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Highlights:

- Thelypteris palustris was more affected by metals than Typha latifolia.

- Salts of Zn and Cu induced cell wall remodeling and carbohydrate metabolism changes in both
plants.

- Similar morphological alterations were induced by different mechanisms in both plants.

ABSTRACT

In animal livestock heavy metals are widely used as feed additives to control enteric
bacterial infections as well as to enhance the integrity of the immune system. As these metals are
only partially adsorbed by animals, the content of heavy metals in manure and wastewaters causes
soil and ground water contamination, with Zn?* and Cu?* being the most critical output from pig
livestock.

Phytoremediation is considered a valid strategy to improve the purity of wastewaters. This
work studied the effect of Zn?* and Cu?* on the morphology and protein expression in Thelypteris
palustris and Typha latifolia plants, cultured in a wetland pilot system.

Despite the absence of macroscopic alterations, remodeling of cell walls and changes in
carbohydrate metabolism were observed in the rhizomes of both plants and in leaves of Thelypteris
palustris. However, similar modifications seemed to be determined by the alterations of different
mechanisms in these plants. These data also suggested that marsh ferns are more sensitive to metals
than monocots. Whereas toleration mechanisms seemed to be activated in Typha latifolia, in
Thelypteris palustris the observed modifications appeared as slight toxic effects due to metal
exposure.

This study clearly indicates that both plants could be successfully employed in in situ
phytoremediation systems, to remove Cu?* and Zn?* at concentrations that are ten times higher

than the legal limits, without affecting plant growth.
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1. INTRODUCTION

Livestock wastewaters are usually reused in agriculture after traditional depuration treatment
(Nicholson et al. 2003). However, these wastewaters often contain metals that should be removed
to prevent field contamination. The presence of metals is related to the animals' diet, which is
enriched with this type of essential compounds to enhance the integrity of the immune system (Liu
et al. 2018, Reg. UE1831/2003). Phytodepuration is a low cost and ecologically friendly
technology for civil and industrial wastewater refinement (Peterson, 1998). It also improves
livestock wastewaters in terms of organic substances through the construction of wetlands (Anning
et al.,, 2013; Yang and Ye, 2009). However, its application in terms of metal removal from
livestock wastewaters is still scarcely documented (Almeida et al., 2016).

In order to improve the knowledge regarding the efficiency and applicability of phytodepuration
for metal removal from animal wastewaters, we set up two types of mesocosms, with Typha
latifolia or Thelypteris palustris (marsh fern) to treat water spiked and not spiked with Zn?* (44.02
mg/L) and Cu?* (8.63 mg/L), the main metals present in livestock wastewaters. Chemical analyses
showed that both plants were tolerant (they did not show any macroscopic alteration) and
accumulated substantial amounts of metals in their tissues, particularly in the aboveground organs
(see accompanying paper, Hejna et al., 2019). In particular, treated T. latifolia began to accumulate
Zn?* and Cu?* after 15 days of metal exposure, since there was only a significant increase in metal
concentration in T2 (Zn: p <0.001; TLT = 271.64+17.71 vs. TLC = 55.79£17.71 mg/kg; Cu: p <
0.001; TLT =47.54+3.56 vs. TLC =15.20+3.56 mg/kg), suggesting that T. latifolia can accumulate
Zn?* and Cu?* in its organs 45 days after the treatment. Moreover, T. palustris were also able to

accumulate Zn?* and Cu?* in their organs. In fact, higher concentrations of metals were detected
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in TPT than in the control already 15 days (T1) after metal addition (Zn: p < 0.001; TPT =
414.67£17.71 vs. TPC = 85.62+17.71 mg/kg; Cu: p < 0.001; TPT = 136.12+3.56 vs. TPC =
18.25+3.56 mg/kg). Furthermore, we observed the decreasing trend of Zn and Cu in water and soil
in treated mesocosms (TLT, TPT) in the end of the experiment (T2) compared with TO for T.
latifolia and T. plaustris plants (see accompayning paper Hejna et al. 2019).

However, the marsh fern was more efficient than T. latifolia, accumulating higher concentrations
of all the metals in its organs more quickly. However, the mechanisms behind the tolerance and
metal uptake in T. latifolia and T. palustris are not well known, despite their importance in
understanding how systems work and thus how to maintain/increase their efficiency.

Plants growing in heavy metal polluted environments employ several mechanisms to
increase stress tolerance or to prevent the entry of metals into the cells. Stress tolerance involves
biochemical processes through the action of chaperone proteins, glutathione, metallothioneins, and
phytochelatins (Doganlar, 2013; Hasan et al, 2017; Petraglia et al., 2014; Yadav 2010). In various
plants, several genes induced under metal stress have been identified (Dubey et al., 2014; Kumar
and Trivedi, 2016; Singh et al., 2016; Tiwari and Lata, 2018). Transcription factors or other
proteins involved in metal detoxification, signal transduction, stress signal, ROS signaling have
been identified as having an important role in heavy metal tolerance (Collin et al, 2008; Lingua et
al., 2012; Rao et al., 2011; Viehweger 2014).

On the other hand, mechanisms of stress avoidance act by limiting the metal assimilation
by the root through the modification of the rhizosphere (Matachowska-Jutsz and Gnida 2015;
Meier et al., 2012), binding metals in the cell wall (Colzi et al., 2012; Krzestowska 2011; Le Gall
etal., 2015; Oves et al., 2016), removing metals by glands and hydathodes or accumulating metals
in vacuoles of ageing leaves (Matachowska-Jutsz and Gnida 2015).

These tolerance mechanisms have also been reported in wetland plants which were shown

to synthesize phytochelatins, peptides and exudates to chelate-free metal ions, to increase
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antioxidant enzyme activities and sequester heavy metals in organs or subcellular compartments
(Fediuc and Erdei, 2002; Higuchi et al., 2015, Yang and Ye, 2009; Yang et al., 2000).

The aim of this work was to investigate the mechanisms behind the capacity of T. latifolia
and T. palustris to accumulate Zn** and Cu?* by analyzing the proteome and the morphology of
cells and tissues in plants grown in a pilot wetland system.

Microscopy and proteomic analyses were performed on the leaves and rhizomes of plants
after 45 days of metal exposure. For microscopical observations, sections were obtained from three
different plants grown with or without the mineral feed additive premix, containing Zn?* and Cu?
at a concentration 14 times higher than the legal limit. Treatment was performed at single
concentration of metals in order to observe phytoremediation in realistic farm condition.
Morphological changes were observed in the rhizomes of both plants and in leaves of T. palustris,
suggesting cell wall remodeling and changes in the carbohydrate metabolism. Interestingly,
modifications were similar in the two plant species, however they seemed to be determined by
different mechanisms. The morphological changes in treated plants were more pronounced in T.
palustris than T. latifolia, thus revealing their higher sensitivity to heavy metals. Regarding
proteomes, no modification was observed in T. palustris, while few changes were observed in the
1D-gel electrophoresis protein profile of T. latifolia, partially explaining the morphological

modifications observed by light and TEM microscopy.

2. MATERIALS AND METHODS
2.1 Plant culture and sampling

A pilot wetland system comprising 4 tanks (2 m x 2 m x 1.2 m) was prepared in the
Botanical Gardens of Milan University. Tanks were first lined with waterproof cloths, and two
layers of stone chippings (diameter 1-3 cm and 1 cm) and sand were put in each tank. This
substratum became sediment upon the addition of water. Finally, 210 kg of loam for plant culture

(Flox Containerpflanzen, Blumenerde VitaFlor) was layered on the substratum. The same quantity
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of tap water (650 L) was added to each tank before placing the plants (purchased from Centro
Flora Autoctona, Galbiate, LC, Italy).

Three-month-old plants of T. latifolia (30/tank) were placed in two tanks together with
plants of T. palustris (60/tank). After 15 days (TO0), in two tanks (metals: Met), one containing T.
latifolia and the second containing T. palustris, the water was contaminated with Cu?* and Zn?* at
8.63 mg/L and 44.02 mg/L final concentrations, by dissolving 1.5 Kg of the mineral feed additive
premix (feed Maxi CRC 0.5% supplied by Alpha). The water in the other two tanks (controls: Co)
was not modified.

Three plants were sampled in each of the four tanks after the premix addition (TO) and 45
days (T2) after the plants had been placed. Before sampling each tank was divided into three

regions and one plant was sampled from each region.

2.2 Light and transmission electron microscopy

Aerial (leaves) and subaerial (rhizomes/roots) organs of T. latifolia (Co/Met) and T.
palustris (Co/Met) taken at different times were incubated in fixing solution (0.04 M Cacodylate
pH 6.9, 2% Formaldehyde, 2% Glutaraldehyde) overnight at room temperature. Samples were
repeatedly rinsed in 0.04 M Cacodylate pH 6.9, dehydrated with increasing concentrations of
ethanol and embedded in LR white resin (Sigma). Semi-fine sections (2 um) and ultra-thin sections
(80 nm), were obtained using a Reichert Jung Ultracut E microtome.

The semi-fine sections were stained by 1% toluidine blue or Lugol and observed with a
Leica DMRB light microscope. Ultra-thin sections were stained with 3% uranyl-acetate and
observed with an EFTEM LEO 912AB transmission electron microscope (Zeiss) working at 80
kV.

Plants were collected from different corners of the wetland system and, in order to observe
rhizomes at the same developmental stage, rhizomes with a comparable diameter were collected,

located at the same distance from the shoots.
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2.3 Indirect immunofluorescence and confocal microscopy

Rhizome sections of T. latifolia and T. palustris were put on slides and allowed to rehydrate
by incubating them with 1% BSA (bovine serum albumin) in TBS (Tris/HCI 0.05M pH 7.5, NaCl
0.15M), in a moist chamber at room temperature for 45 minutes. Sections were rinsed once with
TBS, and then incubated with LM19 and JIM7, the antibodies against low esterified (LEPS) and
high esterified pectins (HEPS), respectively (PlantProbes). Both primary antibodies were diluted
1:10 and the incubation was performed overnight at 4°C. Sections were rinsed twice in TBS and
then incubated with the secondary antibody FITC conjugated (Rabbit Anti-Rat 1gG+IgM+IgA
H&L; Abcam) for two hours at room temperature in the dark. Control experiments were also
performed, in which the primary antibody was omitted.

Samples were observed using a Leica TCS NT SP2 confocal microscope; a 20X lens (zoom
2) was used for imaging. The 488-nm laser line was used to excite FITC and the fluorescence was
collected in the emission window 494-550 nm. The organs of at least three plants for each tank

were analyzed.

2.4 Protein extraction

Leaves and rhizomes of T. latifolia and T. palustris were frozen in liquid nitrogen
immediately after collection and stored at -80°C. Leaves and rhizomes were homogenized in liquid
nitrogen and nitrogen ground powder was resuspended in five volumes of precooled precipitation
solution (10% TCA and 20 mM DTT in acetone). Proteins were precipitated overnight at -20°C,
then washed twice for 1 h at -20°C with 20 mM DTT in acetone and pelleted by centrifugation for
30 minutes at 26000 x g at 4°C. Pellets were dried for 10 minutes under vacuum and resuspended
in LSB1X for 1D-gel electrophoresis. Samples were sonicated for 30 minutes in a water-bath
sonicator at 20°C. The extracts were centrifuged for 30 minutes at 26000 x g, at 15°C and the

supernatants were collected and stored at -80°C.
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Protein concentration was determined by the Bradford protein assay (Bradford, 1976).

2.5 One-dimensional electrophoresis

Proteins were resolved in denaturing 10% acrylamide 1D-gels in a discontinuous buffer
system (Laemmli, 1970). MiniVe Vertical Electrophoresis System (GE Healthcare, USA) was
used for analytical one-dimensional electrophoresis. For the preparatory 1D-gel electrophoresis of
T. latifolia rhizomes, polypeptides were separated using 17 cm x 20 cm, 1.5 mm thick gels
(Elettrofor, Rovigo, Italy). Proteins were visualized with Coomassie brilliant blue R250 and silver

staining (Sinha et al., 2001). Three replicas were analyzed for at least three plants per tank.

2.6 Mass spectrometry and protein identification

Protein identification was performed as previously described (Hellman et al., 1995; Soskic
et al., 1999). Bands of interest were manually excised, destained in ammonium bicarbonate 2.5
mM and acetonitrile 50% (v/v), and acetonitrile dehydrated. Before protein digestion, 1D gel-
resolved proteins were reduced with 10 mM DTE in 25 mM ammonium bicarbonate (1 h at 56°C)
and then alkylated with 55 mM iodoacetamide in 25 mM ammonium bicarbonate at room
temperature (45 min, in darkness). After incubation with 50 mM ammonium bicarbonate (10 min),
protein bands were acetonitrile dehydrated. 1D gel-resolved proteins were rehydrated in trypsin
solution (Sigma Aldrich, Italy) and in-gel protein digestion was performed by an overnight
incubation at 37°C. For MALDI-TOF MS, 0.75 ml of each protein digest was directly spotted onto
the MALDI target and air-dried. A total of 0.75 ml of an alpha-cyano-4-hydroxycynnamic acid
matrix solution was added to the dried samples and allowed to dry again. Mass spectra were
acquired using an Ultraflex 11l MALDI-TOF/TOF mass spectrometer (Bruker Daltonics, Billerica,
MA, United States). Spectra were analyzed by Flex Analysis v. 3.0. Peptide mass fingerprinting
(PMF) database searches was carried out in NCBInr or Swiss-Prot/TrEMBL databases set for

Viridiplantae (Green Plants) using Mascot (Matrix Science Ltd., London, UK,
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http://www.matrixscience. com) with the following settings: experimental and theoretical PMF
patterns with a Dmass less than 100 ppm, trypsin as the digestion enzyme, one allowed missed
cleavage, carbamidomethylation of cysteine as a fixed modification, and oxidation of methionine
as a variable modification. The parameters used to accept identifications were the number of
matched peptides, extent of sequence coverage, and probabilistic score. Only peptides with

individual ion scores of p< 0.05 were significant.

3. RESULTS
3.1 Morphological changes induced by metals are revealed by light and transmission electron
microscopy in leaves of T. palustris and T. latifolia

Thelypteris palustris and T. latifolia, grown in the wetland apparatus tanks prepared as
previously described, did not show alterations in macroscopical morphology and no differences
were observed between control and treated plants. New leaves were produced by plants and no
discoloration or chlorosis, due to photosynthetic activity alteration, was observed (Fig. S1; see
Supplementary material). In addition, by rhizome expansion T. latifolia plants were able to
vegetatively reproduce.

Plant exposure to metals induces cell responses which involve metabolism modifications
and morphology remodeling (Arif et al, 2016; Molas et al, 2002; Oves et al, 2016; Sandalio et al.
2001; Todeschini et al. 2011). To reveal the morphological changes, leaves and rhizomes of T.
palustris and T. latifolia plants, grown in the pilot wetland system, were analyzed by light and
transmission electron microscope (TEM).

Histological observations showed that before metal exposure (T0O), T. latifolia adult leaves
showed large air chambers (Fig. S2A; ac), located between two bilayered mesophylls located on
the upper (adaxial) and lower (abaxial) leaf sides (Fig. S2A; see Supplementary material). In the
mesophyll facing the monolayered epidermis, a multilayered palisade parenchyma (Fig. S2A, B,

C, D; bracket) was observed with small cells rich in chloroplasts separated by small intracellular
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spaces. In the inner part of mesophyll, facing the large air chambers, parenchyma was formed by
two layers of large isodiametric cells without chloroplasts and with large vacuoles. These cells
were close to each other and extended to form the inner scaffold connecting the adaxial and abaxial
leave sides (Fig. S2A, B). Vascular bundles were distributed in all the parenchymatic tissues (Fig.
S2B, D, arrows).

A similar morphology of leaves was observed in T2 plants both in the control and treated
samples, suggesting that exposure to metals did not lead to morphological changes in T. latifolia
leaves (Fig. S2, compare A-D; E, F; H, 1). TEM observations of chloroplasts showed thylakoids
and starch granules in the control and treated plants, and did not show any alterations in organelle
morphology after metal exposure (Fig. S2 G, J).

Thelypteris palustris leaves showed a different morphology in the control with respect to

the treated plants (Fig. 1).
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Fig. 1. (A) Histological observations of T. palustris leaves at TO. (B) Hystological observations of
T2-Co T. palustris leaves; differentiated parenchymatic cells with a lobed profile are indicated by
arrows. (C-E) Histological observations of T2-Met T. palustris leaves; amyloplasts accumulating
in parenchyma and epidermal cells are indicated by arrows. Older leaves were showed in (E). (F-
H) TEM observations showed that whereas in T2 Co cells chloroplasts showed well developed
grana thylakoids (F, G), in T2-Met plants, a greater number of large starch grains was observed in
mesophyll cells (H). Amyloplasts are indicated by: a. (I-J) Graphs reporting variations in
parenchymatic cell shape occurring after metal exposure. Bars: (A-E) = 10 um; (F, H) =1 um; (G)

=200 nm.

In fact, in TO, the leaf was thin and the mesophyll was formed by lacunose/spongy
parenchyma with large intercellular spaces delimited by isodiametric or slight-lobated cells (Fig.
1A). In T2 control samples (T2-Co), parenchymatic cells were more differentiated with an
extremely lobed/indented profile (Fig. 1B; arrows), while in T2 samples after metal treatment (T2-
Met), the cells showed a linear profile and maintained a similar shape to that observed in TO (Fig.
1C). In addition, there was a reduction in intracellular spaces with respect to TO.

To better define the cell shape variation, the cell size was calculated by measuring both
their major (length) and minor axis (width), in sections obtained from three different leaf samples.
Metal exposure led to an increase in cell length (p=0.053) and thus a significant difference in
length/width ratio (p<0.01), confirming that there is a variation in parenchymatic cell shape after
metal exposure (Fig. 11, J). The similarity of T2-Met parenchyma cells with those of TO leaves
suggested that the metal treatment affected cell enlargement/differentiation, during the leaf
development.

Microscopic analyses showed that in parenchymatic and epidermal cells, an accumulation
of starch granules occurred in the chloroplast (Fig. 1D). In older leaves, this starch accumulation

was enhanced and a great number of amyloplasts accumulated in the cells (Fig. 1E; arrows). The
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conversion of chloroplasts into amyloplasts was confirmed by TEM observation: in T2 control
cells (Fig. 1F, G) chloroplasts showed well developed grana thylakoids, a few starch grains and
some plastoglobules as observed in TO (data not shown). In treated plants, the mesophyll cells
showed a greater number of large starch grains, while the thylakoid membrane systems

disappeared (Fig. 1H), suggesting a transition from chloroplasts to amyloplasts.

3.2 Rhizome morphological alterations in response to metal treatment were similar in T.
latifolia and T. palustris

Typha latifolia TO rhizome was surrounded by a uniseriate epidermis (Fig. S3A; ep), and
by a multiseriate hypodermis with large irregular cells (Fig. S3A; hp; see Supplementary material).
The most significant characteristic was the presence of an outer cortical region and a central core
showing different parenchymatic tissues (Fig. S3). The cortex was occupied by an aerial
parenchyma (AP) formed by highly vacuolated large cells with different geometries, a thin cell
wall and a few plastids (Fig. S3B). These cells were separated by large irregular intercellular
spaces forming air ducts (see asterisks). Small vascular bundles (vb) were widespread in all the
cortical areas (Fig. S3B).

In the inner rhizome, a storage parenchyma (SP; Fig. S3C) was found formed by
isodiametric cells with numerous amyloplasts (Fig. S3C; see arrow) and small intercellular spaces.
Aring of large vascular bundles defined the surface demarcating these two parenchyma (Fig. S3C;
see bracket). In T2-Co and T2—Met plants, the morphology of AP and SP did not change (Fig. S3;
compare F-1 and E-H) and the cell dimension of SP was the same in both samples (p>0.05).
However, after metal treatment, in the SP there was a significant decrease in the number of
amyloplasts in the treated samples compared to the control (Fig. S3F, I; see arrows). Staining with
Sudan Black revealed starch grains. Although no significant differences were observed in starch
grain content in the TO and T2-Co samples (Fig. 2A, B; the amount of amyloplasts was calculated

by counting them in sections obtained from rhizomes of three different plants; p>0.05), after metal
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treatment, a significant decrease in amyloplasts was evident (Fig. 2C), suggesting the influence of

metals in carbohydrate accumulation.

latifolia
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Fig. 2 Sudan Black staining of T. latifolia rhizomes (A-C) No differences were observed in starch
grain content in rhizomes of TO and T2-Co samples (A, B). After metals treatment a significant
decrease in the number of amyloplasts was evident (C). Sudan Black staining of Thelypteris
palustris rhizomes (D-F) parenchymatic T2-Co cells showed an increase of amyloplasts with
respect to TO (D, E). A decrease of starch grains was observed after metal treatment with respect

to control (F). Bar = 20um.

In T2 samples, AP and SP were separated by an endoderm-like layer (McManus et al,
2002), with cells showing thickening in the radial and inner tangential cell wall (Fig. S3E, H;
arrow). Along the endoderm-like layer, in the SP, the ring of large vascular bundles was always
present (Fig. S3E, H; bracket). After metal treatment (T2-Met), the endoderm cells showed a
reduction in cell wall thickening compared to the T2-Co samples (Fig. S3E, H). T2-Met and T2-
Co rhizomes were observed by TEM (Fig. 3 A-F), thus confirming the differences in cell wall
structure. In the AP of both treated and control samples, the cell wall was very thin and convolved.

Cells were entirely occupied by large vacuoles and rare starch grains were observed (Fig. 3A, D).

15
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Fig. 3 TEM observation of T. latifolia T2-Co and T2-Met rhizomes. (A-C) In T2-Co, the AP cell
wall (cw) is thin and convolved. Cells are mostly occupied by large vacuoles (v) and rare starch

grains (a) are observed (A). The T2-Co endoderm cells showed radial and inner tangential thick
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cell wall, showing lamellate structure (B; cw). In the SP, cell walls were thicker with respect to
AP (C; cw). (D-F) In T2-Met, SP cell walls were thinner (E) and a higher number of starch grains
was observed in control with respect to treated cells (C, F). (G-1) The middle lamella in cell corners
was partially reabsorbed in control samples creating intercellular spaces (G; is), while in treated
samples the middle lamella persisted and cellular spaces did not form (H; arrow). The analysis of
cell walls in AP and SP, showed that cell wall thickness significantly decreased (p<0.01) after
metal treatment (I). TEM observation of T. palustris T2-Co and T2-Met rhizomes. (J, K)
Parenchymatic cell vacuoles (v) were filled with dense material in both samples while and
amyloplasts (a) were present in higher amount in T2-Co with respect to T2-Met. (L) A decrease

of cell wall (cw) thickness was observed in T2-Met with respect to T2-Co. Bar =5 pm

The endoderm cells appeared very different in T2-Met and T2-Co rhizomes (Fig. 3B, E).
In fact, the cell walls of the control samples showed a very think radial and inner tangential cell
wall, showing a lamellate structure (Fig. 3B; cw). On the other hand, after metal treatment, cell
walls were thinner (Fig. 3E), suggesting a different cell wall deposition and remodeling. In the SP,
cell walls were thicker with respect to AP (Fig. 3C, F, I) and there were more starch grains in the
control than in the treated cells (Fig. 3C, F), confirming the observations made with the light
microscopy. The middle lamella in the cell corners was partially reabsorbed in the control samples
creating intercellular spaces (Fig. 3G), while in the treated samples the middle lamella remained
and cellular spaces did not form (Fig. 3H; arrow). Alterations in cell wall structure were also
confirmed by analysis of the cell wall thickness (Fig. 31). Both in AP and SP, the cell wall thickness
significantly decreased by 45% and 60%, respectively, (p<0.01) after metal treatment, suggesting
an influence on the cell wall deposition and modification/remodelling.

In the rhizomes of T. palustris, both optical observations showed the presence of large
vascular bundles (Fig. S4B, D, F; vb; see Supplementary material). In TO and T2-Co samples,

cortical and pith parenchymatic cells appeared isodiametric with small intercellular spaces and
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were rich in starch grains (Fig. S4A-D). In the large vacuoles, dense material was often observed
(Fig. S4A, C; asterisks). Rhizomes in T2-Met plants appeared morphologically similar to Co (Fig.
S4E, F) and the analysis of the cell dimension did not show significant differences in cell size
(p>0.05). However, Sudan black staining showed an increase in amyloplasts in parenchymatic T2-
Co cells with respect to TO (Fig. 2D, E) and a decrease in starch grains after metal treatment (Fig.
2F), as already observed in T. latifolia. This thus suggests that also in T. palustris, metals led to a
modification in carbohydrate accumulation.

TEM observations showed that parenchymatic cell vacuoles were filled by dense material,
and amyloplasts were present in higher amounts in T2-Co with respect to the treated sample (Fig.
3J-L). Similarly, T. palustris cell walls were different in the parenchymatic cells of T2-Co and T2-
Met plants. In fact, metal treatment decreased the cell wall thickness by 40 %, suggesting the
influence of metals on cell wall remodeling (Fig. 3L). In roots, which have been reported to be
involved in metal accumulation (Almeida et al., 2017; Klink 2017; Klink et al., 2013), no
difference in morphology was observed in treated plants with respect to controls, both in T. latifolia

and T. palustris (data not shown).

3.3 Metals induce remodeling of cell walls in rhizomes of T. palustris but not in T. latifolia
plants

To better define cell wall changes following metal treatment, two antibodies against high
esterified (JIM7; high esterified pectins: HEPs) and low esterified pectins (LM19; low esterified
pectins: LEPs) were used in indirect immunofluorescence assays. Control experiments performed
without primary antibodies showed only a very low fluorescence signal in the rhizome tissues of
both plants (Fig. S5; see Supplementary material).

In T2-Co T. latifolia plants, LM19/JIM7 antibodies showed that AP cells contained both
low and high esterified pectins in the walls of rhizome cells (Fig. 4 and Fig. 5A, C, E, G

respectively).
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I. Latifolia T2-Co - LM19

I Latifolia T2-Met - LM19

\

Fig. 4

Fig. 4 Distribution of LEPs in T2-Co and T2-Met of T. latifolia rhizomes. (A, C, E, G) LEPs
distribution appeared continuous (C). In the SP, LEPs appeared localized mostly at the cell wall
corners (G). The same distribution at the corner wall was observed in the hypodermis (A). In the
epidermis, LEPs decorated the outer cell wall (A; arrow). in the endoderm LEPs were nor
detected (E; arrow). In vascular bundles (vb) pectins were distributed in the vascular and
parenchymatic tissues and not in sclerenchyma. (B, D, F, H) In T2-Met, AP, SP and endoderm

did not show relevant differences in LEPs with respect to control. The only modification of cell
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wall was observed in the epidermis where LEPs disappeared completely by the outer cell wall

(B; arrows). Bar = 20 um

T. Latifolia T2-Co - JIM 7 T. Latifolia T2-Met - JIM7

Fig. 5

Fig 5 Distribution of HEPs in T2-Co and T2-Met T. latifolia rhizomes. (A, C, E, G) HEPs
distribution appeared discontinuous as they concentrated in small cell wall tracts (C). In the SP,
HEPs were uniformly distributed in the cell wall (G). In the hypodermis HEPs were present at

the corner of cell wall (A), while in the epidermis HEPs stained outer cell wall (A; arrow). In the
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endoderm no HEPs were detected (E; arrow). (B, D, F, H) Immunofluorescence by using JIM7
antibody in T2-Met showed that HEPs distribution was not altered in AP and SP with respect to
T2-Co. On the contrary, HEPs disappeared from the epidermis and hypodermis cell wall (B;

arrow). Bar = 20 um.

In particular, the distribution of HEPs was more discontinuous than the LEPs, as the HEPs
were concentrated in small cell wall tracts (compare Figs. 4C and 5C). On the other hand, in the
SP, HEPs were uniformly distributed in the cell wall, while LEPs were mainly located in the cell
wall corners (Figs. 4G and 5G). The same distribution in the corner wall was observed in the
hypodermis for both low and high esterified pectins (Figs. 4A and 5A). In the epidermis, both
pectins were shown in outer cell wall (Figs. 9A and 10A; arrows), while in the endoderm, no
pectins were recorded (Figs. 4E and 5E). In vascular bundles (Fig. 4; vb) pectins were distributed
in the vascular and parenchymatic tissues and not in the sclerenchyma.

After metal treatment (T2-Met), AP, SP and endoderm did not show significant differences
in LEP and HEP distribution (Figs. 4D, F, H; Fig. 5D, F, H). Interestingly, the most significant
modification in the cell wall was observed in the epidermis where both pectins disappeared
completely from the outer cell wall (Figs. 4A, B; Fig. 5A, B), while only HEPs disappeared from
the hypodermis cell walls.

Thelypteris palustris revealed a more extensive modification of LEPs and HEPs in the
rhizomes. In T2-Co samples, LEPs were distributed in the cell wall of parenchyma and in the

parenchymatic cells inside the vascular bundles (Fig. 6A, C, E).
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T. palustris T2 LM19

Fig. 6

Fig. 6 Distribution of LEPs and HEPs in T2-Co and T2-Met of T palustris rhizomes. (A, C, E)
LEPs were distributed in the cell wall of parenchyma and in the parenchymatic cells inside the
vascular bundles. In the epidermis and cortex LEPs localized in the inner layer of the primary
cell wall and in the middle lamella (A; arrow). LEPs appeared uniformly distributed in the cell

wall of pith cells and in parenchymatic cells surrounding xylem (C; arrows; vb: vascular bundle).
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The middle lamella was reabsorbed in the corners among cells (E; arrows). (B, D, F) In T2-Met
rhizomes LM19 stained only the middle lamella (B; arrows). In pith cells, LEPs localized in the
corner among the cells, with a reduction of intercellular spaces (F; arrows). In vascular bundles
the staining was similar to Co (D). (G, I, H) In T2-Co cortical cells HEPs were distributed in the
inner layer of primary cell wall and in the middle lamella (A; arrows). In pith cells HEPs were
uniformly distributed in the cell wall, excluding the corners, filled by intracellular spaces (K). In
vascular bundles all the cells showed a uniform HEPs distribution (I; vb). (H, J, L) In T2-Met
rhizomes HEPs disappeared from the middle lamella, so only the inner layer of primary cell wall
was stained by JIM7 antibody (H; arrows). In the pith, HEPs persisted in the corners among cells,
so reducing the extent of intercellular spaces (L; arrow), while they maintain a uniform

distribution inside the vascular bundle (J; vb). Bars: (C-F, I-L) = 20 um; (A, B; C, H) = 10 um

In the epidermis and cortex, LEPs were located in the inner layer of the primary cell wall
and in the middle lamella (Fig. 6A; arrows). The primary cell walls close to the middle lamella did
not show LM19 staining (Fig. 6A). The low esterified pectins were uniformly distributed in the
cell wall of pith cells and in the parenchymatic cells surrounding xylem (Fig. 6C, E). In the corners
of cells, the middle lamella was reabsorbed creating intercellular spaces (Fig. 6E; arrows). After
metal treatment, in the epidermis and cortex, LM19 stained only the middle lamella (Fig. 6B;
arrows), while in the pith cells, LEPs were found in higher amounts in the corner of the cells,
causing a reduction in intercellular spaces (Fig. 6F; arrow). No modifications were observed in the
vascular systems (Fig. 6D).
HEP location also changed after metal treatment (Fig. 6G-L). In T2-Co samples, cortical cells
showed a distribution of HEPs in the inner layer of the primary cell wall and in the middle lamella
(Fig. 6G; arrows). Metal treatment led to the disappearance of HEPs from the middle lamella, thus
only the inner layer of primary cell wall was stained by the JIM7 antibody (Fig. 6H; arrows). In

T2-Co pith cells, the HEPs were uniform in the cell wall, excluding the corners of cells filled by
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intercellular spaces (Fig. 6K). In the vascular bundles all the cells showed a uniform HEP
distribution (Fig. 61). As observed for LEPs, in T2-Met cells, HEPs remained in the corners of
cells, thus reducing the extent of intercellular spaces (Fig. 6L; arrow), while they maintained the

same distribution inside the vascular bundle (Fig. 6J).

3.4 Protein analysis by 1D- and 2D-gel electrophoresis and protein identification.

To investigate the molecular basis of cell walls and starch modification observed after
metal treatment, we compared the protein profiles of leaves and rhizomes of the control and treated
T. latifolia and T. palustris (T2-Me compared to T2-Co) by 1D-gel electrophoresis.

In the leaves of both plants, 1-D electrophoresis did not reveal qualitative and quantitative

differences in the protein profile (compare Fig. 7A and B).
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Fig. 7 One-dimensional gel electrophoresis and mass spectrometry. (A) Electrophoretic
profile of T. palustris T2-Co and T2-Met rhizome and leaves extracts. (B) Electrophoretic profile
of T. latifolia T2-Co and T2-Met rhizome and leaves extracts. 20 g of protein was loaded in each

lane. (C) Proteins differentially expressed in T2-Co and T2-Met T. latifolia rhizomes.

Similarly, control and treated rhizomes of T. palustris did not show differences in the 1-D
gel electrophoresis protein profile (Fig. 7A). On the other hand, in T. latifolia rhizomes exposed

to metals, 1-D electrophoresis showed a decrease in proteins with a molecular mass of between 40
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and 55 kDa (Fig. 7B; compare T2 Co and T2 Me; bands 1, 2, 3) and an increase in a 56 kDa protein
(Fig. 7B; compare T2- Co and T2-Met; bands 4) in comparison to the controls. These polypeptides
were excised from 1-D gels and subjected to MALDI TOF/TOF MS analysis (Fig 7C).
Interestingly, mass spectrometry identified proteins belonging to the cytoskeletal system:
B- and a-tubulin were identified in bands 1 and 2 respectively, and actin was identified in band 3,
suggesting that metals induced a decrease in cytoskeletal proteins in treated plants (Fig 7C). In the
increased band 4, three different proteins were detected: cullin 3B; lysine-specific demethylase
JMJ125 and pentatricopeptide repeat-containing protein (Fig 7C). Although it is not possible to
differentiate whether all or only one protein determined the increase in band 4 intensity, the
molecular weight of pentatricopeptide repeat-containing protein was consistent with the band
position in the gel (about 56 kDa). Cullin 3B and Lysine-specific demethylase JMJ125 proteins

presented a lower molecular weight with respect to findings reported in the data bank.

5. DISCUSSION
Animal production is a source of heavy metal contamination in the environment through the reuse
of treated wastewaters for agricultural purposes. These waters contain substantial concentrations
of metals, which are generally above the legal limits for irrigation. Innovative approaches are thus
needed in order to make intensive livestock more sustainable.

Mechanisms based on tolerance and metal uptake/accumulation are species specific (Hasan
et al., 2017; Kumar and Tivedi, 2016; Oves et al., 2016; Singh et al., 2016; Viehweger, 2014;
Yadav, 2010). Through the integrated use of cell biological techniques, here we demonstrate that
T. palustris and T. latifolia, deal in different ways with heavy metals with specific molecular

responses.

5.1 Metal exposure induces alteration of T. palustris leaf ultrastructure and affects

carbohydrate metabolism of both T. palustris and T. latifolia.
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Neither the leaf nor rhizome biomass of T. palustris and T. latifolia, were affected by the
presence of metals (see accompayning paper, Hejna et al., 2019). Concerning T. latifolia, this result
was expected since the Zn?* and Cu?* concentrations used in our experiment were below the
tolerance thresholds identified by Manios et al. (2003).

In agreement with the lack of macroscopic alterations, no microscopic modifications
occurred in the leaves of T. latifolia after 45 days of metal treatment. However, although
symptomless in macroscopic morphology, T. palustris showed changes in mesophyll cell
morphology. A similar cell shape to young TO mesophyll leaf cells, was observed in T. palustris
leaves after metal exposure (T2-Met), suggesting a delay in leaf cell differentiation. In bean
(Phaseolus vulgaris), a low dose of heavy metals (Cd, Pb, Ni, Ti) was shown to induce a
rejuvenating effect on leaves (Nyitrai et al, 2004). It was hypothesized that this process could be
due to an increasing cytokinin concentration induced by low-dose stressors which generate a non-
specific alarm reaction (Nyitrai et al, 2004). In T. palustris, altered leaf cell shape was
accompanied by an accumulation of starch grains which suggested a transformation of chloroplasts
into amyloplasts.

All these data are supported by chemical analyses showing an increase in starch in the
aerial organs (accompayning paper, Hejna et al., 2019). The accumulation of starch in the leaves
could be due to changes in carbohydrate metabolism. In fact, in several plants, metal exposure
causes a variation in photosynthetic process accompanied by significant alterations in plant
biomass and leaf morphology/ultrastructure (Arif et al, 2016; Rufner and Barker, 1984,
Stolarikova-Vaculikova et al., 2015; Todeschini et al, 2011). One of the mechanisms of metal
tolerance has been shown to be the accumulation of metals in the ageing leaves (Matachowska-
Jutsz and Gnida 2015). The higher accumulation of amyloplasts in older with respect to younger
leaves, also suggested that in T. palustris, such stress avoidance may occur. However, T. palustris
did not show a decrease in biomass suggesting that, although chloroplasts were transformed into

amyloplasts, the plants grew normally.
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In most plants, high copper exposure disorganizes the chloroplast ultrastructure without
starch accumulation (Maksymiec et al., 1996), while in screwbean mesquite, excess copper affects
chloroplast development leading to starch accumulation in cotyledons (Zappala et al, 2014).
However, this starch accumulation was induced by a much higher copper concentration (400
mg/L) than the one used in our model (8.63 mg/L). In addition, in detached bean leaves, a low-
dose of Pb and Ni increased the starch content without significantly affecting photosynthetic
activity (Nyitrai et al., 2004). In T. palustris, starch accumulation did not affect plant growth and
did not induce discoloration or chlorosis in leaves.

An alternative hypothesis for the presence of amyloplasts in leaves could be due to a
modification of carbohydrate translocation away from leaves. This hypothesis was supported by
the decrease in starch granules in the rhizomes in treated plants with respect to the control, as also
confirmed by chemical analyses (see accompayning paper, Hejna et al., 2019). In screwbean
mesquite, the increase in copper was accompanied by a decrease in potassium concentration
(Zappala et al, 2014). Interestingly, the alteration of Na and K homeostasis, disturbed phloem
loading and translocation, leading to an accumulation of starch in Arabidopsis leaves (Tian et al,
2010). Further experiments would be necessary to better clarify this point in T. palustris.

In T. latifolia, no differences were observed in the leaves of T2-Met with respect to T2-Co
plants. However, the starch accumulation in rhizome decreased, as also confirmed by chemical
analyses (see accompayning paper, Hejna et al., 2019). Unlike T. palustris, the starch reduction
could be due to different mechanisms not involving phloem translocation and loading. In
Cucurbita pepo, a higher Zn?* concentration was correlated with an increase in soluble sugars and
a decrease in starch in roots and shoots (lalelou et al, 2013). The increase in soluble sugars in
stressed plants is considered to be important for preserving biological molecules and membranes
(Gibson, 2005). In addition, although direct evidence of the effect of high Zn?* concentration on

the starch synthesis enzymes was lacking, zinc deficiency has been found to reduce the starch

28



654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

synthase activity (lalelou et al, 2013). Further analyses could clarify whether the same inhibitory
effect on starch synthesis enzymes also occur at high metal concentrations.

In T. latifolia and T. palustris, rhizome carbohydrate metabolism alterations therefore
appeared to be caused by different mechanisms.

Although the carbohydrate metabolism was different in the control and metal treated cells,
proteomic analysis did not show alterations in the polypeptides involved in carbohydrate
metabolism or translocation. In addition, T. palustris, which changed above all in leaf morphology

after metal exposure, did not show differences in the polypeptide profile in 1D-gel electrophoresis.

5.2 Cell wall remodeling in rhizomes was related to metal exposure of T. latifolia and T.
palustris

In plants that accumulate metals, there are various strategies to prevent toxicity. One
strategy is sequestration into extra-cytoplasmic compartments such as the cell wall. Cell wall
polysaccharides play a major role in binding and accumulating metals in order to remove them
from protoplasts (Jiang and Wang 2008; Le Gall et al, 2015). In different plant phytoremediation
models, metal exposure induces a thickening of the cell wall and pectin remodeling by modulating
the degree of melthylesterification, thus affecting the ability of the cell wall to bind metals
(Dronnet et al, 1996; Eticha et al, 2005; Krzeslowska, 2011; Le Gall et al, 2015). Previous studies
have shown that Cu?* and Zn?* have a high affinity for low esterified pectins and replace Ca?* ions
in the pectin matrices (Dronnet et al, 1996). Metal exposure has been found to enhance cellulose,
hemicellulose and pectin content in the cell walls and induce the up-regulation of CesA and XTH
genes (Gao et al. 2013; Liu et al, 2014).

Unlike most plants used for phytoremediation, T. latifolia and T. palustris showed a
significant reduction in cell wall thickening in rhizomes after metal exposure. This cell wall
thinning could be associated with a dysfunction of cytoskeleton due, for instance, to a MT

reduction as that observed in T. latifolia rhizomes after metal exposure. Microtubules (MTs) and
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actin filaments (AFs) were found to be involved in secretion processes necessary for plant cell
wall building. Pectin, hemicellulose and cellulose synthase complex (CSC) were transported to
and out of PM by Golgi-derived secretory vesicles. Both AFs and MTs play an important role in
membrane trafficking and in the proper positioning of secretory vesicles carrying cell wall
components (Gutierrez et al, 2009; Kim and Brandizzi, 2013; Onelli et al, 2015). The decrease in
tubulin and actin revealed by electrophoretic analyses could be responsible for the thinning of the
cell wall in T. latifolia rhizome parenchymatic cells.

It has been reported that cytoskeleton is affected by Zn?* and Cu?*: MTs and AFs can be
targets of the metals, which leads to a disturbance of the organization and dynamics of cytoskeletal
structures in the cells (Eagle et al., 1983; Gaskin and Kress, 1977; Horiunova, and Yemets 2015;
Kulikova et al., 2009). Both MTs and AFs are sensitive to Cu?* while Zn?* only affects MTs:
approximately 60 potential binding sites of tubulin with Zn?* have been described (Horiunova et
al., 2016).

Secretion is also important for the presence of pectin remodeling enzymes such as pectin
methylesterase. In plants, during maturation in Golgi cisternae, pectins have been shown (Li et al.,
2002) to be high-methylesterified and secreted in this form by secretory vesicles. In the cell wall,
pectin methylesterases could de-esterify pectins, allowing pectins to bind Ca2* or other metals. The
increase in LEPs was an important mechanism for metal tolerance (Eticha et al, 2005; Le Gall et
al, 2015). In T. latifolia and T. palustris rhizomes, as expected the analyses of LEPs and HEPs
revealed by the use of LM19 and JIM7 antibodies respectively, did not show an increase in LEPs
concomitant with a decrease in HEPs.

In T. latifolia, the distribution of both pectins in the cell wall was similar in the control and
metal treated samples in the inner tissues, while pectins disappeared completely from the outer
epidermis cell wall. This slight effect of metal exposure on the extent of methyl esterification of
pectins was probably due to the lower metal concentration in the water. Furthermore, in T. latifolia

rhizomes, the reduction in cell wall thickness was also observed in the endodermis cells between
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AP and SP. Abiotic stresses induce suberin accumulation in the root endodermal cell wall
(Andersen et al, 2015). The presence of suberin in the Casparian band was important to select the
uptake of nutrients and to exclude potential phytotoxic compounds. The increase in endodermal
cell wall suberification represents a physical barrier against the entry of metals into the symplastic
compartment. Again, T. latifolia showed a different reaction, since in the endodermis, cell walls
were thinner than the control. Presumably, suberin was still deposited in the cell wall, since the
endodermis was never stained by antibodies against LEPs and HEPs.

T. palustris had a different distribution of HEPs and LEPs in the walls of parenchymatic
cells. After metal treatment, HEPs were located in the inner part of the cell wall, while LEPs
remained only in the middle lamellae. In addition, both LEPs and HEPs remained in the corner of
the cells, which in control rhizomes were replaced by intercellular spaces. These data suggest that
the cell wall remodeling was different after metal exposure with respect to the control, although
no polypeptide modifications were revealed by 1D-gel electrophoresis. Modification of pectins
cannot be explained by the need to bind excess metal ions to prevent their entry in the symplast,
suggesting that these modifications are not part of a tolerance mechanism. Further analyses could
better define the processes affected by the metal exposure which induced modifications of the cell
wall in T. palustris rhizome.

In T. latifolia, proteomic analyses of polypeptides in 1D gel electrophoresis showed an
increase in a band (band 4) containing three different proteins: cullin 3B; lysine-specific
demethylase JMJ125 and pentatricopeptide repeat-containing protein. Pentatricopeptide repeat-
containing protein is the only polypeptide with a molecular mass that is in line with the molecular
weight of this band. It belongs to a superfamily of proteins involved in RNA editing, RNA
stabilization, RNA cleavage, translational activation and RNA splicing in nuclei, chloroplast and
mitochondria (Barkan and Small, 2014; Manna 2015). This protein was shown to be involved in
RNA maodification in chloroplasts. A subclass of these proteins contains a domain with zinc-

binding capabilities (Boussardon at 2014; Hayes et al, 2013). In T. latifolia, these proteins may
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perhaps have been susceptible to the Zn?* concentrations used in our system. However, the

modification of the content of this protein did not affect plant morphology or growth.

5.3 Conclusions

Typha. latifolia and T. palustris were able to grow and to significantly reduce the amount of Zn?*
and Cu?* which are the main outputs of heavy metal from intensive livestock production. Metal
concentrations which are fourteen times higher than Italian legal limits, were however too low to
induce macroscopic morphological modifications in either of the plants. At these metal
concentrations, which are in the range found in wastewaters generally used for field irrigation,
both plants were successful in phytoremediation thanks to their capacity to accumulate metals
within the rhizome and leaves. Our chemical analyses highlight that the two plants could be used
in series to refine wastewater. However, although metal concentrations are below the toxicity limit
already reported for T. latifolia (Klink, 2017), some tissue morphology alterations were observed
in the rhizomes and leaves of both plants.

T. palustris and T. latifolia respond differently to the overall effect of the metals and show different
cellular and biochemical characteristics, suggesting a different degree of tolerance. T. palustris
was more sensitive than T. latifolia, since the modification in both the leaf and rhizome cells (cell
shape, cell wall thickness and pectin distribution) and carbohydrate metabolism indicate that the
marsh fern was affected the most by the presence of the two metals.

The early uptake of the metals in T. palustris revealed by chemical analyses (see the accompayning
paper: Hejna et al., 2019) probably exposes the plants to metals for a longer period than T. latifolia.
In fact, the accumulation of a large amount of Cu?* and Zn?* led to a slight toxic effect which was
revealed by morphological observations without affecting plant growth.

However, it is interesting that the amount of metals in the marsh fern tissues were always higher
than T. latifolia, also considering the increase in biomass from TO to T2. It is possible that higher

concentrations of metals or longer exposure times may cause macroscopical damage in the plants.
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Thus, in T. palustris the metal effects appeared to be due to a slight toxicity. On the other hand, in
T. latifolia, changes in carbohydrate metabolism appeared to be part of a tolerance mechanism,
while cell wall modifications are ascribable to a metal toxic effect.

In conclusion, although further analyses are needed to clarify whether some of the
morphological and biochemical alterations are due to a toxic metal effect or are part of tolerance
mechanisms, the data presented suggest that T. latifolia showed a higher tolerance to metals than
T. palustris and seems to be more suitable for the long-term phytodepuration of livestock
wastewaters, in series with marsh ferns.

We believe that our data also provide new insights into mechanisms that have evolved in
plants and that belong to different evolutionary groups, in response to the presence of heavy metals

in the environment.
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