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Abstract
The term ‘hyper-accumulator’ refers to the ability of some plants to accumulate large amounts of metals
from the soil. Several species of the brassicaceae family accumulate large amounts of Cd and Zn. One of
the most interesting aspects of these plants is their ability to be tolerant to heavy metal accumulation
under different metal concentrations. These plants have been studied to exploit the mechanisms and
the reasons behind this process of extraction and detoxification of metals. One of the hyperaccumulators that is worth mentioning is Noccaea caerulescens for its ability to generate a peculiar
layer, the peri-endodermis. Since this layer has been found to be a characteristic of this species, it has
been suggested to have a role in the regulation of metal homeostasis. Focus of the undergoing research
is the comparison between two populations (metallicolous and non-metallicolous) of the hyperaccumulator N. caerulescens and look at what can be seen in other non-accumulators (Thlaspi arvense
and Microthlaspi perfoliatum) in terms of lignin and suberin accumulation. Furthermore, stress
conditions were applied to check for suberin changes in the N. caerulescens ecotypes. The experiments
involved the use of the fluorescence microscope to check differences in the accumulation of lignin and
suberin between these plants. Moreover, I want to check if these two polymers have a protective role
against metal toxicity. Differences in lignin formation between the metallicolous and non-metallicolous
populations were not found, since roots showed similar pattern in the development of root barriers.
Moreover, comparison with other species (T. arvense and M. perfoliatum) for lignin accumulation
showed a different signal than the one seen in the ecotypes. On the other hand, my results showed
changes in suberin accumulation between the two N. caerulescens populations, especially when metal
stress was applied. I demonstrated the presence of lignin accumulation similarities in these populations
and gave an insight over the importance of suberin deposition for the hyper-accumulation trait in this
species.
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Introduction
Hyper-accumulators and non-accumulators
Over the past few years, the role of metal
accumulation in plants has gained relevance in
research because of the urgency to develop
new strategies to overcome metal toxicity. The
genetic mechanisms involved in the metal
accumulation process are listed from bottom
to top in relation to their importance for
research in Figure 1. In every plant species,
also both hyper and non-accumulators,
micronutrients such as zinc are essential for
some biological processes, even though a high
concentration may be toxic for the plant. High
heavy metal concentrations may cause
alterations in many physiological processes by,
Figure 1 – Evolution of relevant hyper-accumulation
for example, making essential molecules less mechanisms for research from 2009 to 2020 (7)
functional or by disrupting membrane integrity
(5). The main consequence of the enhanced toxicity is the production of ROS (reactive oxygen species).
Plants need to be tolerant to heavy metals to be able to grow efficiently and heavy-accumulators are
able to achieve this ability. Differences in metal accumulation have been found in many species, which
has caught the attention of the scientific community. The hyper-accumulator Noccaea caerulescens will
be the centre of this research. Firstly, it is essential to explain what are the main strategies used by
plants to prevent metal toxicity. The discovery of the mechanisms behind metal homeostasis and
detoxification in hyper-accumulating plants have opened many possibilities for research. According to
the work of Ya-Fen Lin et al. (2012), metal stressed plants are able to activate several strategies against
metal toxicity (13). Metal sensitive plants cannot prevent the metals to be absorbed by the roots and
transported into the shoots. As a result, the plant is not able to tolerate the toxicity, leading to its death.
Heavy metal-resistant plants (Excluders) keep the metals by being absorbed from the root or by taking
care of the metal efflux in the moment metals enter the root cells. Heavy metal non-accumulators such
as Arabidopsis thaliana absorb the metals and sequestrate them into root vacuoles in order to prevent
them to be transferred directly into the shoots. Lastly, hyper-accumulators such as N. caerulescens take
up a large amount of metals through the root and, subsequently, reallocate them to the shoots through
the xylem to be detoxified by vacuolar sequestration. This hyper-accumulator, main subject of this
study, tends to accumulate metals in the shoots to be detoxified in order to optimize root growth (4).
This particular brassica is able to accumulate extremely high levels of zinc (Zn) and cadmium (Cd) in its
shoots (30,000 µg g−1 Zn and 10,000 µg g−1 Cd). A schematic representation of these plants can be seen
in Figure 2.

4

Figure 2 - Response strategies to heavy metal stress in plants. Heavy metal-sensitive plant (A), Heavy metalresistant excluder plant (B), Heavy metal-tolerant non hyper-accumulator plant (C), Heavy metal hyper-tolerant
hyper-accumulator plant (D). Metal sensitive plants cannot prevent the metals to be absorbed by the roots and
their toxicity leads to the death of the plant. Heavy metal-resistant plants (Excluders) keep the metals by being
absorbed from the root. Heavy metal non-accumulators such as Arabidopsis thaliana absorb the metals and
sequestrate them into root vacuoles in order to prevent them to be transferred directly into the shoots. Lastly,
hyper-accumulators such as N. caerulescens take up a large amount of metals through the root and,
subsequently, reallocate them to the shoots through the xylem to be detoxified by vacuolar sequestration (13).

According to several studies, the difference between non-accumulators and hyper-accumulators also
lies in the higher expression of specific genes (14). This difference is reflected in a set of alterations in
the metal homeostasis mechanism. Apparently, these modifications are related to specific parts of the
metal transport process.

Metal Transportation and alterations of root morphology
Metal transportation is an already well-established process in many species and has been recognized as
a defence response against toxicity. Plants have developed short and long-term strategies to overcome
the concentration of heavy metals in the soil depending on their availability and importance for their
growth. The short-term response includes the production of low weight ligands, which bind to the
metals to decrease the toxic effect at high concentration. The most efficient response to heavy metal
accumulation is represented by the long-term response, which involves the process of metal
sequestration in plant cell walls (6). This process is regulated by upregulation of genes encoding
structural proteins such as metal transporters and transcriptional regulators (11). These genes are vital
to control the transport and shoot-to-root signal transduction. Several families of metal transporters
have been identified as having a higher expression in the hyper-accumulator N. caerulescens. The
primary functions of the main transporters families and compounds involved in the metal homeostasis
process are:





ZIP (Zrt-Irt-like protein) family: transporter-encoding genes, which are highly expressed in both
root and shoots in the presence of Zinc deficiency. They encode for ZIP transporters, which are
involved in the transportation of mainly Zn, but also in Cd responses and Ni tolerance
MTP (Metal Tolerance protein) family: genes encoding for a vacuolar transporter that may be
implicated in zinc homeostasis and tolerance
HMA (Heavy metal ATPase) family: genes encoding for the plasma membrane Ptype ATPase
(HMA4). Plasma membrane-localized metal transporter that has been found in hyperaccumulating plants (7), essential for the HM loading into the xylem to be transported in the
shoots (11). Furthermore, it has a role in the evolution of the hyper accumulation trait,
quadruplicating in the evolutionary history of N. caerulescens
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CDF (cation diffusion facilitator): genes encoding for proteins involved in enhancement of
tolerance to various metals and their sequestration in the vacuoles (11)
YSL (Yellow stripe-like proteins) family: genes encoding for proteins involved in the unloading
of NA-chelated metals to be moved to the leaf mesophyll. They are highly expressed in the
shoots (11)

The metal homeostasis process is divided in three mechanisms: transport, sequestration and metal
storage. The entire process in a hyper-accumulator can be synthetized in these steps:






Metal uptake enhancement in root
cells
Reduced metal sequestration in the
root vasculature
Enhancement export of metals to
be loaded into the xylem
Unloading metals from roots to
shoots
Transport and sequestration of
metals into storage cells of
epidermis and mesophyll

The first step of this mechanism involves the
entrance of metals from the plasma
membrane of the endodermal cells through
the apoplast in order to move from cell to
cell. Subsequently, metals are retained into
Figure 3 - Metal transporters involved in root to shoot
the root cell in order to be loaded into the transport. Schematic of the three steps involved in the
xylem for active transport to the shoots. One mechanism of metal transport (Root uptake, Loadingimportant mediator of this procedure is the Unloading, Sequestration) (CAX = Cation Exchangers;
ligand Histidine. Already seen in N. CDF = Cation Diffusion Facilitators; FDR3 = a member
caerulescens roots, this compound inhibits of the Multidrug and Toxin Efflux family; HM = Heavy
Metals; HMA = Heavy Metal transporting ATPases; NA
His-Ni sequestration and can probably
= Nicotinamine; NIP = Nodulin 26-like Intrinsic
increase the xylem loading by chelation of Proteins; P = Phosphate transporters; S = Sulphate
heavy metals (10). Another important ligand transporters; YSL = Yellow Strip 1-Like Proteins; ZIP =
present
during
sequestration
is Zinc-regulated transporter Iron-regulated transporter
nicotianamine (NA). Translocation of root to Proteins). (20)
shoot is mediated by HMA4 that is able to
enhance xylem loading. After xylem loading, the chelated metals need to be distributed and detoxified.
Transmembrane transport of the metals occurs thanks to the presence of YSL proteins, which mediate
the unloading out of the xylem. The metals are transported into the vascular tissues of the leaf
(generally epidermis, trichomes or cuticle) to be stored into storage cells (6). At this stage, the cation
diffusor facilitator (CDF) mediates heavy metal transfer and their sequestration. These proteins allow
the sequestration of metals into the vacuoles of storage cells so they will not be toxic to the plant. This is
the strategy used by a hyper-accumulator to prevent metal toxicity. Another difference between the
hyper-accumulator N. caerulescens and a non-accumulator can be seen in root morphology.
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Root layers and differentiation
Main function of the root is to regulate the transport of ions
and water through three main pathways, the apoplast, the
symplast and the transmembrane transport. The apoplast has
been defined as the free diffusional space outside the plasma
membrane and, in the roots, it is interrupted by the Casparian
strip. The symplast is the pathway where low molecular
weight solutes can diffuse through the plasmodesmata.
Several proteins (transporters) mediate the transmembrane
transport, which has been defined as a passage through
membranes. Regulation of these pathways is essential to
manipulate the movement of substances to the shoots,
especially considering the presence of heavy metals. The main
barriers can develop near or far from the root apex and they
are defined as endodermis and exodermis, which is an outlayer of cells in the
cortex of many angiosperms. The endodermis goes through three
developmental stages. The first developmental stage involves the formation of
Casparian strip islands by isolated accumulation of lignin. The second
developmental stage results in the formation of a continuous ring of lignin, the
Casparian Strip (17). The Casparian Strip is a band radial to the endodermis
that has an important role in preventing the transport of ions directly to the
stele and interferes with the apoplastic transfer. At last, the third
developmental stage shows the formation of suberin lamellae around the
endodermal cells (17). Suberin is a highly hydrophobic compound that also
acts as a barrier for the movement of water and ions through the cells.

Figure 4 – Transverse
root section of N.
caerulescens (A) and T.
arvense (B), roots
observed
(C-D),
pictures captured in
auto-fluorescence (EF).
Peri-endodermis
(N. caerulescens) in
figure E (6)

Figure 5 - Endodermal differentiation,
schematic of the three developmental
stages of the endodermis. The
endodermis starts its differentiation
after the elongation zone. After this
region, Casparian strips development
represents the second stage. Suberin
lamellae formation represents the
third stage.
Surprisingly, N. caerulescens develops
a secondary layer externally adjacent
to the endodermis, the periendodermis. This layer presents
irregulary thickenings composed of
lignin and maybe also suberin. The
function of such cell wall structure is
still unknown, however it might have a
protective role against metals efflux or
influx (2). Furthermore, the periendodermis can be detected in N.
caerulescens but not in the non7

accumulator T. arvense by using transverse sections (Figure 3). There is a strong probability that the
formation of this layer could be linked to the creation of a new function in the evolution of the hyperaccumulation species. Another relevant characteristic of this hyper-accumulator is an higher expression
of genes enconding for metal transporters. The increased gene expression of many genes related to
metal transporation might be related to gene copy number amplification or other regulatory changes.
Possible reasons behind this increase might be connected to environmental interactions or epigenetic
changes. These changes have an important role in several mechanisms of resistance and they might
induce plant adaptation, for example, to metalliferous environments (22). It is worth to point out that all
the members of the Noccaea genus are hyper-accumulators, which suggests that the hyperaccumulation
trait in this genus might have a monophyletic origin, in other words, descended from a common
evolutionary ancestor or ancestral group (5). Plant adaptation may lead to reorganization of root cell
walls depending on the presence of heavy metals. The anatomical characteristics of the roots go
through several changes that may increase or decrease the amount of metal movement to the shoots
(10). Van de Mortel et al. (2007) demonstrated the presence of gene expression differences between N.
caerulescens and A. thaliana. Relevant to this study is the expression profile of lignin and suberin
biosynthesis genes that show higher expression in the hyper-accumulator than in the non-accumulator.
Changes in expression might be related to the constitution of a layer in the hyper-accumulator that
might have an impact in the movement of the metals that will be loaded in the xylem by metal
transporters (10). These thickenings are a hallmark of all the ecotypes of N. caerulescens (e.g. La
Calamine). Furthermore, there is a strong probability that this accumulation may be variable depending
on the changes in the environmental conditions. This is the reason why I focused on two different
populations of N. caerulescens.

Differences between populations of N. caerulescens
According to Koch et al. (1998), N. caerulescens ecotypes are largely distributed in Europe and are
considered as adapted to many kinds of environment (2). These ecotypes have differences because of
their ability to adapt to different soils. Furthermore, it has already been established how their
accumulation capacity may vary depending on the availability of the metals in the soil. The main
difference between these ecotypes is the possibility to change their tolerance when they grow on
specific conditions (26). This is the reason why the ecotypes of N. caerulescens can be divided into two
populations, metallicolous and non-metallicolous populations. Metallicolous populations are able to
grow on soils with high metal concentration. On the other hand, non-metallicolous populations
generally grow on soils with normal metal concentrations. Other differences are related to the Zn and
Cd accumulation capacity and tolerance. In fact, according to the work of Frérot et al. (2003),
metallicolous populations have lower Zn and Cd accumulation capacity, but higher tolerance compared
to non-metallicolous ones (8). Furthermore, it has been discovered that N. caerulescens hyperaccumulation and tolerance to Zn seem to be a constitutive and heritable trait (5), while Cd hyperaccumulation was only found in some calamine populations (26). Seven geographically nearby ecotypes
from N. caerulescens were chosen to be analysed from both metallicolous and non-metallicolous
populations. Prayon (PR), Pontaut (PON) and Lanastosa (LAN) were chosen from the metallicolous
population. Lellingen-Wilwerwiltz (LE/WIL), Vall de Varrados (VDV) and Navacelles (NAV) were chosen
from the non-metallicolous one.
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Another relevant information
is related to differences in
this species also at the
molecular level. In fact
different expression level of
the same gene has already
been observed between
hyper-accumulators and nonaccumulators, but also in
different ecotypes of one
species. In details, according
to the work of Halima et al.
(2014), these ecotypes show
Figure 6 - Gene expression changes (HMA4,HMA3,NRAMP1) between
several variances related to N. caerulescens ecotypes. Gene expression analysed for La Calamine,
metal ion transmembrane Ganges and Monte Prinzera (24)
transporter activity, iron and
calcium ion binding and anion transmembrane transporter activity. As possible contributors to the
hyper-accumulation and tolerance phenotype, a number of genes (e.g. HMA4, HMA3) were found to be
more expressed in hyper-accumulators than in non-accumulators. Furthermore, the accessions of N.
caerulescens also show differences in the number of genes that contribute to metal hyper-accumulation
(24). Evidence of these differences is showed in Figure 6 where the gene expression profiles for HMA4,
HMA3 and NRAMP1 between three ecotypes of N. caerulescens (La Calamine, Ganges and Monte
Prinzera) were compared by real time PCR quantification (RT-qPCR).
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Research Goals
I want to show whether phenotypically characterized ecotypes of N .caerulescens differ in accumulation
of lignin and suberin and probably give an insight on the role of the peri-endodermis. The plausible
reason behind the root morphological differences may be related to the effect of the environment (e.g.
soil composition) or to a correlation in gene expression between groups of genes. This is the reason why
changes in environmental condition are essential in my experiment. However, it is also important to
point out that these ecotypes show tremendous differences in their capacity to hyper-accumulate and
hyper-tolerate metals (23). In regards of lignin accumulation, besides the N. caerulescens ecotypes also
two species will be analysed and compared. Roots from T. arvense (non-accumulator) and M.
perfoliatum (tolerant non-accumulator) will be analysed to compare the formation of thickenings in the
endodermis and related differences. In regards of differences in suberin accumulation, it has already
been demonstrated that suberin changes when plants are grown on stress conditions. It has already
been observed that Salix caprea isolates initiate the formation of the Casparian Strip and the suberin
lamellae differently depending on the environment. Two isolates show differences in the development
of both Casparian strip and suberin lamellae when exposed to metals at high concentration (15). This is
the reason why comparing this species with N. caerulescens is vital for this study. Moreover, it is also
essential to compare my results with the non-accumulator A.thaliana. Lastly, a side experiment was setup to see whether dry weight of roots and shoots changed between a metallicolous ecotype and a nonmetallicolous one.
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Material and Methods
Plant material and seed sterilization
Seeds from two N. caerulescens populations (Metallicolous and Non-Metallicolous), T. arvense and M.
perfoliatum were chosen to grow on agar plates for both experiments (see Table 1). All seeds went
through an HCl vapour-phase seed sterilization in order to eliminate the presence of microbial
organisms. Seeds are transfered in 1.5 micro centrifuge tubes and left inside the desiccator jar (fume
hood) where the chlorine gas is released. Chlorine fumes are obtained by mixing 50 ml of bleach and 1.5
ml of HCl into 2 beakers of 100 ml beakers. The sterilization lasted around 4 hours. At last, the tubes are
left overnight in the flow to take care of the residual fumes.
Table 1 - Seeds used for sterilization. The table shows the two populations (Metallicolous and Nonmetallicolous), the non-accumulators, region of collection and stock number.
Ecotypes (Metallicolous)

Region

Number stock

Prayon

France

150048

Pontaut

Spain

150041

Lanastosa

Spain

150044

Lellingen

Luxemburg

150013

Vall deVarrados

Spain

150039

Navacelles

France

150045

Wilwerwiltz

Luxemburg

150036

Ecotypes (Non-Metallicolous)

Non-accumulators

T. arvense

150020

M. perfoliatum

150024

Media and growth conditions
Plants were germinated on ½ MS (Murashige and Skoog) agar plates. The accessions were collected at
different times depending on their root length. Seedlings were grown vertically in boxes. The ½ MS
media was used to create the growth environment for the seeds. Firstly, the Murashige & Skoog
Medium (concentration 4405.19 mg/l) was added to give the right amount of nutrients to the seeds.
Secondly, 1 gram per 100 ml of micro agar was added to solidify the solution. A final concentration of
0.032 g /l of gibberellic acid was added to the media to interrupt dormancy. The seeds were sowed on ½
MS-agar plates and placed in the growth chamber at 24 C (16 hours of light). These conditions were also
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used for the plates made during the entire lignin and suberin experiment. On the other hand, in the
suberin experiment, stress conditions were applied.

Stress Assay
N. caerulescens accessions were grown under three different treatments (control, Zn excess, Cd excess).
Control media was made by using the same conditions as described before. Furthermore, two extra
media were made for Zn and Cd excess treatments. The excess Zn plates contained an overall Zn
concentration of 270 μM (20 μM already in the media). For the second treatment, a concentration of 75
μM of Cd was added to the media. Furthermore, two stress treatments were used in the hydroponics
experiment. Two different concentrations of Zn and Cd were added to two nutrient solutions (100 μM of
Zn, 2.5 μM of Cd) and changed once a week.

Root scanning, clearing and Fluorol Yellow staining
Plants were collected from plates at different times for root clearing (lignin observation) or Fluorol
Yellow staining (suberin observation). Firstly, the plates were scanned by using EPSON scan to have
phenotypic data to check for root length. Secondly, roots were separated from the shoots and
transferred to 6 wells plates for root clearing when they reached a 1.5-2 cm root length. Root clearing
was performed by incubating the roots by adding several solutions. Firstly, the roots chosen are
incubated at 57 C for 15 minutes with 0.24 N HCl. Secondly, the solution is replaced with 7% NaOH in
60% ethanol for 15 minutes at room temperature. Subsequently, the roots are rehydrated with ethanol
solutions (40%, 20% and 10%), 5 minutes each. After infiltration in 5% ethanol and 25% glycerol (15
minutes each), the samples are mounted in 50% glycerol to be analysed. Other roots samples were
stained by using Fluorol Yellow 088 (0.01% w/v in lactic acid), a fluorescent suberin dye. After washing
out the staining, a counter-staining is done when aniline blue is applied (0.5% w/v in water) to be then
washed out by using milli-Q water.

Microscope observation
The samples were mounted on slides and analysed under AXIOPHOT microscope (FISH3). Leica
Application Suite (LAS) was used as a software to visualize the root for both lignin and suberin
accumulation. Subsequently, root observation was done by capturing each image in sequence. The
resolution used for the analysis on the microscope was a 20-x resolution for root clearing and 10-x
resolution for the stained roots. Each image was obtained by letting the program adjust both brightness
and contrast (automatic settings) depending on the quality of the image. Images were captured by using
auto-fluorescence to check for lignin and suberin accumulation. The images were taken starting by
focusing from the point where the thickenings, Casparian Strip and xylem were clearly visible in the
cleared root. Moreover, both images with normal light and standard GFP filter were saved to compare
as reference. On the other hand, to check for suberin accumulation, each image was taken by starting
from the root tip until there was a clear signal for suberin. Lastly, the images were modified and stitched
together by using the program ImageJ. The plugin MosaicJ was used to stitch the different images got
from both cleared and stained roots. Moreover, in order to promote image recognition for ImageJ, both
brightness and contrast had to be changed for each picture. The scale bar is applied to the images by
using ImageJ. By the use of the “set scale” command, we enter pixel, distance values and unit of length
depending on the lens magnification. In our case, we used a 10-x resolution. After setting the scale, we
applied the scale bar by selecting for the command “scale bar” under “tools”.
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Hydroponic experiment
Two of the seven N. caerulescens accessions were grown on blue boxes in the hydroponics chamber.
Prayon (PR) and Lellingen (LE) seeds from the two populations were sowed on small tubes containing
solid Hoagland (1.1% Daishin agar and Hoagland solution joined). A 0.5x Hoagland nutrient solution was
used in the blue boxes to make the seeds germinate and grow. After roughly 10 days, the plants were
transferred into pots and the solution was changed for the three treatments once a week. Three
solutions were made for control, Zn excess (250 μM) and Cd excess (75 μM). After 1 month, the roots
and the shoots were collected and dry weight was measured for both roots and shoots.

Statistical analysis of root tip/suberin distances and dry weight
SPSS was used to make statistical analysis of suberin distances and dry weight for roots and shoots. In
order to compare the treatments (control, Zn excess and Cd excess), a univariate model (General linear
model) was used. We used this statistical test to check whether the differences might be related to the
effect of the genotype analysed or the treatment. Significances for the variables were calculated by
using SPSS. A p-value of 0.05 is considered significant in each test. A scatter plot was made to check for
normal distribution of the data. Moreover, since there were not enough replicates per treatment to be
used, some missing data was added to allow SPSS to make the comparison between the variables. This
was not done for the comparison between different root and shoot weight, since the amount of data
was sufficient to conduct the analysis. Lastly, Microsoft Excel (Microsoft Office 2003) was used to
provide bar graphs for the comparison of root tip/suberin distance between the treatments.
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Results
Lignin accumulation in N. caerulescens between the ecotypes
One of the research questions was related to understanding the differences
between metallicolous and non-metallicolous populations and inside the
same population in lignin accumulation. Before the analysis, the roots were
scanned and pictures were taken to check root length. An example for plate
scanning can be seen in Figure 7 (some other pictures in Supplement Data,
Appendix A, Figure S1). The speed of growth was considered for all the
accessions in control condition. The timescale for the roots to reach the 1.52 cm was different by looking at both metallicolous and non-metallicolous
populations. The ecotypes PR/LE/W was growing at similar speed and
reached together the desired root length (7 days). On the other hand,
LAN/VDV/PON had several problems in seed germination even after adding
gibberellic acid in the media. At last, NAV was put to grow on plates during
the first round of sowing and had difficulties in both germination and in
reaching the desired root length. As a result, it was not possible to reach
the right amount of replicates to be used for the analysis. Checking of lignin
accumulation was performed by looking at the pictures taken during the
observation with auto-fluorescence. In order to see if a difference in lignin
accumulation could be seen, we focused on the moment in which the
thickenings, Casparian Strip (CS) and xylem were completely visible in the
endodermis. An example can be seen in Figure 8.

Figure 7 - Plate picture
example captured with
scanner. Two ecotypes,
Lanastosa (LAN) and
Pontaut (PON).

Figure 8 - Cleared root taken with auto-fluorescence grown on control condition. Pictures from the
start of the lignin accumulation (presence of thickenings in the endodermis). Different arrows indicate
the beginning of xylem (blu arrow), Casparian Strip (red arrow) and lignin thickenings (yellow arrow).

14

This image shows that thickenings (lignin) can be seen mostly between the two CS signals and rarely in
the same spot of where the CS develops. Moreover, this can also allow checking the frequency of the
thickenings inside the root. However, I did not detect any significant change in the thickenings between
the accessions. As a result, it was not relevant to make a statistical inference for this frequency. Analysis
of cleared roots from a metallicolous ecotype (Prayon) are shown in Figure 9 and 10.

Figure 9 – Cleared root sample one from Prayon (PR) taken with auto-fluorescence, root grown on
control condition. Pictures from the start of the lignin accumulation (presence of thickenings in the
endodermis). Different arrows indicate the beginning of xylem (blu arrow), Casparian Strip (red arrow)
and Thickenings (yellow arrow).

Figure 10 - Cleared root sample two from Prayon (PR) taken with auto-fluorescence, root grown on
control condition. Pictures from the start of the lignin accumulation (presence of thickenings in the
endodermis). Different arrows indicate the beginning of xylem (blu arrow), Casparian Strip (red arrow)
and Thickenings (yellow arrow).
As can be seen in the pictures (Figure 9 and 10), both samples show the same lignin accumulation
pattern. The thickenings develop earlier than the CS and the xylem (Lanastosa and Lellingen root
samples in Appendix A, Figure S2 and S3 Supp. Data). Furthermore, this has been seen in all the other
15

accessions that have a higher accumulation capacity and tolerance (PR/LAN/LE). Main interest was to
check the accumulation in non-metallicolous ecotypes. Two examples from VDV (Vall De Varrados) and
NAV (Navacelles) can be seen in Figure 11 and 12.

Figure 11 – Cleared root sample from Vall De Varrados (VDV) taken with auto-fluorescence, root
grown on control condition. Pictures from the start of the lignin accumulation (presence of
thickenings in the endodermis). Different arrows indicate the beginning of xylem (blu arrow),
Casparian Strip (red arrow) and Thickenings (yellow arrow).
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Figure 12 - Cleared root sample from Navacelles (NAV) taken with auto-fluorescence, root grown on
control condition. Pictures from the start of the lignin accumulation (presence of thickenings in the
endodermis). Different arrows indicate the beginning of xylem (blu arrow), Casparian Strip (red arrow)
and Thickenings (yellow arrow). Thickenings can be seen near the root tip.
Apparently, the cleared roots for the non-metallicolous ecotypes show the same lignin accumulation
pattern of the metallicolous ecotypes. However, Navacelles (NAV) develops the thickenings later than
the xylem and the Casparian Strip. This is probably related to the fact that NAV was difficult to grow
under control condition, which might explain the completely different pattern than the other ecotypes.
Changes in the formation of the thickenings between the accessions was not reasonable to investigate
since it was not possible to see any difference. Other pictures from Vall De Varrados (VDV) are included
in supplement data (Appendix A, Figure S4).
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Lignin accumulation in T. arvense and M.perfoliatum
Last point of interest of this experiment was to check lignin accumulation in Thlaspi arvense and
Microthlaspi Perfoliatum, two non-accumulators. Figures 13 and 14 show what it could be seen by
analysing these roots under the microscope for these two species.

Figure 13 - Cleared root sample from the non-accumulator Microthlaspi perfoliatum taken with autofluorescence, root grown on control condition. Pictures from the start of the lignin accumulation
(presence of thickenings in the endodermis). Different arrows indicate the beginning of xylem (blu
arrow), Casparian Strip (red arrow) and Thickenings (yellow arrow). Same pattern of barriers
development, lower thickness signal.

Figure 14 - Cleared root sample from the non-accumulator Thlaspi arvense taken with autofluorescence, root grown on control condition. Pictures from the start of the lignin accumulation
(presence of thickenings in the endodermis). Different arrows indicate the beginning of xylem (blu
arrow), Casparian Strip (red arrow) and thickenings (yellow arrow). Only xylem is clearly visible,
Casparian strip and thickenings are not visible.
The M. perfoliatum root sample shows the same lignin accumulation pattern (Thickenings, CS, Xylem).
However, the signal related to lignin accumulation is obviously less clear than the signal already showed
in the N. caerulescens accessions. On the other hand, the image taken for the T. arvense root shows only
the presence of the xylem. In fact, it was not possible to detect both the Casparian strip and the
thickenings. The reason behind this problem might be related to the fact that roots from T. arvense are
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more difficult to analyse with the microscope because they have thicker roots than the other plant
species. Other pictures are included in supplement data (Appendix A, Figure S5 and S6 in Supp. Data).

Difference in suberin accumulation between
the ecotypes of N. caerulescens
N. caerulescens ecotypes were grown under the three
treatments (Control, Zn excess, Cd excess) and scanned
to get phenotypic data. Several differences were seen in
the time of growth and anatomy of the plants.
Obviously, most of these differences were detected on
stressed plants. Apparently, some accessions that were
growing under stress had a faster germination and
growth. Moreover, a non-metallicolous ecotype (LE)
grew mostly in its secondary roots than its primary root
under stress condition as it can be seen in Figure 15.
Main goal in this second experiment was the difference Figure 16 –- Plate picture example captured
in suberin accumulation between the accessions under with scanner. Two ecotypes, Prayon
(PR)/Lellingen (LE) plate (Zn excess)
treatment. A visual example of suberin accumulation in
a N. caerulescens accession can be seen in figure 16.

Figure 15 - Root sample stained with Fluorol Yellow 088 to show suberinization. Sequence of four
images from root tip (right) to start of suberinization (left).
Figure 16 shows how a root stained with Fluorol Yellow 088 is visualized under the microscope. This
specific staining allows the detection of suberin accumulation. Suberin patches start at a distal part from
the tip, intensifies its signal throughout the root. In order to show the differences in accumulation
between the three treatments, two ecotypes were chosen from the two populations. Prayon (PR) was
the first ecotype to be collected and the one that more easily reached the desired root length. The roots
from the three treatments were compared and the distances from the tip to suberin start were
measured using ImageJ. Fluorol Yellow stains do not always appear in the same way between the
accessions. Prayon (PR), Lellingen (LE) and Wilwerwiltz (WIL) show between the treatments an earlier
suberin accumulation under stress condition. On the other hand, Lanastosa (LAN) and Vall De Varrados
(VDV) have similar suberin accumulation between the three treatments. Moreover, in the nonmetallicolous Lellingen (LE), I can easily detect small patches throughout the root before the signal
becomes stronger. On Figure 17 two roots from Prayon (PR) are shown, one grown under normal
condition and one under stress condition.
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Figure 17 – Comparison of Fluorol Yellow staining of suberin in Prayon (PR). Sequence of images from
root tip to suberin, right to left. Each image is taken by auto fluorescence. Upper image shows a
sample from control treatment. Lower image shows a sample from Zn excess treatment. The scale bar
indicates 1 mm.
Wilwerwiltz (WIL) represents an example from the non-metallicolous population. On Figure 18, two
roots are shown, one grown under normal condition and one under stress condition. In this ecotype,
suberinization starts earlier in roots exposed to Zn excess than the ones in control condition. Other
pictures from the ecotypes (Appendix B, Figure S7 and S8 in Supp. Data).

Figure 18 – Comparison of Fluorol Yellow staining of suberin in Wilwerwiltz (WIL). Sequence of images
from root tip to suberin, right to left. Each image is taken by auto fluorescence. Upper image shows a
sample from control treatment. Lower image shows a sample from Zn excess treatment. The scale bar
indicates 1 mm.
Statistical analysis (General Linear Model) was used to understand if the differences in distances
between the treatments were significant. Unfortunately, the amount of replicates that were possible to
be grown on plates was not always enough for each of the accession, besides Wilwerwiltz (W). Before
looking at the results, plots for comparison of observed, predicted and residuals are provided to check
accuracy of the analysis (see Figure 19). There is a correlation between observed and predicted values,
which ensures accuracy of the model. Furthermore, comparison of the predicted values with the
residuals shows symmetric distribution. According to the results, the differences in the distance are
related to the effect of the single genotypes and not to the three treatments (see Table 2). However,
this might be related to an insufficient presence of replicates per accession or per treatment. No
interaction between treatment and genotype can be supposed (0.177 p-value).
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Table 2 - Test of Between Subjects Effects (General Linear Model). One dependent variable (root
length), two independent variables (Genotype, Treatment). The significance of the variables in the
model is illustrated by the p-values. The treatment and the interaction (Genotype*Treatment) do not
influence the model (p-value 0.064 and 0.177). The variable Genotype is found significant in the
model (p-value 0.000).
Tests of Between-Subjects Effects
Dependent Variable: Length
Type III Sum of
Source

Squares

df

Mean Square

F

Sig.

Corrected Model

479,120a

13

36,855

5,399

,000

Intercept

1493,302

1

1493,302

218,766

,000

Genotype

329,072

4

82,268

12,052

,000

Treatment

42,851

2

21,425

3,139

,064

Genotype * Treatment

78,744

7

11,249

1,648

,177

Error

143,346

21

6,826

Total

2428,151

35

622,467

34

Corrected Total

a. R Squared = .770 (Adjusted R Squared = .627)
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Figure 19 – Comparison plots for observed, predicted and residuals. Each plot shows comparison of
the values. Values show correlation because they are symmetrically distributed (values are clustered
together).
Moreover, the collected distances for each of the accessions were organized on bar graphs by using
Microsoft Excel. The comparison showed a global trend in mostly all the accessions. By considering
Prayon (PR) and Wilwerwiltz (WIL), suberin accumulates earlier when the roots are growing under stress
condition than in control conditions as it can be seen in see Figure 20 and 21. However, this trend is not
significant enough in the other accessions. In fact, Lanastosa (LAN) did not show any significant change
in the treatments, while, Vall De Varrados (VDV) and Lellingen (LE) did not show significant differences
between control and stress treatments (Figure S9, S10 and S11 in Supp. Data).

22

16
14
12
10
8
6
4
2
0
PR Cont 1

PR Cont 2

PR Zn 1

PR Zn 2

PR Zn 3

Figure 20 - Root distance (root tip to suberin start) comparison in Prayon (PR) between two
treatments (Control and Zn excess). X-axis indicates the different treatments, Y-axis indicates root
distances in mm.
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Figure 21 - Root distance (root tip to suberin start) comparison in Wilwerwiltz (W) between the three
treatments (Control, Zn excess and Cd excess). X-axis indicates the different treatments, Y-axis
indicates root distances in mm.
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Hydroponic experiment (Analysis of dry root and shoot weight)
Prayon (PR) and Lellingen (LE) ecotypes were grown in the hydroponic room to determine changes in
dry root and shoot weight. The plants were grown on blue boxes and subsequently, transferred in pots.
Pictures of the pots containing the ecotypes were taken once a week. Each pot contained three plants
from the same treatment (see Figure 22).
Roots and shoots from the three
treatments (Control, Zn excess and Cd
excess) were left to dry for 3-4 days and
weighed. A statistical analysis was done
considering roots and shoots samples
separately. The aim was to compare and
see if there was any difference in weight
between the treatments. Results from the
Univariate analysis showed that there is no
significance in both the effect of the single Figure 22 - Example pots picture from Prayon (Control
genotype or the treatment. Probably, the treatment).
higher concentration of Zn and Cd in the
0.5x Hoagland solution was not sufficient. In short, the three treatments for both Prayon (PR) and
Lellingen (LE) did not show any significant difference. The results from the two tests are shown in table 3
and 4.
Table 3 - Test of Between-Subjects Effects in roots of Prayon and Lellingen. One dependent variable
(root weight), two independent variables (Genotype, Treatment). The significance of the variables in
the model is illustrated by the p-values. The treatment, Genotype and the interaction.

Tests of Between-Subjects Effects
Dependent Variable: Weight
Type III Sum of
Source

Squares

df

Mean Square

F

Sig.

,001a

5

,000

1,173

,339

,026

1

,026

186,664

,000

Genotype

4,267E-5

1

4,267E-5

,308

,582

Treatment

,000

2

8,882E-5

,641

,532

Genotype * Treatment

,001

2

,000

1,944

,156

Error

,006

40

,000

Total

,033

46

Corrected Total

,006

45

Corrected Model
Intercept

a. R Squared = .128 (Adjusted R Squared = .019)

(Genotype*Treatment) do not influence the model.
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Table 4 - Test of Between - Subjects Effects in shoots of Prayon and Lellingen. One dependent variable
(shoot weight), two independent variables (Genotype, Treatment). The significance of the variables in
the model is illustrated by the p-values. The treatment, Genotype and the interaction
(Genotype*Treatment) do not influence the model.
Tests of Between-Subjects Effects
Dependent Variable: Weight
Type III Sum of
Source

Squares

df

Mean Square

F

Sig.

,008a

5

,002

1,462

,224

Intercept

,405

1

,405

374,925

,000

Genotype

,007

1

,007

6,520

,015

Treatment

,000

2

,000

,138

,871

Genotype * Treatment

,001

2

,001

,492

,615

Error

,043

40

,001

Total

,469

46

Corrected Total

,051

45

Corrected Model

a. R Squared = .155 (Adjusted R Squared = .049)
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Discussion
My research gave some insight on which might be the differences between the N. caerulescens
populations analysed in terms of lignin and suberin accumulation. Specifically, I wanted to check if two
compounds (lignin and suberin) might have a protective role against metal toxicity in this hyperaccumulator. Before explaining my results, it is essential to introduce the role of lignin and suberin in
root morphology. Lignin is an organic polymer, which has been seen to have an essential role in blocking
the apoplastic transport. Lignin biosynthesis has been described to have an important role in the
formation of the Casparian strip. Differently from this polymer, suberin is deposited on the inner surface
of the cell walls of the endodermis and it is described to be more induced to change than lignin.
Moreover, association between lignin deposition and suberin lamellae was excluded from this study
since evidence supports the idea that suberin is not important for the formation of Casparian strips (25).
Studying both polymers individually in N. caerulescens has been my priority in order to see if there are
differences between these hyper-accumulator ecotypes. I already established that N. caerulescens
ecotypes have different accumulation capacity and tolerance (8). I want to exploit this difference by
checking if there is any change in root morphology between the metallicolous and non-metallicolous
populations. Firstly, I looked at lignin accumulation in the ecotypes and other non-accumulators.
According to the work of Wang et al. (2016), the concentration of Cd and Zn in the shoots of nonmetallicolous is higher than in metallicolous ecotypes (26). I suppose that non-metallicolous ecotypes
would need to push more metals to the shoot because of the lower tolerability. This is the reason why,
theoretically, I would have expected a premature cell wall lignification as a form of protection in nonmetallicolous ecotypes in comparison with a metallicolous one. However, my study presents evidence
that the accessions of N. caerulescens do not exactly show any differences in lignin accumulation under
normal condition. In fact, all the accessions show the same pattern in the roots (first thickenings, then
Casparian strip and xylem). I tried to understand whether lignin deposition change might be related to
adaptation to metalliferous soils or not. In fact, according to several papers, these accessions showed
differences in gene expression and Zn/Cd accumulation because of their geographical origin (26).
However, my results did not show any certain difference in the formation of the lignin thickenings
throughout the root. One point of interest was related to the poorly grown non-metallicolous ecotype,
Navacelles (NAV). Besides showing a different pattern in the formation of Casparian strips (CS) and
thickenings, these barriers developed near the root tip. This might suggest that changes in the
development of barriers might be related to growth retardation of the root and not because of the
presence of heavy metals. In fact, in comparison with the other accessions, Navacelles (NAV) took more
time to reach the right root length for observation, probably causing changes in root morphology.
Quantification of lignin was not possible to be provided by only using cleared roots. Researchers have
shown that also lignification might be affected by stress (2). I believe that since non-metallicolous
ecotypes grow on soils with normal metal concentrations, under stress they would need to increase the
presence of lignin in the roots. Apparently, control conditions were not suitable to show differences
between the ecotypes. I would expect some differences since several stresses can have an impact on the
development of the Casparian strips (2). As a result, I can only assume these accessions to behave
similarly in normal condition. Several papers already demonstrated changes in the formation of the
Casparian strip when the plants were grown under stress treatment. According to Alexander Lux et al.
(2010), roots exposed to Cd stress show a higher lignification of the endodermis. Thus, having an effect
on the development of the apoplastic barriers (1). These changes might be related to the development
of an adaptive trait, which has already been seen in N. caerulescens. Furthermore, it was already
demonstrated that lignin thickenings were associated to both heavy metal and salt stresses (1).
Apparently, the Casparian strips tend to develop near the root apex; however, the distance changes
depending on the species. Besides checking these accessions, two other species were analysed for lignin
accumulation and used for comparison. T. arvense and M. perfoliatum observations showed expected
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lignification patterns. In fact, T. arvense as a non-accumulator did not show any thickenings. However, I
cannot be certain if this could be related to the thickness of the root or the actual absence of the
lignification. On the other hand, M. perfoliatum showed similar lignin pattern and deposition to what I
have seen in the accessions. This species has been recognized as also belonging to the brassicaceae
family but rather earlier species in the phylogenetic tree. M. perfoliatum has been described as a
tolerant non-accumulator, which might explain the presence of similar thickenings. However, no other
species with the same kind of accumulation was studied to make a comparison. Difference in
fluorescence signal in the endodermis was significantly lower if compared with the N. caerulescens
accessions. These differences might be related to the fact that as a tolerant non-accumulator, this
species does show development of lignin thickenings. Second part of this study provides evidence that
suberin deposition changes between N. caerulescens ecotypes when exposed to stress. Suberin
accumulation creates a vital structure for many physiological processes related to plant water status and
protection from biotic and abiotic stressors (2). I supposed suberin accumulation to have a protecting
role against metal uptake in the roots because of their toxicity. The observation of the N. caerulescens
populations did not provide clear results to support this hypothesis. According to the results,
metallicolous and non-metallicolous ecotypes show differences in suberin accumulation. Apparently,
suberin accumulates earlier under stress condition in one metallicolous ecotype (Prayon), while
Lanastosa (LAN) does not always show an earlier accumulation. This earlier suberin accumulation is not
always seen in non-metallicolous ecotypes. This might be explained by the fact that the ecotypes grown
on metalliferous soil have developed a well-established adaptive protection (higher tolerability). On the
other hand, ecotypes grown in non-metalliferous soil did not show the same level of adaptation.
Moreover, both these two populations have a different accumulation capacity, which might explain this
difference. In fact, Vall De Varrados (VDV) and Lellingen (LE) do not always show this pattern probably
related to the lower tolerance and higher accumulation in comparison with Prayon (PR) and Lanastosa
(LAN). The non-metallicolous population is less tolerant to the metals, which leads to an increased
transport to induce metal detoxification. However, suberin deposition does not always start earlier
when the roots grow under stress condition. On the other hand, earlier suberin accumulation in
metallicolous ecotypes show that this protective trait is more recognizable in this population. A point of
discussion will be to compare these results with what has been already seen in other accumulators and
non-accumulators. The results of Vaculík et al. (2012) on Salix caprea populations (Metallicolous and
Non-Metallicolous, respectively) are interesting to give an insight on what is the role of the hyperaccumulation trait (15). S. caprea has already been proven to survive in heavy metal contaminated areas
(18). In comparison with N. caerulescens, this species is also able to accumulate and translocate large
amounts of Zn (up to 2210 mg kg−1) and Cd (up to 340 mg kg−1). The peri-endodermis has not been
recognized in the root of this species. Other relevant research demonstrated that isolates from S. caprea
grown on metal contaminated sites have changes in foliar biomass production and Cd accumulation
(18). Vaculík et al. (2012) focused his work on the development of apoplastic barriers in roots (Casparian
Strips and suberin lamellae) between two isolates from different populations (15). The comparison
between these two species is justified by a similar experimental set-up and choosing of a hyperaccumulator for the study. KH21 (grown on polluted soils) and F20 (grown on unpolluted soils) were left
grown under control, Zn and Cd excess condition. In contrast to what we have found upon metal
exposure, there is a delay in the development of suberin lamellae in the isolate from the metallicolous
population. On the other hand, the other isolate from the non-metallicolous population accumulates
the suberin earlier in the excess treatments (15). This study suggested a connection between heavy
metal accumulation capacities and suberin deposition. In fact, N. caerulescens and S. caprea
accumulation capacities in the two populations behave in an opposite manner. S. caprea isolates from
polluted soils accumulate more than the isolates from non-polluted soils. This might explain the strange
difference in suberin accumulation between the two species. I expected this different behaviour
between these species. However, it seems necessary to put under consideration the difference in plant
family, accumulation capacity and presence of this additional layer of cells. Moreover, suberin
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accumulation changes not only in hyper-accumulators, but also in non-accumulators. It is worth to point
out that also salt excess might trigger this adaptive reaction to toxicity. In fact, several studies have
described suberin changes in the popular non-accumulator Arabidopsis thaliana. This non-accumulator
showed that different stress factors might lead to the development of the same adaptive strategy.
Mostly studied in Arabidopsis is the effect of salt stress in the development of root barriers. These
barriers have an essential role in the regulation of water uptake. Research on Arabidopsis mutants in the
enhanced suberin 1 (esb1) were also found to have an enhancement in suberin deposition in an early
differential stage, which led to several defects in the Casparian strip (19). The study of Barberon et al.
(2014) on changes of the apoplastic barriers demonstrated that drought and salt stress also have an
effect on suberin in the non-accumulator A.thaliana (17). I conclude that suberin lamellae deposition is
highly plastic but might change depending on accumulation capacity and the stress applied during
growth. Moreover, it is safe to assume that suberin change cannot be defined as a distinctive feature of
the hyper-accumulators. That is why the peri-endodermis might be seen as a protection against metal
toxicity in the hyper-accumulator, Noccaea caerulescens.

Conclusions
The results of this study do not show any strong difference between the N. caerulescens accessions and
species such as T. arvense and M. perfoliatum for lignin and suberin accumulation. I can conclude that
the thickenings develop seemingly in the two populations (metallicolous and non-metallicolous) under
control condition. On the other hand, the comparison with non-accumulators does show some
differences. However, due to the lack of research on M. perfoliatum, it is not possible to give an
assumption. I cannot say whether lignin accumulation has a protective role against metal toxicity or not.
Suberin accumulation has been seen to change depending on the accumulation capacity and species.
However, the change in accumulation is not only associated to hyper-accumulators, but also to nonaccumulators. Lastly, these results did lead not us to any assumption to what could be the role of the
peri-endodermis. In fact, I believe that another approach would be more suitable to exploit this peculiar
feature of N. caerulescens.
.
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Future Perspectives
Differences in gene expression and interest on HMA4 (Heavy metal ATPase 4)
This study showed that some plants do not behave in the same way when we observe them for different
accumulation capacities. According to my results, suberin accumulation may change depending on the
stress condition in N. caerulescens. On the other hand, there is no evidence of lignin accumulation
differences in control condition. This is the reason why I would like to apply stress conditions to check if
lignin accumulation would change between the ecotypes. Furthermore, providing more information
about how lignin and suberin are distributed in each root cell layer might be relevant to future study.
This is the reason why I think that cross sections of roots would help us to detect more differences
between the two populations analysed (metallicolous and non-metallicolous). Moreover, studying this
species on the molecular level would give us a possible correlation between groups of genes related to
metal transportation and lignin-suberin biosynthesis genes. In fact, it is essential to understand whether
there might also be differences in the gene expression profile between N. caerulescens populations and
other species. The evaluation might be done by looking at specific marker genes for root layers in the
accessions of N. caerulescens. Moreover, it is also worth pointing out that available data for gene
expression in A. thaliana can be used to check for gene expression differences with hyper-accumulators
and the tolerant non-accumulator M. perfoliatum, which has been poorly studied. This might help me to
explain the presence of thickenings in a non-accumulator such as M. perfoliatum. Moreover, the role of
the peri-endodermis and possible implications in the different levels of tolerance might be exploited.
However, in order to obtain this data, an alternative approach could be used. One possible approach
could be the use of the laser microdissection (LCM). This method has been designed to obtain tissue
cells by using a microscope. Moreover, the laser gives the possibility to isolate specific cells to be then
used for further analysis. In this case, by isolating groups of cells from three different layers
(Endodermis, Epidermis and Peri-endodermis), it could be possible to understand why some genes
involved in metal transportation and lignin-suberin biosynthesis genes are upregulated or
downregulated. Performing RNA extraction and qPCR analysis will be the next step to obtain this data.
The aim of this work will be to find a correlation between groups of genes. Personally, I would like to see
whether a correlation between the HMA4 (Heavy metal ATPase 4), suberin biosynthesis genes could be
found. Especially considering that examination of the metallicolous and non-metallicolous populations
of suberin accumulation showed relevant differences in many stress conditions. In addition, HMA4 has
been described as having an essential role in the Zn and Cd transfer from the root through the stele.
Besides being more expressed than many other genes in N. caerulescens roots, it has been
demonstrated to be relevant in the evolution of the species. According to the work of Ó Lochlainn S et
al. (2011), following de novo sequencing, there was compelling evidence of tandem quadruplication for
HMA4 in N. caerulescens, while there was a triplication in Arabidopsis halleri (21). Change in the
expression of HMA4 might be related to an adaptive evolution of the hyper-accumulator trait through
time. The possibility that there might be a relation between metal transport and the formation of the
peri-endodermis is the focus of this future research.
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Supplement Data
Appendix A - Pictures from scanner for the experiments, Pictures from lignin
accumulation experiment

Figure S19- Plate pictures example captured with scanner. Ecotypes, Lanastosa (LAN), Vall De
Varrados (VDV) and Pontaut (PON).

Figure S2- Cleared root sample
one (upper image) and two
(lower image) from Lellingen (LE)
taken with auto-fluorescence,
root grown on control condition.
Pictures from the start of the
lignin accumulation (presence of
thickenings in the endodermis).
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Figure S3- Cleared root
sample one (upper image)
and two (lower image) from
Lanastosa (LAN) taken with
auto-fluorescence,
root
grown on control condition.
Pictures from the start of the
lignin accumulation (presence
of
thickenings
in
the
endodermis).

Figure S4- Cleared root sample from Vall De Varrados (VDV) taken with auto-fluorescence, root
grown on control condition. Pictures from the start of the lignin accumulation (presence of
thickenings in the endodermis).
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Figure S5- Cleared root sample from Thlaspi arvense taken with auto-fluorescence, root grown on
control condition. Pictures from the start of the lignin accumulation (presence of thickenings in the
endodermis).

Figure S6- Cleared root sample from Microthlaspi perfoliatum taken with auto-fluorescence, root
grown on control condition. Pictures from the start of the lignin accumulation (presence of
thickenings in the endodermis).
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Appendix B - Pictures from the suberin experiment, Plots and statistics

Figure S7- Comparison of Fluorol Yellow staining of suberin in Lanastosa (LAN). Sequence of images
from root tip to suberin, right to left. Each image is taken by auto fluorescence. Upper image shows a
sample from control treatment. Centre image shows a sample from Cd excess treatment. Lower image
shows a sample from Zn excess treatment. The scale bar indicates 1 mm.

36

Figure S8- Comparison of Fluorol Yellow staining of suberin in Vall De Varrados (VDV). Sequence of
images from root tip to suberin, right to left. Each image is taken by auto fluorescence. Upper image
shows a sample from control treatment. Centre image shows a sample from Cd excess treatment.
Lower image shows a sample from Zn excess treatment. The scale bar indicates 1 mm.
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Figure S9- Root distance comparison in Lellingen (LE) between two treatments (Control, Cd and Zn
excess). X-axis indicates the different treatments, Y-axis indicates root distances in mm.
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Figure S10- Root distance comparison in Lanastosa (LAN) between two treatments (Control, Cd and Zn
excess). X-axis indicates the different treatments, Y-axis indicates root distances in mm.
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Figure S11- Root distance comparison in Vall De Varrados (VDV) between two treatments (Control, Cd
and Zn excess). X-axis indicates the different treatments, Y-axis indicates root distances in mm.
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