU OTU-like cysteine protease family protein ~ SapurV1A.0615s0200.1 ATCCCCATCTTTCGCAGTCG 114 91.2% 0.9951
ACT? Actin 7 SapurV1A.023150320.1 U b 140 90.6% 0.9939
4-TUB2 Alpha-tubulin 2 SapurV/1A.059850030.1 T Sre 133 97.6% 0.9917

. GCTCCCGGTTCTTCTTATTTTCC

DNAJ Chaperone protein DnaJ 49 SapurV1A.0212s0110.1 AAATTAACCCCTCTCTGCGTAGT 117 81.3% 0.9871

1 . ACCAGATTTCCGAGCCCAAG
EFla Elongation factor 1-alpha SapurV1A.0023s0300.1 TTGGCCCAAAAGTGOAAACC 150 90.1% 0.9932
ARF2! ADP-ribosylation factor 2 SapurV1A.001450160.1 G AT T INARRS 131 96.9% 0.9992
Arsenate transport
HAPO4 High-affinity phosphate transporter 4 HQ228362.1 psssasSocacelicelil 108 86.1% 0.9951

. CAGCCACTTATCCCCAGCAA
NA-DPHOT Sodium-dependent phosphate transporter SapurV1A.0139s0260.1 TCAAGGCGAATAGAACCCGT 134 94.5% 0.9873
PHO1 Phosphate transporter PHO1-like protein SapurVV1A.0063s0550.1 é?éTGg gggﬁ,ﬁgggiﬁgﬁ 115 81.3% 0.9938
Arsenite transport
TCATTCGGGGAACAACTGGAG

BORON Boron transporter SapurV1A.0014s0200.1 ACTGTCGGCTCTGCAACTC 143 93.3% 0.9805
NIP1 Aquaporin NIPL.1 SapurV1A.002950170.1 gﬁéﬁg&%{%ﬁgﬁg ACTC('?GGGGA 106 89.9% 0.9912
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GCCAGTTCAGTACAAGCACATG

SIP1 Aquaporin SIP.1 SapurV1A.105850060.1 S s 147 103.9% 0.9911
SILICON silicon 1 SapurV1A.122550080.1 i veasdidb g rgyedid 9 85.2 0.9977
Arsenate reductases
CDC25-1 Tyrosine phosphatase SapurV1A.014250310.1 yseeaiaiNionditowill 97 92.9% 0.9851
CDC25-2 Tyrosine phosphatase SapurV1A.024350430.1 T AL IRSPCT  ar 89.9% 0.9960
Thiol chelating response
GR Glutathione reductase SapurV1A.00560770.1 psiasslcavesaCiNall 126 93.9% 0.9624
GS Glutathione synthetase SapurVV1A.1124s0080.1 gigig%ééi¥g§g%é;%%ﬁ; 91 116.4% 0.9889
PCS Phytochelatin synthase SapurV1A.01600210.1 S L SR 137 98.53% 0.9922
GsT Glutathion S-transferase SapurV1A.0016s1070.1 Al sslicsovalive 120 90.0% 0.9935
MT1A Metallothionein S. matsudana EF157299.1 g%%?.?;gg}rgégﬁégg?gg 97 90.5% 0.9998
Vacuolar transporters
ABCG ABC transporter G SapurV1A.025850220.1 ¢g§g¥gg%&ﬁgg¢é§g§ﬂ 94 84.3% 0.9778
CAX2-1 Vacuolar cation/proton exchanger 2 SapurV1A.1071s0020.1 Z(C:E?mg%izi%zcéﬁée 94 92.9% 0.9954
CAX2-2 Vacuolar cation/proton exchanger 2 SapurV1A.0338s0120.1 -(EE?AEEA?J AGé: g;ggﬁ;igi% 142 103.4% 0.9826
WBABCT White-brown-complex ABC transporter SapurV1A.0084s0020.1 igﬁégéffggg XQAC\;AC\;:\AC(ISX 96 97.3% 0.9979
929
930
Flavonoid Synthesis
CHS1 Chalcone synthase SAUIVIAQB20S0070.1 Al il T OCSCCTABTOAC ) 96.9% 0.9974
CHS2 Chalcone synthase 2 SapurV1A.005650660.1 m%%iéi%%éa’éﬁégﬁi 145 91.5% 0.9992
CHS3 Chalcone synthase 3 SapurV1A.0820s0080.1 iggggggégégﬁggﬁéc 135 87.7% 0.9999
F3H Flavanone 3-hydroxylase SapurV1A.1567s0010.1 $€£2?L%%%’é%$$lé;g$gé 136 96.7% 0.999
FLH Flavonoid 3-hydroxylase SapurV1A.04260030.1 Iggmzﬁﬂgggggg 114 88.6% 0.9949
2HFLR Dihydroflavonol 4-reductase SapurV1A.018850360.1 ig%ggég%ggﬁgﬂggi 9 92.7% 0.9661
FLS Flavonol synthase SapurVIA 1087500401 [GOCAACCCAGAT TGTBTCE 94 90.5% 0.9976
ANR Anthocyanidin reductase SapurV1A.002850410.1 &%%ﬁ%?géii%ﬁég?g 129 93.8% 0.9930
ANS Anthocyanidin synthase SapurV1A.0260s0310.1 %g@ﬁ%@%ﬁgﬁgﬁaﬁggm 127 95.8% 0.9823
Stress related
ACCS 1-aminocyclopropane-1-carboxylate synthase  Sapur\VV1A.216050020.1 gggggﬁgﬁégg&g&;‘f 115 102.3% 0.9982
AIP-1 Arsenite nducible RNA-assoctated Profein— sapurvia 0220500301 STICCACTISAAGEIOTCE 140 93.2% 09940
ER Ethylene receptor SapurV1A005250240.1  TACCATACACCTGCCCACTG 90 120.0% 0.9870

GTAGTAGAGGTACACGAACAGCA
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CSA

Cellulose synthase A catalytic subunit 9

SapurV1A.0828s0050.1

TCACAGTCACATCCAAGGCA
TCCAGCAACAACTCCAACGA

125

90.5%

0.9919
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Table 1. Continued

Table 1. Nutrients (mg kg™ DW) in roots and leaves of S. atrocinerea exposed to control and arsenic

conditions for 30 days. Different letters within each column and tissue indicate significant differences

among treatments and time points on HSD test at p < 0.05.

Organ Time (d)  Treatment ’P\I utrient Ca B 7 =
Roots 1 Control 5757.89 +430.12 a 4322.53+207.32b 19.62+1.12a 512.35+53.12b 1955.93 £ 98.36 b
As 5720.65 + 379.34 a 4929.41 +242.98 a 21.98+1.23a 625.22+29.75a 2364.78 + 115.93 a
3 Control 5791.72 + 456.56 a 3271.75 £ 24556 b 15.83+0.89 ¢ 439.97 + 23.45 be 1219.43 + 62.34 d
As 5507.21 +412.42 a 4556.62 + 34245 a 19.46+0.93 a 469.75 + 30.45 be 1354.59 + 49.45 ¢
10 Control 3772.06 + 235.67 b 3041.54 +289.87 ¢ 1553+0.92b 481.45 + 32.34 bc 1087.50 £ 83.12 e
As 2883.34 £ 176.34 ¢ 4257.52 + 458.96 b 17.53+1.09 ab 432.36 £ 23.56 ¢ 1287.73+69.32 ¢
30 Control 2729.45 + 278.45d 3093.95 + 334.56 ¢ 13.26+1.01d 330.76 + 22.34 d 94327 +34.23 f
As 1633.24 £ 99.83 e 4154.46 + 354.98 a 14.38+0.89d 332.44+15.69d 1082.25+ 50.54 ¢
Leaves 1 Control 3403.13 £179.33a 6227.33 £434.93a 64.22 +6.73 ab 633.62 +40.93 a 23431+12.45b
As 3112.77 + 143.54 ab 5290.13 +302.34 b 49.23 +5.34 be 544.83 +30.87 b 226.23+10.15b
3 Control 3591.96 + 123.43 a 5886.58 + 478.23 b 49.31 £3.53 be 646.95 +51.23 a 382.15+2154a
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As 294252 +174.23b 6909.65 + 398.12 a 68.55+4.52 a 532.08 + 79.56 ab 180.67 +£7.28 ¢

10 Control 2358.36 £132.34 ¢ 6378.05 + 403.23 ab 4797+223¢c 503.68 + 23.13 b 250.83+10.23b
As 2046.62 + 124.54d 4603.75 +345.21 ¢ 57.26+3.21b 516.58 +31.22b 143.65 £ 18.23d
30 Control 2035.46 +121.23d 7001.72 +421.23 a 43.32 £2.34d 429.35+28.78 ¢ 239.40+12.12b
As 2106.37 £ 134.24 cd 5492.63 £ 324.12b 60.67 +3.11 ab 400.92+33.21¢c 152.47 £13.52d

943
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947
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949
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958

Table 2. Arsenic accumulation (mg kg™ DW) in roots and leaves of S. atrocinerea exposed to arsenic
for 30 days. Different letters within each column and plant tissue indicate significant differences

among time points on HSD test at p < 0.05. nd: not detected.

Organ Time point (d) Arsenic
11 \ Total
Roots 1 16.14+2.34 d 164.88 +149.33 d 182.43 +£20.10d
3 3345+4.78 ¢ 318.86 +21.95¢ 353.65+23.98¢c
10 929+80.21b 542.35+41.29b 1471.92 £ 123.87 b
30 1688 + 148.43 a 734.90+65.20 a 2448 +178.32 a
Leaves 1 nd 2.78£0.24d 2.78+0.24d
3 1.30+0.08 ¢ 5.76 +£0.45¢ 7.23+0.39¢
10 nd 18.75+1.14b 18.75+1.14b
30 nd 2545+257a 2545+257a
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970  Table 3. Non-protein thiolic peptides (nhmol GSH g™ FW) in roots and leaves of S. atrocinerea
971  exposed

972  to control and arsenic conditions for 30 days. Different letters within each row and plant tissue
973 indicate significant differences among treatments and time points on HSD test at p < 0.05. nd: not

974  detected.

975

1d 3d 10d 30d

Organ Thiol Control As Control As Control As Control As
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Roots Cys nd 5.85+1.73a nd 19.38+0.18 b nd 7.99+2.15a Nd 4.06+0.15¢
GSH 13.73+0.93a 7.90+0.66 b 11.68+1.59a 6.91+0.55 bc 15.15+1.83a 6.15+0.74 ¢ 12.80+1.40a 6.05+0.52¢
TC, nd 1469+1.11a nd 10.62+0.74 b nd 6.72+1.25¢ Nd nd
PC, nd 13.63+1.85b nd 16.72+1.78 ab nd 19.10+1.03a Nd 18.42+1.75a
Cys-PC, nd 10.37+0.76 d nd 13.46+1.51c nd 23.13+£0.02b Nd 34.35+1.48a
TC, nd 6.78+0.14d nd 10.17+0.32¢ nd 17.12+0.45b Nd 21.79+0.29a
PCs nd 20.32+1.40d nd 33.64+1.09¢ nd 47.01+9.54b Nd 65.38+1.06a
desGly-PC, nd 8.88+0.53d nd 34.35+2.27c nd 73.86+4.27b Nd 150.19+12.24 a
Cys-PC, nd 10.91+0.71d nd 61.14+1.74c nd 74.34+3.73b Nd 169.27+11.71a
Total ZNPTs 13.73+0.93 e 99.34+2.71d 11.68+1.59e 174.85+18.70 ¢ 15.15+1.83e 267.57+12.93 b 12.80+1.40e 469.52+21.32a
Leaves GSH 43.09+2.53b 49.35+1.80a 40.30 £ 3.45 bc 49.87+3.33a 4470 £2.78 ab 37.74+1.88¢c 45.63+2.45ab  41.41+1.86b

desGly-PC, nd 2.22+0.31d nd 5.18+1.03¢ nd 7.65+0.53 b Nd 9.39+0.88a
desGly-PC, 2.50+0.11d 2.52+0.10d 2.46+0.14d 3.06+0.36 ¢ 2.74+0.12 cd 2.87+0.14c 4.09+0.52b 6.46 +0.48a
TC; 4.48 £0.38 b 545+0.23 a 4.04+0.49b 6.25+0.64 a 4.04+0.34b 5.08 £0.70 ab 3.03+0.18¢ 3.95+041b
Total INPTs 55.40 + 1.89 bc 67.60+1.45a 50.54+3.45c 69.58+5.70a 53.56 £ 4.05 bc 58.16+2.50b 5470+4.11bc  62.51+ 594ab
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Fig. 2. pH in the culture medium (A) and percentage of arsenic speciation in the culture medium (B)

and roots and leaves (C) of S. atrocinerea exposed to arsenic for 30 days (Red: As V, white: As II).
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Fig. 3. Relative fold change of the gene expression levels in roots of S. atrocinerea exposed to As
regarding those genes involved in As uptake and reduction, thiol synthesis and vacuolar
sequestration, that showed the most markedly regulation along the 30 days. Values represented are
the fold change (+ S.D.) of mean normalized expression relative to the non-exposed plants at each
time point of at least three biological replicates, each containing at least one individual plant.
BORON, boron transporter; CDC25-1, tyrosine phosphatase 1, GS, glutathione synthetase; NIP1,
aquaporin NIP1.1; PCS, phytochelatin synthase; PHO1, phosphate transporter PHO1; SIP1,

aquaporin SIP.1; WBABCT, white-brown-complex ABC transporter.
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Fig 4. Biplots of the principal component analysis (PCA) in samples of roots (A) and leaves (B) of S.
atrocinerea exposed to arsenic for 30 days calculated with the normalized gene expression levels
relative to the non-exposed plants at each time point of at least three biological replicates, each
containing at least one individual plant. 2HFLR, dihydroflavonol 4-reductase; ABCG: ABC
transporter G; ACCS, aminocyclopropane-1-carboxylate synthase; AIP-1, arsenite-inducible RNA-
associated protein AIP-1-related; ANR, anthocyanidin reductase; BORON, boron transporter; CAX2-
2, vacuolar cation/proton exchanger 2; CDC25-1, 2, tyrosine phosphatase 1, 2; CHS1,3, chalcone
synthase 1,3; CSA, cellulose synthase A; F3H, flavanone 3-hydroxylase; FLH, Flavonoid 3'-
hydroxylase; GR, glutathione reductase; GS, glutathione synthetase; HAPO4, high-affinity phosphate
transporter 4; MT1A, Metallothionein; NIP1, aquaporin NIP1.1; PCS, phytochelatin synthase; PHO1,
phosphate transporter PHOZ1; SIP1, aquaporin SIP.1; WBABCT, white-brown-complex ABC

transporter.
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Supplementary Fig. 2. Relative fold change of the gene expression levels in roots of S. atrocinerea
exposed to As regarding those genes involved in stress response that showed the most markedly
regulation along the 30 days. Values represented are the fold change (+ S.D.) of mean normalized
expression relative to the non-exposed plants at each time point of at least three biological replicates,
each containing at least one individual plant. ACCS, aminocyclopropane-1-carboxylate synthase;

AIP-1, arsenite-inducible RNA-associated protein AIP-1-related.
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Supplementary Fig. 3. Heat map representations of the gene expression data obtained in samples of
roots (A) and leaves (B) of S. atrocinerea exposed to arsenic for 30 days and hierarchical clustering
based on the most differentially expressed genes with a fold regulation equal or lower than 2. Gene
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For gene abbreviations see Supplementary Table 1.
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Table 1

Click here to download Figure: Table 1.docx

Table 1. Nutrients (mg kg™ DW) in roots and leaves of S. atrocinerea exposed to

control and arsenic conditions for 30 days. Different letters within each column and

tissue indicate significant differences among treatments and time points on HSD test at

p < 0.05.
Organ Time (d) Treatment gutnent Ca B 7 Fe
Roots 1 Control 5757.89 +430.12 a 4322.53+207.32 b 19.62+1.12a 512.35+53.12b 1955.93 + 98.36 b
As 5720.65 +379.34 a 4929.41 +242.98 a 21.98+123a 625.22+29.75a 2364.78 + 115.93 a
3 Control 5791.72 + 456.56 a 3271.75+ 24556 b 15.83+£0.89¢ 439.97 + 23.45 bc 1219.43 +£62.34d
As 5507.21 +412.42 a 4556.62 + 342.45a 19.46+0.93a 469.75 + 30.45 bc 1354.59 + 49.45 ¢
10 Control 3772.06 + 235.67 b 3041.54 + 289.87 ¢ 15.53+0.92 b 481.45 + 32.34 be 1087.50 + 83.12 ¢
As 2883.34 £176.34 c 4257.52 + 458.96 b 17.53 +1.09 ab 432.36 +23.56 C 1287.73 £69.32 ¢
30 Control 2729.45 +278.45d 3093.95 + 334.56 ¢ 13.26+1.01d 330.76 + 22.34 d 943.27 +34.23 f
As 1633.24 +99.83 ¢ 4154.46 + 354.98 a 14.38+0.89d 332.44 + 15.69 d 1082.25+ 50.54 e
Leaves 1 Control 3403.13 £179.33 a 6227.33 £434.93 a 64.22 +6.73 ab 633.62 £40.93 a 234.31+1245b
As 3112.77 + 143.54 ab 5290.13 + 302.34 b 49.23 +5.34 be 544.83 +30.87 b 226.23+10.15b
3 Control 3591.96 + 123.43 a 5886.58 +478.23 b 49.31+3.53 bc 646.95+51.23 a 382.15+2154a
As 2942.52 +174.23 b 6909.65 + 398.12 a 68.55+4.52 a 532.08 + 79.56 ab 180.67 £ 7.28 ¢
10 Control 2358.36 + 132.34 ¢ 6378.05 + 403.23 ab 47.97+2.23¢c 503.68 + 23.13 b 250.83+10.23 b
As 2046.62 + 124.54 d 4603.75+345.21 ¢ 57.26+3.21b 516.58 +31.22 b 143.65 + 18.23 d
30 Control 2035.46 + 121.23 d 7001.72 + 421.23 a 43.32+2.34d 429.35+28.78 ¢ 239.40+12.12b
As 2106.37 + 134.24 cd 5492.63 +324.12 b 60.67 +3.11 ab 400.92 +33.21 ¢ 152.47 + 13.52 d
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Table 2

Click here to download Figure: Table 2.docx

Table 2. Arsenic accumulation (mg kg DW) in roots and leaves of S. atrocinerea

exposed to arsenic for 30 days. Different letters within each column and plant tissue

indicate significant differences among time points on HSD test at p < 0.05. nd: not

detected.
Organ Time point (d) Arsenic
111 V Total

Roots 1 16.14+2.34 d 164.88 +149.33 d 182.43+20.10d
3 3345+4.78 ¢ 318.86 +21.95¢ 353.65+23.98 ¢
10 929+80.21b 542.35+41.29b 1471.92 £ 123.87 b
30 1688 + 148.43 a 73490+ 65.20 a 2448 +178.32a

Leaves 1 nd 278+0.24d 2.78+0.24d
3 1.30+0.08 e 576 +0.45¢c 7.23+0.39c
10 nd 18.75+1.14b 18.75+1.14b
30 nd 2545+257a 2545+257a
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Table 3

Click here to download Figure: Table 3.docx

Table 3. Non-protein thiolic peptides (nmol GSH g FW) in roots and leaves of S.

atrocinerea exposed

to control and arsenic conditions for 30 days. Different letters within each row and plant

tissue indicate significant differences among treatments and time points on HSD test at

p < 0.05. nd: not detected.

1d 3d 10d 30d

Organ Thiol Control As Control As Control As Control As

Roots Cys nd 5.85+1.73a nd 19.38+0.18b nd 7.99+2.15a Nd 4.06+0.15¢
GSH 13.73+0.93a 7.90+0.66 b 11.68+1.59a 6.91 +0.55 bc 15.15+1.83a 6.15+0.74c 12.80+1.40a 6.05+0.52¢
TC, nd 1469+1.11a nd 10.62+£0.74 b nd 6.72+1.25¢c Nd nd
PC, nd 13.63+1.85b nd 16.72+1.78 ab nd 19.10+1.03a Nd 18.42+1.75a
Cys-PC, nd 10.37+0.76 d nd 13.46+1.51c nd 23.13+£0.02b Nd 3435+1.48a
TC, nd 6.78+0.14d nd 10.17+0.32 ¢ nd 17.12+0.45b Nd 21.79+0.29a
PC3 nd 20.32+1.40d nd 33.64+1.09¢ nd 47.01+9.54b Nd 65.38+1.06a
desGly-PCs nd 8.88+0.53d nd 3435+227¢c nd 73.86+4.27 b Nd 150.19+12.24a
Cys-PCs nd 10.91+0.71d nd 61.14+1.74c nd 7434+3.73b Nd 169.27 £11.71a
Total ENPTs 13.73+0.93 e 99.34+2.71d 11.68+1.59e 174.85+18.70 ¢ 15.15+1.83 e 267.57+£12.93 b 12.80+1.40e 469.52+21.32a

Leaves GSH 43.09+2.53b 49.35+1.80a 40.30 + 3.45 bc 49.87+3.33a 44.70+£2.78 ab 37.74+1.88¢c 4563+245ab 41.41+186b
desGly-PC, nd 2.22+0.31d nd 5.18+1.03c nd 7.65+0.53 b Nd 9.39+0.88a
desGly-PC, 250+0.11d 2.52+0.10d 2.46+0.14d 3.06£0.36¢ 2.74+0.12 cd 2.87+0.14c 4.09+0.52b 6.46 +0.48 a
TCs 4.48+0.38b 5.45+0.23a 4.04+0.49b 6.25+0.644a 4.04+0.34b 5.08 +0.70 ab 3.03+0.18¢ 3.95+041b
Total ENPTs 55.40 + 1.89 bc 67.60+1.45a 50.54+3.45¢ 69.58+5.70a 53.56 + 4.05 bc 58.16 £2.50 b 54.70+4.11bc  62.51% 594ab



http://ees.elsevier.com/stoten/download.aspx?id=2496984&guid=8322d682-6c75-47a4-a67e-eb0c16016fc6&scheme=1

Supplementary Table 1
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Supplementary Table 1. Primer sequences used for the real time RT-PCR analyses.

_— S. purpurea ortholog locus . ) o Product . 2
Gene Gene description or NCBI annotation Primer sequence F/R (5'-3') size (bp) Efficiency R
Reference genes (1: used to normalize gene expression data in roots, 2: used to normalize gene expression data in leaves)
12 . . . . GGCAGTGGTTCCTCTTCGAA
OTU OTU-like cysteine protease family protein ~ SapurV1A.061550200.1 ATCCCCATCTTTCGCAGTCG 114 91.2% 0.9951
2 - CTGTCCTTTCCCTGTATGCCA o
ACTT Actin 7 SapurV1A.0231s0320.1 GTCACGACCAGCAAGATCOA 140 90.6% 0.9939
E 2 } . CCAAGCGAGCATTTGTCCAC o
a-TUB2 Alpha-tubulin 2 SapurV1A.0598s0030.1 CCCTCGTCATCACCACCTTC 133 97.6% 0.9917
. GCTCCCGGTTCTTCTTATTTTCC o
DNAJ Chaperone protein DnaJ 49 SapurV1A.0212s0110.1 AAATTAACCCCTCTCTGCGTAGT 117 81.3% 0.9871
1 - ) ACCAGATTTCCGAGCCCAAG o
EFla Elongation factor 1-alpha SapurV1A.0023s0300.1 TTGGCCCAAAAGTGCAAACC 150 90.1% 0.9932
1 > - TGGGGCTGTCTTTCACCAAG o
ARF2 ADP-ribosylation factor 2 SapurV1A.0014s0160.1 GGTCACAATCTCACCGAGCT 131 96.9% 0.9992
Arsenate transport
- - GAACGACGAGCACCTGGTT o
HAPO4 High-affinity phosphate transporter 4 HQ228362.1 ACGGGTTCTATTCGCCTTGA 108 86.1% 0.9951
- CAGCCACTTATCCCCAGCAA
NA-DPHOT Sodium-dependent phosphate transporter SapurV1A.0139s0260.1 TCAAGGCGAATAGAACCCGT 134 94.5% 0.9873
. . AGAGGCTGCGATGTTGAACA o
PHO1 Phosphate transporter PHO1-like protein SapurV1A.0063s0550.1 GTCTGAAGCAAGGCGAGTCA 115 81.3% 0.9938
Arsenite transport
TCATTCGGGGAACAACTGGAG o
BORON Boron transporter SapurVV1A.0014s0200.1 ACTGTCGGCTCTGCAACTC 143 93.3% 0.9805
NIP1 Aquaporin NIPL.1 SapurV1A.002950170.1 gﬁéﬁg&%g%’i‘r%cff TcéggA 106 89.9% 0.9912
. GCCAGTTCAGTACAAGCACATG
SIP1 Aguaporin SIP.1 SapurVV1A.1058s0060.1 TGCAGCAGAGGGTTTCGAG 147 103.9% 0.9911
. GGTAGCAGTCTCAGCAGGTG
SILICON Silicon 1 SapurV1A.1225s0080.1 TGAAAGGTTOCCAGCAACTGT 94 85.2% 0.9977
Arsenate reductases
. ACGGCATCTTTAGGTCTGGTT
CDC25-1 Tyrosine phosphatase SapurV1A.0142s0310.1 TACGGCTCGGGACATAGACA 97 92.9% 0.9851
. TCAACTTTCACCACAGAAGACCT
CDC25-2 Tyrosine phosphatase SapurV1A.0243s0430.1 CACTAGTTGACGAGCCAGGA 147 89.9% 0.9960
Thiol chelating response
. ACGAAATGAGGGCTGTGGTT
GR Glutathione reductase SapurV1A.0056s0770.1 CCTCTCCATGATCTGTGCGA 126 93.9 % 0.9624
. GCTGTCAAGTGCCCATCCAT
GS Glutathione synthetase SapurV1A.1124s0080.1 CAGACTCCATAAGCCAGCGA 91 116.4% 0.9889
. GTGGAAGGGTATTGCTGTAAGGA
PCS Phytochelatin synthase SapurV1A.0160s0210.1 TGAGATGAAGGAACCAGCACA 137 98.53% 0.9922
. CGGTTCTTGGCTGGAGATGA
GST Glutathion S-transferase SapurVV1A.0016s1070.1 CCTCCCCACATTTTCCCTGG 120 90.0% 0.9935
— CTTCGGTGCTGAGAATGGCT
MT1A Metallothionein S. matsudana EF157299.1 CTGCTTTGTTGGGACCATGC 97 90.5% 0.9998
Vacuolar transporters
AGGCTTGGATTCTACAACTGCT
ABCG ABC transporter G SapurV1A.0258s0220.1 TGGCTGGTGGATTGTTGTCA 94 84.3% 0.9778
. TCTTGCAATCGTCGTCCACA
CAX2-1 Vacuolar cation/proton exchanger 2 SapurVV1A.1071s0020.1 ACCTAAACGCTCAGCCAAGG 94 92.9% 0.9954
. TTGTTGGTGCTTGGATGTGC
CAX2-2 Vacuolar cation/proton exchanger 2 SapurVV1A.0338s0120.1 GCAGGACAGCAGGAAAGAG 142 103.4% 0.9826
WBABCT White-brown-complex ABC transporter  Sapur\VLA.008450020.1 CCAAGAGGTGGTAGGACTGT 9 97.3% 0.9979

ACACCCATCCGACAAAACCA
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Table 1. Continued

Flavonoid Synthesis

CHS1 Chalcone synthase SapurV1A.0820s0070.1 géé;%%%?i%ﬁﬁ%&%?é (E: A 90 96.9% 0.9974
CHS2 Chalcone synthase 2 SapUIVIAQ056s0660.1  nnCTCCCACCEATT SRS 145 91.5% 0.9992
CHS3 Chalcone synthase 3 SapurV1A.0820s0080.1 2ggg$ggé$££gzg$g$¢gg 135 87.7% 0.9999
F3H Flavanone 3-hydroxylase SapurV1A.1567s0010.1 %I;g;%%%égﬁgélg% é‘ 136 96.7% 0.999
FLH Flavonoid 3-hydroxylase SapurViA042650030.1  10OSCT ICTOTIBEITETCA 114 88.6% 0.9949
2HFLR Dihydroflavonol 4-reductase SapurV1A.0188s0360.1 ig?éggémﬁgg¢g§¥ggi 96 92.7% 0.9661
FLS Flavonol synthase SapurV1A.108750040.1 gmﬁ%%%%%ggggﬁ 94 90.5% 0.9976
ANR Anthocyanidin reductase SapurV1A.0028s0410.1 gg%%%’é?géiiigﬁég?g? 129 93.8% 0.9930
ANS Anthocyanidin synthase SapurviA0260s0310.1  TOTTATOCACCTIGTCAZCEATE 177 95.8% 0.9823
Stress related

ACCS 1-aminocyclopropane-1-carboxylate synthase SapurV1A.2160s0020.1 gggg$¢g$¢€g;;ggg¥%ﬁA 115 102.3% 0.9982
AlP-1 Arsenite-inducible RIVA-assoctated protein— sapurvim 0220500301 STICCACTICAAGEIOTCEE 140 93.2% 0.9940
ER Ethylene receptor SapurV1A.005250240.1 gﬁigﬁ;gié%%&%%%%ﬁgm A 0 120.0% 0.9870
CSA Cellulose synthase A catalytic subunit 9 SapurV1A.0828s0050.1 TCACAGTCACATCCAAGGCA 125 90.5% 0.9919

TCCAGCAACAACTCCAACGA




