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Assessing Tolerance to Heavy-Metal Stress in Arabidopsis
thaliana Seedlings
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Abstract

Heavy-metal soil contamination is one of the major abiotic stress factors that, by negatively affecting plant
growth and development, severely limit agricultural productivity worldwide. Plants have evolved various
tolerance and detoxification strategies in order to cope with heavy-metal toxicity while ensuring adequate
supply of essential micronutrients at the whole-plant as well as cellular levels. Genetic studies in the model
plant Arabidopsis thaliana have been instrumental in elucidating such mechanisms. The root assay consti-
tutes a very powerful and simple method to assess heavy-metal stress tolerance in Arabidopsis seedlings. It
allows the simultaneous determination of all the standard growth parameters affected by heavy-metal stress
(primary root elongation, lateral root development, shoot biomass, and chlorophyll content) in a single
experiment. Additionally, this protocol emphasizes the tips and tricks that become particularly useful when
quantifying subtle alterations in tolerance to a given heavy-metal stress, when simultanecously pursuing a
large number of plant lines, or when testing sensitivity to a wide range of heavy metals for a single line.
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1 Introduction

As sessile organisms, terrestrial plants need to acquire their nutri-
ents from the soil solution and therefore their growth and develop-
ment largely rely on the soil mineral status. One of the most
pervasive causes of loss of crop productivity worldwide is the con-
tamination of arable land with heavy metals. Heavy-metal soil con-
tamination as a result of anthropogenic activities occurs in many
regions of the world and, depending on environmental as well as
societal factors, may pose health risks to both humans and animals
when accumulating in food crops. Given the modern agricultural
context, the impact that this unfavorable soil condition exerts on
crop yields will grow to paramount importance in the years to
come. Thus, the elucidation of the physiological and molecular
mechanisms underlying plant heavy-metal stress tolerance will be
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crucial for the use of biotechnology to reclaim farmlands lost to
agriculture as well as in phytoremediation strategies—i.c., the use
of plants to decontaminate polluted environments—and has been
the subject of intense research in the plant biology field [1, 2].

Heavy metals—i.e., in a broad sense, potentially toxic metallic
elements—such as zinc (Zn), copper (Cu), or iron (Fe) among
others are essential for plant development as they serve as catalytic
cofactors or structural motifs in numerous enzymes and other pro-
teins assuming a key role in many basic metabolic processes.
Nonetheless, these micronutrients become potentially toxic when
present in excess. Conversely, nonessential heavy metals, such as
cadmium (Cd), arsenate (As), or cesium (Cs) constitute toxic ele-
ments that can adversely affect plant growth even when present in
trace amounts in the soil solution. Depending on the chemical and
physical properties of the heavy metal in question, heavy-metal
toxicity mainly occurs as a result of a propensity to inactivate cru-
cial proteins through blocking of functional groups—the case of
Cd and lead (Pb)—or through displacement of essential metal ions
from their site of action—the case of Zn—as well as a result of the
ability to disturb cellular homeostasis of other essential elements—
the case of As and Cs—or to induce oxidative stress through the
generation of reactive oxygen species (ROS)—the case of Cu and
Fe [3].

To deal with these opposing effects and adjust to environmen-
tal fluctuations in their availability, plants have developed a sophis-
ticated and tightly controlled homeostatic network aimed at
ensuring an adequate supply of crucial oligo-elements while pre-
venting the toxic buildup of both essential and nonessential heavy
metals at the cellular and whole-plant levels [4]. Heavy metals are
primarily acquired from the soil solution as ions, which once
absorbed into the root epidermis move mostly symplastically
through the adjacent cell layers to reach the central stele. After
secretion into the stellar apoplast followed by active loading into
the xylem vessels, heavy metals are translocated to the shoot via
root pressure and the transpirational stream and subsequently
transferred to the phloem sap before allocation to aerial organs.
Plants adapt to essential heavy-metal shortage supply prevalently
by activating cellular heavy-metal uptake systems particularly at the
root-soil interface [5]. At the whole-plant level, tolerance to heavy-
metal excess is achieved mainly through reduced uptake at the root
soil interface and through the rearrangement of'its tissue partition-
ing via enhanced sequestration in leaves, whereas within the root
both immobilization in the outer cell layers and exclusion from the
epidermis contribute to limit heavy-metal entry into the root sym-
plasm. At the cellular level, such mechanisms are primarily intended
to restrict the cytosolic accumulation of free heavy metal, mainly
though extrusion in the apoplasm, chelation with specific ligands,
and /or vacuolar compartmentalization [6-8].
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Deciphering the steps in plant heavy-metal stress tolerance
and identifying the genetic determinants mediating heavy-metal
uptake, translocation, chelation, and detoxification largely benefit
from molecular genetic studies in the plant model Arabidopsis
thaliana. In the presence of excessive amounts of a given heavy
metal, Arabidopsis seedlings develop pleiotropic toxicity symp-
toms, generally including shoot growth retardation, leat chlorosis,
and remodeling of the root system architecture, i.e., inhibition of
primary root elongation and altered lateral root development.
The easiest and most commonly employed method to reliably
appraise the extent of damage caused by heavy-metal stress in
Arabidopsis seedlings remains the root assay [9, 10], which was
initially adapted to heavy-metal susceptibility assessment by
Howden and Cobbett in 1992 [11]. Root growth can be rapidly
scored, and the assay requires relatively little specific equipment,
providing both qualitative and quantitative data. It typically
involves vertically oriented growth of seedlings on solid media
imposing or not a given rhizotoxic stress and scoring followed by
comparison of primary root elongation in exposed versus non-
exposed seedlings. Such an experiment can at first seem quite
straightforward but often turns out to be rather challenging to
interpret, in particular when a large number of lines of interest
must be simultaneously compared, when a wide range of heavy
metals has to be tested, or when subtle alterations between
genotypes need to be reproducibly quantified. In addition, most
of the reports using this assay focus merely on primary root elon-
gation and disregard evaluation of other susceptibility indicators,
such as shoot growth, photosynthesis performance, or lateral root
development. This chapter does not aim solely at describing the
root assay itself but rather to provide a precise practical application
of the method, which is particularly helpful to accurately and fully
evaluate Arabidopsis heavy-metal stress tolerance by measuring all
standard phenotypic parameters in a single experiment. Using this
combined approach, we were able to assign a role in ion rhizotox-
icity tolerance to three Arabidopsis transporters from the Major
Facilitator Superfamily. In particular, we reported that Phtl;9
function confers oversensitivity to As [12], while activity of the
Z1F2 and ZIFL2 carriers promotes tolerance to Zn and Cs toxic-
ity, respectively [13, 14].

2 Materials

2.1 Plant Material

1. Good-viability Arabidopsis seeds of the appropriate genotypes
along with seeds of the corresponding wild type(s).

2. Seeds of previously reported tolerant and/or sensitive heavy-
metal stress lines may also be used as controls (se¢ Note 1).
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2.2 Reagents
and Solutions

2.3 Consumables

2.4 Equipment

1.

NN
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Murashige and Skoog (MS) [15] medium (or equivalent)
freshly prepared before use: 1x MS basal salt mix, supple-
mentedwith 0.1 gl-'myo-inositoland 0.5 gl 2-( N-morpholino)
ethanesulfonic acid (MES), pH adjusted to 5.7 with KOH 1
M, solidified with 0.8 % ultrapure agar and autoclaved (see
Note 2).

. Sterilization solution freshly prepared before use: 50 % [v/v]

sodium hypochlorite and 0.02 % [v/v] Triton X-100 in sterile
distilled water.

. Appropriate antibiotics for seedling selection when mutant or

transgenic seed batches are not derived from homozygous
plants.

. Stock solutions of the heavy metals to be tested (Table 1).

. Eppendorf tubes (1.5 and 2 ml).
. Fine forceps.

. Square Petri dishes (11.5 cm).

. Razor blades.

. Micropore tape (3 M).

. A climate-controlled growth cabinet set to long-day (16-h

light, 22 °C/8-h dark, 18 °C) or under continuous light (20-h
light, 22 °C/4-h dark, 18 °C) conditions with 60 % relative
humidity and cool-white light (~100-120 pmol m=2 s7!).

. Space at 4 °C (room or fridge).
. Laminar flow chamber.
. Fume hood.

3 Methods

The pipeline of the whole process is presented in Fig. 1.

1.

Under sterile conditions, prepare square Petri dishes contain-
ing equivalent amounts of control MS medium or selective
MS medium in case seed selection is required. Allow the plates

to dry before closing them in order to avoid any condensation
on the lid.

Surface-sterilize the seeds by incubating them for 10 min in
sterilization solution (in Eppendorf tubes) under constant and
vigorous shaking followed by four rinses with sterile distilled
water.

. Under sterile conditions, immediately spread evenly the seeds

with the help of a tip onto the appropriate control plates (see
Note 3) in 14 rows starting 1.5 cm from the top of the plate
without spacing between the seeds (see Note 4). Allow the
plates to dry until the water containing the seeds has totally
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Heavy-metal stock solutions and concentrations to test for the root assay in the Golumbia (Col-0)
ecotype of Arabidopsis thaliana

Stock solution Range
Heavy
metal Cation Compound Concentration Preparation
Aluminum A3+ AlCl; 0.1 M 0.4 g in 30 ml H,O 0.5,0.75,1,1.5,2
mM
Arsenate AsO,* NaH,AsO, 500 mM 0.82 gin 10 ml H,O 100, 200, 300,
400, 500 pM
Cadmium  Cd* CdCl, 30 mM 55 mgin 10 ml H,O 10, 25, 50, 75,
100 pM
Cobalt Co? CoCl,.6H,O 100 mM 0.238 g in 10 ml H,O 25,50, 75, 100,
150 pM
Copper Cu?* CuCl, 30 mM 51.1 mgin 10 ml H,O 25,50, 75, 100,
150 pM
Iron Fe?* FeSO4 0.1 M 0.278 gin 10 ml H,O 0.25 mM
Lithium I LiCl, 5M in 10 ml H,O 5,10,12.5, 15, 20
mM
Manganese Mn?* MnCL.4H,0 05M 0.99 gin 10 ml H,O 1,15,2,2.5,3
mM
Nickel Ni? Ni CL,.6H,O 100 mM 0.238 g in 10 ml H,O 50, 75, 100, 150,
200 pM
Lead Pb? N,OsPb 0.5 M 1.66 g in 9 ml 0.1,0.25, 0.5,
H,0+1 ml HNO; 0.75, 1 mM
Cesium Cs* CsCl 5M 8.42 gin 10 ml H,O 1,2,3,4,5mM
Thallium TIP3+ TICl; 0.33 M 3.1 gin 5 ml HCI 37 2.5,5,10, 15,20
%+25 ml H,O pM
Zinc Zn* ZnSO,.7H, O 100 mM 0.288 g in 10 ml H,O 100, 250, 500,

750, 1000 pM

All heavy-metal stock solutions are prepared with sterile distilled water

evaporated. Seal the plates using Micropore tape and wrap
them together in aluminum foil (see Note 5).

4. Incubate the plates vertically (see Note 6) at 4 °C for 3 days to
break seed dormancy.

5. After stratification, remove the aluminum foil and incubate
the plates vertically (see Note 7) in the controlled-growth cab-
inet. Let the seeds germinate and the seedlings grow until root
lengths reach roughly 1.0-1.2 cm (maximum 1.5 cm). In our
hands, this corresponds to about 4-6 days depending on the
light conditions.
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Fig. 1 Overview of the protocol. Steps are referred to according to Subheading 3. Step 1, preparation of the
plates; Step 2, surface-sterilization of the seeds; Step 3, sowing of the seeds on control medium; Step 4, strati-
fication of the seeds; Step 5, germination and synchronized growth of the seedlings; Step 6, visual inspection
of the plates; Step 7, preparation of the heavy-metal stress and control plates; Step 8, transfer and growth of
the seedlings; Step 9, scoring of primary root growth elongation; Step 70, scoring of lateral root development;
Step 11, scoring of shoot biomass and chlorophyll content; Step 72, analysis of the data
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6. At this point, careful visual inspection of all plates is essential
to ensure that the predefined experiment design is still feasi-
ble. First, it is crucial to ensure that the number of seedlings
capable of being transferred is sufficient: seedlings of all the
genotypes to be concomitantly tested must be at the same
developmental stage, in particular with roots of similar length
(less than 0.2 cm variation), and the plates must be free of
tungal or bacterial contaminations. We typically transfer 16
seedlings per genotype per condition onto two different plates,
each accommodating two genotypes in parallel, i.e., two sets
of eight seedlings. The appropriate controls should not be for-
gotten, i.e., transfer also of (1) each genotype to a control
plate to ensure that the phenotypic parameters to be measured
are not altered under control conditions (and later normalize
heavy-metal stress effects), and (2) seedlings from the wild-
type background to each of the analyzed conditions. For stud-
ies where a single mutant or transgenic line is being compared
to the corresponding wild type, the easiest way to ensure a
valid comparison is to grow the wild-type seedlings on the
same plate as the genotype under evaluation in order to avoid
any effects of plate-to-plate variability. Alternatively, when a
relatively high number of distinct genotypes in the same back-
ground need to be tested, 2-3 repetitions of wild-type seed-
ling transfer in between the genotypes of interest may be
acceptable to avoid extensive measurements.

7. Prepare square Petri dishes containing equivalent amounts of
control MS medium and MS medium supplemented with the
heavy metal(s) to be tested. Allow the plates to dry completely
before closing them to avoid any condensation on the lid.
Heavy-metal-containing medium can be easily prepared by
incorporating an appropriate amount of heavy-metal stock
solution into previously autoclaved medium (see Note 8). The
concentrations of the different heavy metals that we routinely
test for the Arabidopsis ecotype Columbia (Col-0) are described
in Table 1, but the appropriate concentrations should be
empirically established depending on the accessions employed
and the nature of the lines to be analyzed (tolerant or sensitive
when compared to wild type). For a first screen, it is recom-
mended to test a full range of heavy-metal concentrations.

8. Under sterile conditions, gently transfer seedlings using regu-
larly disinfected forceps to the new plates by carefully allowing
the root tip to touch the medium and, at an angle of approxi-
mately 30°, delicately sliding the root over the medium sur-
face until the hypocotyl-root junction reaches a line drawn at
1.5 ¢cm from the top of the plate. This way, the roots will be
straight and contact with the medium surface will be maxi-
mized (see Note 9). Maintain a regular spacing between the
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10.

11.

12.

seedlings. When the transfer is finalized, seal the plates, mark
the position of the root tips directly on the bottom of the
plate, and incubate plates vertically in the controlled-growth
cabinet with roots pointing downward (se¢ Note 10).

After approximately 7 days (see Note 11) of growth on new
media, primary root elongation can be scored by marking the
new position of the primary root tips (see Note 12).

After a further incubation period, i.e., just before the longest
root of one genotype reaches the bottom of the plate, lateral
root development can be recorded by first marking the new
position of the primary root tips and then scanning the plates
from their bottom side (se¢ Note 13).

Immediately following scanning or after a further incubation
period in the control-growth cabinet (see Note 11), seedlings
can be assessed concomitantly for shoot biomass and chloro-
phyll content. Shoot biomass is determined by measuring the
fresh weight of two pooled plant shoots (see Notes 13 and 14).
Immediately after weighing, place the two plant shoots together
in the bottom of'a 2 ml Eppendorf tube and add 1 ml of 80 %
acetone. Once shoot biomass measurements are complete,
incubate all the tubes overnight in the dark under gentle but
continuous agitation. The following day, measure spectroscopi-
cally the absorbance of the acetone solution at 647 and 660 nm.

Even before the end of the experiment, the primary root elon-
gation and lateral root development parameters can be quanti-
fied for each seedling on scanned images using an image
analysis software, such as Image]J (http://rsb.info.nih.gov/ij/
index.html). Primary root elongation is evaluated by measur-
ing the exact distance between the initial and the correspond-
ing mark. Lateral root density is evaluated by counting the
number of lateral roots (excluding adventitious roots) and
normalizing to the total length of the corresponding primary
root, determined by measuring the exact distance between the
hypocotyl-root junction and the final mark. Total lateral root
length is evaluated by adding up the length of each lateral root
of a given seedling. Total chlorophyll content is determined
according to the method and equation (total chloro-
phyll=18.71 4447 nm+7.15A660 om) Of MacKinney [16] and
expressed on a fresh weight basis (se¢ Note 15). Finally, the
average value of each of the analyzed parameters under a given
heavy-metal stress is normalized to the corresponding average
value in the non-stress condition, typically using =16 for pri-
mary root elongation, #»=8 or 16 for lateral root development
parameters, and #=38 for shoot biomass and chlorophyll con-
tent. To ascertain that tolerance to a given heavy-metal stress
is affected, similar results need to be obtained in at least three
independent experiments (see Note 16).


http://rsb.info.nih.gov/ij/index.html
http://rsb.info.nih.gov/ij/index.html
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4 Notes

. Best results will be produced if seed batches have been obtained

from plants cultured simultaneously.

. Before use, it is imperative that all soap, detergent, and other

cleaning fluids be completely removed from glassware, as even
slight traces of such compounds in the medium will interfere
with the assay. Glassware should be rinsed thoroughly 3-6
times with sterile distilled water before preparing the medium.
Preparing the medium with sterile distilled water and avoiding
storage of the plates before use significantly help preventing
fungal and bacterial contaminations.

. The root assay can be carried out by germinating the seeds

directly onto heavy-metal-containing plates or by transferring
seedlings grown beforehand on control medium plates to
heavy-metal-containing plates. From our experience, the most
informative is the transfer method described here, as it excludes
a possible effect of heavy-metal stress on germination rate
(which can be easily scored in an independent assay by measur-
ing the germination rates of exposed versus non-exposed seed-
lings) while being relevant when seedling selection on medium
supplemented with antibiotics is required prior to transfer.

. Sowing the seeds at high density so that they touch each other

on the plate rather than leaving space between them will
greatly improve synchronization of seedling growth right after
seed germination, in particular at the root level. In addition,
this will favor straight growth of the roots and prevent their
curling or curving. Another essential point when sowing the
seeds is to avoid as much as possible scratching the medium
surface with the tip to minimize root growth inside the
medium rather than on its surface and thus prevent their sub-
sequent transfer.

. Spreading only one genotype per plate will prevent any cross-

contamination between the lines to be tested. Alternatively, in
the case of preliminary small-scale tests, two genotypes can be
spread onto a single plate divided vertically. The number of
seedlings amenable to transfer is often limiting, so be sure to
plate enough seeds. The number of plates to be prepared
depends on the germination rate of the seed batch and on the
kind of screening to be performed (i.e., the type and range of
heavy-metal concentrations to be tested). Nevertheless, we
recommend preparing at least two plates per genotype in case
fungal or bacterial contaminations appear.

. We have observed that performing the stratification step with

Petri dishes set up already in a vertical position promotes syn-
chronization of seedling root growth.
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7.

10.

Petri dishes must be incubated vertically but with a slight incli-
nation—i.e., a forward shift of ~2 ¢cm at the base of the dish—
so that the seeds (and later the seedlings) face the light source.
This will greatly favor the straight growth of the roots and is
highly facilitated by the presence of gridded shelves (specific
from the growth cabinet or, alternatively, from a fridge) hold-
ing the plates approximately at half their height. All the plates
from a single experiment must be similarly inclined and if pos-
sible positioned on the same shelf so that they are exposed to
the same amount of light.

. Interpretation of the results can be erroneous if special care is

not taken to ensure that the genotypes of interest are exposed
to the exact same severity of heavy-metal stress as the wild-
type control and thus uniform composition of the medium
between plates is essential. We recommend preparing all the
plates of a given concentration from the same heavy-metal
stock solution.

. Transfer of the seedlings is the most critical step of the protocol.

Its success depends largely on intact seedlings and any damage
needs to be strictly avoided. Initially, it may take some practice
of the transfer procedure to achieve quick transfer and correct
positioning without wounding the seedlings, particularly
squashing at the hypocotyl region. We strongly advise to deli-
cately lift the seedling shoot using the fine forceps as a lever
rather than closing them. If correct positioning is not achieved
at a first attempt, make the seedling root slide again but never
touch the root in order to preserve its integrity. To minimize
dehydration of the seedlings, keep the lid of the initial and
receiver plates as closed as possible during the transfer proce-
dure. Any clearly wounded or dry seedling should be discarded.
We highly recommend checking root integrity, in particular
root tip intactness, of each transferred seedling under a dissec-
tion microscope at the first transfer attempts while routinely
ensuring that 24 h after transfer the roots have recovered and
resumed steady-state growth even under heavy-metal stress
(although at a slower rate than under control conditions).

Some studies indicate the inversion of the plates after transfer,
so that the roots are pointed upward, to facilitate evaluation of
primary root growth without having to mark root tip posi-
tions. However, we believe that this method is only amenable
to qualitative assessment of root elongation upon exposure to
heavy-metal stress and largely privilege continuous growth as
it allows the full extent of primary root elongation and lateral
root parameters to be accurately measured while eliminating
possible effects of agravitropic behavior of the lines under
evaluation.
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11.

12.

13.

14.

15.

16.

One advantage of this method is that, as long as each specific trait
is simultaneously quantified for all the genotypes under study,
some slight variability in incubation times can be tolerated.

Susceptibility to heavy-metal stress will not necessarily follow
a linear progression, particularly regarding primary root elon-
gation. As scoring this parameter is a noninvasive method, we
highly recommend marking the position of the root tips at
2-day intervals, at least in a first screen.

When recording phenotypical data, particular attention should
be paid to the water frequently accumulating inside the plates.
Water at the bottom of the plates can disturb seedling root
position and it is crucial that they remain in place for later
measurement from scanned images, while water condensed on
the lid can easily wet seedling shoot and lead to highly errone-
ous conclusions. Keep the plates as vertical as possible before
carefully opening the plate under sterile conditions, removing
excess water by gently turning them over and drying the lid
with paper. Seal back the plates in case further incubation is
needed.

Still on the agar plates, cut two seedlings at the root-hypocotyl
junction with a razor blade and immediately measure their
combined weight using a precision weighing scale while avoid-
ing seedling damage as much as possible. Note that it is essen-
tial to be in a calm environment without frequent movements
or strong ventilation to avoid quick water loss from the seed-
ling shoots. For the same reason, keep the plates closed
between each measurement.

Even taking particular care during plate preparation and seed-
ling manipulation, contaminations frequently occur. Any con-
taminated seedling should be eliminated from the data
recording, as should those that do not recover quickly after
transfer or that suddenly arrest growth for no apparent reason.
It is therefore important to follow the plates daily, as fungal
and bacterial contaminations usually appear during prolonged
incubation times. It should also be noted that shoot biomass
and chlorophyll content can be assessed earlier than initially
planned, i.e., as soon as a first plant shows signs of contamina-
tion, in order to save the experiment.

Be aware that the root assay is instrumental to determine the
level of susceptibility to a given heavy metal, but not when the
observed differences are due to altered internal heavy-metal
homeostasis or whole-plant heavy-metal accumulation. A sim-
ilar assay to the one presented here, but set up on a larger
scale, can be performed to prepare tissue samples for heavy-
metal content quantification by methods such as atomic
absorption spectroscopy.
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