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Résumié

Titre : Ecophysiologie de I'allocation du cadmium au grain chez le blé dur

Résumé

Le cadmium (Cd) est un élément toxique. Les activités humaines ont contaminé un large éventail
de sols agricoles. L'exposition de 'homme au Cd se fait majoritairement par voie alimentaire,
notamment a travers les aliments de base tels que les céréales. Le blé dur accumule naturellement
plus de Cd dans ses grains que les autres céréales. Une fraction significative de la production
francaise de blé dur dépasse la limite réglementaire européenne fixée pour le Cd. Il est donc
nécessaire de réduire l'accumulation de Cd dans les grains de blé dur. Cette thése portant sur
I'écophysiologie de I'allocation du Cd aux grains chez le blé dur a pour ambition d'aider au
développement de stratégies agronomiques visant a réduire le niveau de contamination en Cd du

blé dur et de ses dérivés.

Dans un premier temps, nous avons étudié la relation entre la structure de la biomasse aérienne
et Iallocation de Cd aux grains. Nous avons fait I'hypothése que la répartition de la biomasse
aérienne entre pailles et grains était un facteur déterminant de I'allocation du Cd aux grains. Huit
cultivars Francais de blé dur - de hauteur de paille contrastée - ont été cultivés en présence de Cd.
Comme prévu, le principal facteur expliquant la différence d'accumulation de Cd dans le grain était
la structure de la biomasse aérienne. Les cultivars allouant une plus grande proportion de leur
biomasse aérienne aux pailles - autrement dit les cultivars a longue tige - avaient tendance a
accumuler moins de Cd dans leurs grains, car les tiges et les feuilles sont des puits de Cd en

concurrence avec les grains lors de leur remplissage.

Les minéraux importés dans les grains proviennent soit de leur absorption directe par la racine
apres l'anthése, soit de leur remobilisation depuis des réserves constituées avant l'anthése. La
deuxi¢me partie de ce travail a été consacrée a déterminer l'importance quantitative de ces deux
« sources » pour le Cd chez le blé dur, et de préciser comment leur contribution relative varie entre
cultivars et avec le niveau d'azote (N). Le tracage isotopique a été utilisé pour suivre le flux de Cd
absorbé apres I'anthese. L'impact du niveau d'azote a été testé en privant la moitié des plantes de
N apres 'anthese, sur deux cultivars montrant une capacité contrastée a accumuler le Cd dans leurs
grains. La contribution de la remobilisation a été estimé a 50%, ce qui signifie que la moitié du Cd
accumulé dans les grains provenait du Cd prélevé apres 1'anthese. Le Cd a été remobilisé a partir
des tiges, peut-ctre des racines, mais pas a partir des feuilles. La contribution de la remobilisation
n'a pas vari¢ entre les deux cultivars, de sorte qu'aucune relation entre la « source » de Cd et son

niveau d'accumulation dans le grain n'a été mise en évidence. La privation d'azote en phase de



Résumié

remplissage a stimulé la remobilisation de N sans affecter celle de Cd, ce qui suggere que la

remobilisation de Cd est un processus indépendant de la sénescence.

En troisiéme lieu, nous avons examiné comment les caractéristiques d'allocation de Cd aux
grains ¢taient modulées par le niveau d'exposition au Cd. Cette question a été traitée en comparant
les flux de Cd entre organes en phase de remplissage mesurés sur des plants de blé dur exposés a
5 ou 100 nM de Cd. L'augmentation du niveau d'exposition au Cd a pénalisé la croissance des
plantes aprés l'anthése et semblait accélérer la maturation des grains. Ftonnamment, la
concentration de Cd dans les parties aériennes a augmenté en proportion directe avec la
concentration de Cd en solution nutritive, ce qui suggere une absence de régulation de l'absorption
et de la translocation de Cd sur la fenétre d'exposition testée. Au sein des organes aériens,
l'allocation de Cd aux grains semble méme favorisée a 100 nM, en raison peut-étre de la saturation
- a ce niveau d'exposition -des tissus séquestreurs de Cd situés dans les nceuds. En moyenne, la
contribution relative des deux « sources » de Cd n'a pas été affectée par le niveau d'exposition au

Cd.

Enfin, nous nous sommes intéressés a la localisation de Cd dans le grain. La localisation de Cd
ainsi que celles des nutriments minéraux a été cartographiée par LA-ICP-MS sur des coupes
transversales et longitudinales de grains contaminés en Cd. Ce travail a fourni la premicére carte de
localisation de Cd dans un grain de blé dur. La distribution de Cd s'est caractérisée par une forte
accumulation de Cd dans le sillon et par une dissémination dans I'endosperme amylacé plus

prononcée que celle de Fe et Zn.

Mots clés : Faible-dose cadmium, sécurité sanitaire, variabilité intraspécifique, remobilisation,

marquage isotopique, ablation laser.
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Abstract

Title: Ecophysiology of cadmium allocation to grains in durum wheat

Abstract

Cadmium (Cd) is a toxic element. Human activities have contaminated a wide range of
agricultural soils. Most of Cd entering human bodies is through the dietary intake, and especially
through staple food like cereals. Durum wheat naturally accumulates more Cd in its grains than
other cereals. A significant fraction of the French durum wheat production has been found to
exceed the FEuropean regulatory limit set for Cd. There is thus a need to reduce the accumulation
of Cd in durum wheat grains. This thesis is dedicated to a better understanding of the
ecophysiology of Cd allocation to the grains in durum wheat, with the ambition of helping to find

agronomic strategies to reduce the Cd contamination level of durum wheat products.

In first, we investigated the relationship between the aboveground partitioning of Cd and the
shoot allometry. We hypothesized that the partitioning of shoot biomass between grains and straws
is a driver of the allocation of Cd to the grains. Eight French durum wheat cultivars differing in
their stem height were grown in presence of Cd. As expected, the main factor explaining the
difference in their grain Cd was the shoot biomass partitioning, Cultivars allocating a higher
proportion of their aerial biomass to the straws, i.e. long-stem cultivars, tended to accumulate less

Cd in their grains because stems and leaves are sinks for Cd in competition with developing grains.

Minerals imported into cereal grains originate from either direct post-anthesis root uptake or
from the remobilization of pre-anthesis stores. The second part of this work was dedicated to
determining the quantitative importance of these two pathways for Cd in durum wheat, and how
their relative contribution vary between cultivars and with the level of nitrogen (N) supply. Stable
isotopic labelling was used to trace the flux of Cd taken up post-anthesis. The impact of N supply
was tested by depriving half of the plants of N after anthesis, in two cultivars showing a contrasted
ability to accumulate Cd in their grains. The contribution of Cd remobilization was around 50%,
which means that half of Cd in grains originated from Cd taken up pre-anthesis. Cd was
remobilized from stems, possibly from roots, but not from leaves. The contribution of
remobilization did not vary between the two cultivars so that no relationship between the pathway
and the level of accumulation of Cd in grain was evidenced. Post-anthesis N deprivation triggered
the remobilization of N without affecting that of Cd, which suggests that Cd remobilization is a

senescent-independent process.

In third, we investigated how the characteristics of Cd allocation to the grains was affected by

the level of Cd exposure. This question was addressed by comparing the fluxes of Cd during grain
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Abstract

filling in durum wheat plants exposed to 5 or 100 nM Cd. Increasing the level of Cd exposure
penalized the plant growth after anthesis and seemed to accelerate the grain maturation.
Surprisingly, the concentration of Cd in shoots increased in direct proportion with the
concentration of Cd in nutrient solution, which suggests an unrestricted uptake and root-to-shoot
translocation of Cd at 100 nM. Aboveground, the allocation of Cd to the grains was even
promoted at higher Cd exposure, maybe due to the saturation of Cd sequestrating tissues in stem
nodes. On average, the relative contribution of the two pathways for grain Cd loading was not

affected by the level of Cd exposure.

In last, we focused on how Cd was distributed within durum wheat grains. The localization of
Cd and mineral nutrients was mapped by LA-ICP-MS on transversal and longitudinal sections of
Cd-contaminated grains. This work provided the first map of Cd localization in durum wheat
grains. Cd distribution was characterized by a strong accumulation of Cd in the crease and by a

non-negligible dissemination in the starchy endosperm, as compared to Fe and Zn.

Key words: Low-dose cadmium, food safety, intraspecific variability, remobilization, stable

isotopic labeling, laser ablation.
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1.1 CADMIUM AND HUMAN

1.1.1 Cadmium poisoning

Cadmium (Cd) is a heavy metal contaminant. Its toxic effects to human have long been
recognized and have widely concerned governments, researchers, and the public (Holdaway and
Wang, 2018; Nordberg, 2009). The European Union included Cd in the Directive on the restriction
of the use of certain hazardous substances in electrical and electronic equipment (Directive
2002/95/EC). The US Agency for Toxic Substances and Disease Registry (ATSDR) sets Cd as the
7™ among 275 toxicants in its Priority List of Hazardous Substances considering the public impacts

of Cd poisoning (ATSDR, 2017).

While occupational exposure to high-dose of Cd causes acute toxic effects, for the general
population, the threat of Cd to heath is mainly attributed to the long-term low-dose exposure
(Clemens et al., 2013). Cd can remain in human bodies for decades (10-30 years of biological half-
life), hence a long-term exposure can cumulatively increase the body burden of Cd over time and
may cause adverse effects. The kidney is the main organ accumulating Cd and is the main target of
chronic Cd poisoning (Xu e# al, 2018). The Cd-caused health effects are renal dysfunction,
osteoporosis, lung cancer, diabetic nephropathy, hypertension, periodontal disease, age-related
macular degeneration, and cardiovascular diseases (Faroon e7 a/., 2012). Itai-itai disease is the most
infamous case of mass Cd poisoning, which happened to people living in the Jinzu River basin of
Japan. The people suffered from severe spinal and leg pains. These manifestations have been
attributed to multiple fractures and distortion of the long bones, which were caused by Cd-induced
calcium (Ca) metabolism disorder in combination with disorders in tubular reabsorption of Ca by
kidney (Jirup and Akesson, 2009; Nordberg, 2009). Cd is also a cancer-causing agent. The
International Agency for Research on Cancer (IARC) classified Cd in the Group 1 carcinogens

with sufficient evidence supporting its carcinogenicity (IARC, 2018).
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1.1.2 Anthropogenic cadmium contamination

Cadmium is a natural trace element. Its average content in earth’s crust is 0.1 pg kg”'. Human

activities have widely increased the background level of Cd in the environment (Figure 1-1).
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Figure 1-1 Cd flows in soils, crops and the food chain.

Cadmium is an important element used in industrial activities. Its main application is the
manufacture of nickel-cadmium batteries, which accounts for 79% of the total consumption
(source: International Cadmium Association (ICdA), data 2003). It is also intentionally added to
pigments, plastic stabilizers, plating coats, and alloys. The high demand considerably boosted the
production and consumption of Cd in the past century. The global refinery production of Cd has
increased from about 6 000 tons year” in 1950 to the 23 000 tons year” in 2017 (source: the US
Geological Survey, data 2018). The manufactures, uses, and wastes of Cd-containing products have

significant impacts on Cd fluxes in the environment (Afolayan, 2018).

Mining and smelting Cd-containing ores, such as zinc (Zn) and phosphate (P) rocks, are sources
of environmental contamination/pollution by Cd (McLaughlin and Singh, 1999). Cd in the
wastewater and ore dusts do not only spread within the mining/smelting area, but could also
discharge into the atmosphere, flow into rivers and percolate into soils resulting in a widespread
contamination. The case of Itai-itai disease mentioned above is an example where Cd was
discharged from the mine into the river water, which was then used to irrigate the paddy field. In

the northeast of China, the use for irrigation of Cd-containing wastewaters from smelting caused
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a serious and long-lasting contamination in some local agriculture productions (Liu and Zhen,

2008).

The repeated applications of agrochemicals, especially P fertilizers, causes significant
anthropogenic inputs of Cd into agricultural soils. Cd naturally occurs in P rocks and contaminates
the fertilizers through manufacturing unless a possible but high cost Cd removing process is carried
out. In Europe, the applications of fertilizers is the second dominant source of Cd emissions to
the environment (Pinot e¢# a/, 2000). In France, about 54 tons Cd year” enter agricultural soils,
predominantly (54%) from mineral fertilizers (ADEME/SOGREAH, 2007).
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Figure 1-2 Concentrations of total Cd in the topsoil of France (translated from https://www.gissol.fr).

1.1.3 Cadmium in soils

Cadmium in soils is generally the main cause and the major source of Cd contamination for
crops. The median level of total Cd in the topsoil is 0.15 mg kg in Europe (van der Voet ef al,
2013) and 0.2 mg kg" in France (Figure 1-2; source Gis Sol-RMQS, data 2011). In France, in

agricultural soils, the level of total Cd is a bit greater than the average for all top soils, namely 0.3
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mg kg for the median, but could be above 2 mg kg (0.7% of frequency) in some hotspots (Mench
and Baize, 2004). The content of soil in Cd increases in the following order: sandy soil < loam soil
< clay soil, due to their different physico-chemical characteristics (McLaughlin and Singh, 1999).
For instance, the median concentration of total Cd is 0.16 mg kg in sandy soils while it is 0.44 mg
kg in clay soils and 0.56 mg kg™ in heavy clay soils of France (Baize ¢ al., 2007). Moreover, the
soil contents in Cd strongly depends on pedogenesis and tends to be higher in sedimentary rocks

than in igneous rocks, but the latter one can importantly release Cd (Nagajyoti ez a/., 2010).

Plant roots absorb Cd from the soluble fraction in the soil pore water. The soluble concentration
of Cd was found to be a better indicator of Cd in mature durum wheat grains than the total soil
Cd content (Viala ¢ al., 2017). In agricultural soils, the concentration of Cd in the pore water is
generally in the nanomolar range (< 20 nM). The Cd in the soil pore water depends on the content
of Cd that is exchangeable from the soil surfaces, which is depending on the soil physico-chemical
properties, including soil pH, clay and organic matter contents, content of manganese oxides, redox
potential, and type and content of organic and inorganic complexing ligands (McLaughlin and

Singh, 1999; Nolan e7 al., 2003).

Soil pollution is much more serious in newly industrialized countries, due to a rapid economic
growth in combination with a long-period lack of awareness and of technics regarding
environmental protection resulting in an inappropriate and poorly implemented environmental
policy. For example, in China, the Ministry of Environmental Protection (MEP) reported that 19.4%
of the farmlands have been polluted (according to the national standard in soil quality, GB 15618-
1995), and 82.8% of them are polluted by heavy metals, Cd being the dominant metal (source MEP,
data 2014).

1.1.4 Cadmium in foodstuffs

Food is the principal source (approx. 90%) of Cd exposure for non-smoking population (UNEP,
2010). In 1988, the Joint Food and Agticulture Organization/Wotld Health Organization
(FAO/WHO) Expert Committee on Food Additives (JECFA) established a provisional maximum
tolerable weekly intake for Cd of 7 pg kg body weight (BW) (FAO/WHO, 1988). This tolerable
limit was revised downwards to 5.8 pg kg”' BW in 2010 (FAO/WHO, 2010). In Europe, in 2011,
the European Food Safety Authority (EFSA) even recommended a lower weekly intake of 2.5 ug
kg! BW in view of the up-to-date knowledge about chronic Cd toxicity (EFSA, 2011).
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In average, the Cd exposure of the European population is close to the tolerable level, especially
in some subgroups such as children and vegetarians, for which the levels of exposure are more
frequently exceeded (Clemens ez 4/, 2013). In the French population, the tolerable weekly intake
value set by the EFSA is exceeded by 0.6% of the adults and by 14.9% of the children (Arnich ez
al., 2012). Meanwhile, the risk of Cd exposure increases with the deficiency of micronutrients,
which is prevalent in developing regions, especially regarding iron (Fe) for young women. Fe
deficiency in human, for example, may cause the upregulation of the divalent metal transporter 1
(DMT1) which also non-specifically mediates Cd** absorption and thereby can increase the
accumulation of Cd (Vahter e a/, 2007). It is clearly a necessity of reducing dietary Cd exposure

to improve the health of general population.

Root
Cereals Vegetables &Ot(:J;ers Meat Seafood
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Lower bound relative food category contribution to cadmium exposure

Figure 1-3 Contributions of different food categories (indicated by colors) to overall lower bound mean
Cd exposure in the average population of Europe. The top 5 contributors are marked (extracted from
EFSA 2012).

Cereals are staple foodstuffs. In Europe, about a quarter of the dietary exposure to Cd is due
to cereals (Figure 1-3) (EFSA, 2012). In some Asian regions, such as the southern China and Japan,
cereals could even account for more than 40% of Cd dietary intake (Gao e al., 2006; UNEP, 2010).
The European Union has set the threshold for the maximum levels of Cd in cereals: 0.2 mg kg™
fresh weight (FW] i.e. the weight at harvest or to be consumed) for bran, germ, wheat and rice, and
0.1 mg kg FW for other cereals (EC, 2008). However, following the EFSA recommendation of
lowering the weekly intake of Cd from food, strong debates hold as to lower these threshold levels
in foodstuffs, especially in cereals. A project was established by the Directorate-General for Health
and Food Safety (DG SANCO) of the European Commission to lower the regulatory limit for Cd
in durum wheat from 0.2 to 0.15 mg kg (DGSanco, 2011). Reducing the accumulation of Cd in
the edible part of cereal crops (i.e. grains) is a major issue and perhaps the most efficient way to

protect the general population from Cd poisoning (Clemens ¢z al., 2013).
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1.2 DURUM WHEAT

Cereals crops vary strongly regarding their abilities to absorb Cd and to accumulate it in the grain
(Grant ef al., 2008). For instance, the content of Cd in aboveground parts generally follows the
rank: oats < barley < common wheat < maize < durum wheat (Broadley ¢# 4/, 2001). It can be
seen that durum wheat has a greater tendency to accumulate Cd in grains than other cereals (Figure
1-4) (McLaughlin and Singh, 1999). Consequently, the level of Cd in durum wheat is of special

concern.
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Figure 1-4 The statistical distribution of grain Cd concentration in cereal crops (extracted and
redrawn from McLaughlin and Singh 1999).

1.2.1 The plant of durum wheat

Durum wheat (Triticum turgidum subsp. durum) is an annual Poaceae crop grown for its edible
caryopses, i.e. grains. The grain is the hardest among all species of wheat, as indicated by the term
‘durum’, which means ‘hard’ in Latin. As an annual plant, the development of durum wheat plant can
be divided into two stages: pre-anthesis or vegetative growth and the reproductive stage including
flowering and grain filling (

Figure 1-5). Before anthesis, the plant accumulates dry matter in the vegetative organs, namely
in roots, stems, and leaves. The inflorescence, also called the head of wheat, starts to emerge from
the flag leaf sheath after tillering and during stem elongation. After anthesis and fertilization by
pollen, the grain starts to fill, i.e., to accumulate dry matter. The endosperm cells divide and
elongate rapidly in the early stage of the grain development in preparation for the substantial dry

matter storage (Yu e# al, 2015a). The whole plant senescence is initiated during grain filling, the
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leaves the closest to the developing grain senescing in last (Distelfeld ez 2/, 2014). The development
of grain includes different steps of dry matter accumulation: milky stage and pasty stage.
Afterwards, the grain filling/biomass accumulation stops at physiological maturity stage at which
the grain reaches the maximum dry weight. Thereafter, only water is lost till harvest. Schnyder and
Baum (1992) suggest that the physiological maturity of wheat is reached at 46% of kernel residual
water (IKRW). In the field, durum wheat grains are often harvested at a much lower water content
for a safe storage. In France, the KRW at harvest is on average 12.1% (source:

FranceAgriMer/Inland silos quality survey, data 2017).
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Figure 1-5 Schematics of key stages of durum wheat development and minerals transport from soils
to grains during these stages.

Durum wheat is commonly cultivated in semiarid environments. The Mediterranean basin
produces about 60% of the world durum wheat. In Europe, the great majority (> 80%) of the
durum wheat production comes from the Mediterranean regions of Italy, Greece, Spain, and
France (source: FranceAgriMer, data 2013). During the growing season, the climate of these areas
is characterized by dryness and high temperature. More frequent drought and heat stresses are
often associated with negative effects on grain filling, making the water supply often as a major
limiting factor of the yield potential (Sissons ¢ a/., 2012). For these reasons, breeding efforts have

been widely directed towards improving the water-use efficiency and the yield potential of durum
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wheat (Clarke ez al., 2010; Wang ez al., 2007). Due to its use in pastry industry, the protein content
of grains is one of the major quality considerations for durum wheat. The low soil moisture
conditions can restrict the availability of nitrogen (N) for the plant. Late N fertilization at the early

stage of grain filling is a good strategy to improve the grain protein level.

1.2.2 Durum wheat production and consumption

France is the first producer and exporter of cereals in Europe and the second ranking exporter
of wheat in the world (source: FranceAgriMer, data 2015). Durum wheat is one of the four main
cereals in France following common wheat, maize and batley. The planted area of durum wheat in
metropolitan France increased from 222 000 to 504 000 hectares between 1993 and 2011. In 2016,
the area cultivated with durum wheat was 360 228 hectares (Figure 1-6), and the production was
1527 kilotons (source: Arvalis, data 2017). The main producing areas are the South-West (32% of
the national production), the Center (26%), the Ocean-West area (24%), and the South-East (16%0)
of France. Numerous varieties of durum wheat are grown. In 2017, Anvergur, Miradoux, Relief, Karur,
and Casteldonx were the five most widely planted cultivars in France, other important cultivars

include Seulptur and Pescadon (soutce: FranceAgriMer/Inland silos quality survey, data 2017).

National planted area of
durum wheat

360 228 ha

Planted area by
department
(% 1000 ha)

>25

Source : Agreste 01/02/2017

Figure 1-6 Planted area of durum wheat in France in 2016 (translated from
http.//www.semencesdefrance.com)
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As a staple food, durum wheat-based foods supply people with carbohydrates, and to a lower
extend they are a valuable source of protein, mineral nutrients, and dietary fibers. The general high
contents of protein (14.8%, source: FranceAgriMer/Inland silos quality survey, data 2017) and
gluten make durum wheat the best material to produce pasta. The grains are milled to produce
durum semolina which is the raw material for pasta, macaroni, and couscous production (Sissons
¢t al., 2012). Durum wheat flour is produced from re-milled semolina, which can be used for baking
applications. The milling by-products, namely the bran and the germ, are often added to foodstuffs
in order to increase the dietary fiber contents and the nutrient value (Emanuelli ez a/., 2014). Besides,

durum wheat can be also consumed as whole grains after lightly dehulling and cracking,
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Figure 1-7 Distribution of Cd concentrations in durum wheat grains based on field investigations
carried out in France (Nguyen et al., 2017).

1.2.3 Cadmium in durum wheat

Concentrations of Cd in the grains of durum wheat can frequently be above 0.1 mg kg™, and
sometimes exceed the limit of European and international trade regulations of 0.2 mg kg (Grant
et al., 2008). The INRA-QUASAR (1998-2002) program investigated the level of Cd in 57 durum
wheat grain samples over France. It ranged from 0.09 to 0.32 mg kg dry weight (DW), and 15%
of the samples were above the European maximum level for Cd in wheat grain (0.2 mg kg wet
weight = 0.23 mg kg DW considering 12% kernel residual water) (Mench and Baize, 2004). Two
recent research projects (Arvalis-INRA project Cadur and ANR project CaDON) on a larger size

of samples (7 = 341) collected across 6 years showed that 4.1% of the durum wheat grains contain
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Cd exceeding the European threshold of 0.2 mg kg (Figure 1-7), while 24% were above 0.1 mg
kg'] which was the initial maximum level of the first draft for the revision of Cd limits in wheat

(Nguyen ez al., 2017; DGSanco, 2011).

1.3 PHYSIOLOGY OF CADMIUM ALLOCATION TO GRAINS

The movement of Cd from soils to grains includes distinct mechanisms (

Figure 1-5). Briefly, Cd in soil is absorbed by roots as Cd** from the soil solution. Cd is then
transported radially towards the stele and loaded into the xylem of the vascular bundles. After that,
Cd is translocated upwards in the xylem sap by the transpiration stream and to a lower extend by
the root pressure. Then, Cd is distributed among shoot organs. During grain filling, the Cd in
vegetative tissues can be remobilized and allocated to developing grains (Uraguchi and Fujiwara,
2013). Cd has no biological functions for higher plants and moves in plants through pathways for
mineral nutrients (Clemens, 20006). This is partly due to the lack of selectivity of the transporters
that mediate nutrient transport. For example, Heavy Metal ATPase transporters (HMAs) are
responsible for the root sequestration (e.g. HMA3) and for the xylem-to-phloem transfer (e.g
HMAZ2) of numerous heavy metals such as Zn and Cd (Sasaki e# a/., 2014; Takahashi e a/, 2012;
Yamaji ez al., 2013). The physiology of Cd allocation in plants is complex. Many processes have
been studied on cereal crops, including wheat, barley, and rice, as summarized below. Rice (Oryza
sativa) 1s a model species of Poaceae, on which more advanced and mechanistic results have been

reported.

1.3.1 Root uptake and short-distance transport to the stele

Cadmium is first bond to the root apoplast, which includes the cell walls of epidermis and
cortex since there is no exodermis in roots of wheat species. The cation exchange capacity (CEC)
of roots, which is dependent on the number of negatively charged sites of the root cell walls, is
strongly linked to the capacity of root to bind Cd from the soil solution (Greger and Landberg,
2008). Then, Cd is transported radially towards the root stele across the cortex by the apoplastic
or symplastic pathways (Figure 1-8). Apoplastic transport refers to the movement of Cd in cell
walls and extracellular spaces whereas the symplastic transport requires that Cd in internalized into
the cytoplasm of cells and is then transported from cell to cell through the plasmodesma or
sequestrated into the vacuoles. Before reaching the stele, the apoplastic pathway is interrupted by

barriers formed by the thickened walls of root endodermis cells, i.e. the Casparian strip. To be

10
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further transported into the root stele, Cd must cross the plasma membrane into the root symplast.
However, the Casparian strip is not mature and fully developed near the tip of the root, which
explains the higher influx of Cd in this region (Laporte ez al., 2014; Laporte ez al., 2013; Lux ez al.,
2011; Pifieros ez al., 1998). Hence, a root system with more root tips can tend to absorb more Cd
(Berkelaar and Hale, 2000). Meanwhile, Cd exposure may accelerate the formation of the apoplastic

barrier toward the root tip as a defense mechanisms against Cd toxicity (Lux ez a/, 2011).
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Figure 1-8 Schematic model of Cd uptake, radical transport and loading to the vascular bundle in roots
of Poaceae.

Cadmium can enter root cells actively as an energy-depend influx mediated by transporters
(Figure 1-8). Ton channels, such as the Ca** channel, allow the Cd influx, which is driven by the
large negative electrochemical potential across the plasma membrane of root cells. The influx of
Cd in roots is often modeled by a Michaelis-Menten function which reflects that the influx increases
with increasing the external free Cd ion activity until the transporters are saturated (Tudoreanu and
Phillips, 2004). The maximum rate of root influx (I"m.) for Cd was reported to be between 0.87
and 38 nmol g' FW h', and the affinity constant (i.e. Ku), which is the concentration of Cd in the
solution corresponding to half of the V., was between 40 and 166 nM (Lux e7 a/., 2011). Given
the low concentration of Cd (< 20 nM) in the pore water of agricultural soils, the root uptake of
Cd is unlikely to be saturated in the field (Nolan e a/, 2003). This saturable relationship
characterizes that Cd uptake is mainly transporter-mediated. The manganese (Mn) transporter
natural resistance-associated macrophage protein 5 (Nramp5) plays a major role in Cd entry into

the root cells of rice, barley and wheat (Peng e al., 2018; Sasaki e al., 2012; Wu ¢t al., 2016). Other
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transporters, iron (Fe) regulated transporters 1 and 2 of rice (OsIRT1 and OsIRT?2) were suggested
to mediate the root uptake of Cd (Nakanishi ez 4/, 2000).

Once in the cytosol, Cd can subsequently move toward the stele through plasmodesmata, which
forms a continuous symplastic pathway between cells (Figure 1-8). The radial movement of Cd
can be restricted by retention in vacuoles, which limits the loading of Cd into the vascular bundle
and therefore the long-distance transport of Cd within the plant (Clemens ez a/, 2013). The
vacuole-localized influx transporters of Cd HMA3 mediating Cd*"/H -antiport transport and Cd
sequestration in the vacuole is probably the most critical step of Cd sequestration in roots. In rice,
the loss of function of OsHMAJ3 transporter significantly inhibits the sequestration of Cd in roots
and results in a high Cd accumulation in shoots and grains (Yan e# 4/, 2016). In turn, overexpression
of OsHMA3 causes the opposite effects (Ueno e al, 2010). In durum wheat, the low-Cd
accumulating lines carry a major QTL, Cdul, which promotes Cd retention in roots (Harris and
Taylor, 2013). This Cdul has been mapped and shown to be associated with the wheat orthologous
of OsHMA3 (Wiebe, 2012), but what this locus encodes for still need to be specified. Besides, Cd
in root symplast can be complexed by ligands, such as phytochelatins (PCs) and metallothioneins

(MTs), before being loaded into the vacuole (Lux e al., 2011; Verbruggen et al., 2009).

The apoplastic bypass is a pathway for Cd that allows to reach the root stele without the
limitations of the apoplastic barriers at the endodermis of wheat. This low-restriction pathway
exists at some root regions lacking apoplastic barriers, such as the root tip, the sites of emerging
lateral roots or physically damaged root tissues. However, Van der Vliet ez 2/ (2007) found that the
contribution of this apoplastic bypass to the root-to-shoot translocation of Cd appears to be low
in durum wheat grown in hydroponics at low-dose Cd exposure. The authors thus suggested that

the symplastic pathway represented the major pathway for Cd radial transport into the root stele.

Roots possess a series of strategies to adapt to excessive Cd exposures. In the presence of excess
Cd, roots can lower their exposure to Cd by reducing the phytoavailability of soil Cd, for instance
through the exudation of organic acids that complex Cd. This is an example of how roots can
contribute to regulate the rhizosphere chemical environment (Ciesliniski ez a/, 1998; Wang ez al.,
2017). Roots can also limit the uptake and the transfer of Cd to the stele by reducing the production
of root hairs, strengthening the apoplastic barrier, and regulating the expression of transporter
genes involved in Cd uptake and vacuolization (Lux et al, 2011; Ma e# al., 2015; Shahid e al., 2010;
Zhang et al., 2012). Moreover, roots possess homeostatic mechanisms to limit the potential toxicity
of free Cd ion present in root cells, which may include the biosynthesis of Cd ligands such as

glutathione, PCs, and MTs (Kneer and Zenk, 1992; Lux e al., 2011).
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1.3.2 Long-distance transport and partitioning

Long-distance transport further allocates Cd among shoot organs, which starts from the loading
of Cd into the xylem (Figure 1-8). In the root stele, Cd can be discharged from the cytosol to the
apoplast and loaded by passive diffusion to the xylem (Clemens and Ma, 2016). A locus named Cd
accumulation in leaf 1 (CALT) has been recently identified in rice to be preferentially expressed in
the xylem parenchyma cells of root vascular bundles. It drives the translocation of Cd from roots
to shoots via the xylem by facilitating Cd efflux to the root apoplast in the stele before the xylem
loading (Luo et al., 2018). Apoplastic Cd can be loaded back to the symplast. In rice, a root pericycle-
localized transporter OsHMAZ2 is hypothesized to drive the influx of Cd from the apoplast to the
symplast, which facilitates the phloem transport towards root tips (Clemens and Ma, 2016; Yamaji
et al., 2013). Moreover, studies on the hyperaccumulator Arabidopsis halleri highlighted that the high
expression of HM.A4, which encodes a transporter loading root Cd into the xylem, is responsible
for the large accumulation of Cd in shoots (Courbot e a/., 2007). HMA4 was also found to be
important in the root-to-shoot translocation of Cd in the non-hyperaccumulator Arabidopsis

thaliana (Wong and Cobbett, 2009).

Cadmium loaded into the root vascular bundle is translocated to shoots shortly thereafter. The
xylem flow represents a major pathway of delivering Cd from roots to shoots and a major
determinant of shoot and grain Cd accumulation (Uraguchi and Fujiwara, 2013; Uraguchi ef a/.,
2009). Cd in the xylem is mostly transported as free ion, and to a less extent, with organic acids
(Tudoreanu and Phillips, 2004). In shoots, the movement of Cd in non-living xylem vessels follows
the gradient in water potential resulting from high-transpiring parts. By contrast, Cd moves
bidirectionally and more slowly in the living sieve tube cells of phloem. Owing to the alkaline
environment and the elevated concentration of phosphates in the phloem sap, the efficiency of
Cd transport in the phloem is dependent on the formation of soluble Cd-ligand complexes, which
prevent precipitation of metals, and which include thiol-containing compounds such as PCs

(Marschner, 2011; MclLaughlin and Singh, 1999; Stolt e a/., 2003).

Transport of Cd in the xylem strongly depends on the transpiration stream, and therefore, if
not reallocated by the phloem sap, Cd is strongly accumulated in high-transpiring tissues such as
mature leaves and bracts (Clemens and Ma, 2016). Cd in the xylem sap is unloaded into apoplastic
spaces of, for example, leaf mesophyll cells (McLaughlin and Singh, 1999). Taken up through the
plasma membrane, Cd enters the leaf symplast and is stored in the vacuole (Figure 1-9) (Tudoreanu

and Phillips, 2004).
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Figure 1-9 Loading of Cd in photosynthetic cells (left side); and minerals remobilized from the
senescent cell (right side). Question mark indicate the unknown pathway of Cd transport.

Remobilization

The stem nodes are central in distributing elements to developing organs independently of the
transpiration flow (Yamaji and Ma, 2017). Nodes joint stems, leaves and heads, possessing complex
and well-developed vascular systems (Figure 1-10). In a simplified model of node in Poaceae (Yamaji
and Ma, 2014a), elements coming in the xylem from roots or the lower node arrive in the node in
an enlarged vascular bundles (EVBs). EVBs contains 10-time enlarged xylem vessels, where the
transpiration flow and therefore that of elements are physically slowed down. This structure
facilitates the xylem unloading consisting in uptake of the elements by the cells surrounding the
xylem of the EVB. These cells are the companion cells that loads the phloem of the EVB (phloem
parenchyma cells and companion cells; PPC&CC) and the xylem transfer cells (XTCs) and the
parenchyma cell bridge (PCB). XTCs and PCB together transfer the elements to the xylem of the
diffuse vascular bundles (DVBs), which itself connects the node to the upper parts of the plant.
Elements in the DVBs xylem can move upwards or be withdrawn by the PPC&CC of the DVBs
phloem. An apoplastic barrier in PCB can prevent the passive flow of elements via apoplastic
pathway between EVBs and DVBs (Yamaji and Ma, 2017). Moreover, elements remobilized from
leaves can be transferred from the phloem of EVBs to the phloem of DVBs through nodal
vascular anastomosis (NVA) at the basal part of the node (Uraguchi and Fujiwara, 2013).
Altogether, these mechanisms allow cross-links between the xylem and the phloem and the
reallocation of elements both downwards back to the roots or upwards to the upper parts of the

plant, including grains.
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Figure 1-10 Schematic model of intervascular transfer of Cd in a Poaceae node from a longitudinal
view. DVB diffuse vascular bundle; EVB enlarged vascular bundle; NVA nodal vascular anastomosis;
PCB parenchyma cell bridge; PPC&CC phloem parenchyma cell and companion cell; XTC xylem transfer
cell.

The node I is a node beneath the peduncle. It is connected to the stem, the flag leaf and the
head, and plays a pivotal role in controlling the allocation of Cd to grains. First, phloem is the only
pathway for Cd entry into grains, in particular because of the xylem discontinuity of grasses, which
interrupts the xylem flow towards the head (Figure 1-11a) (O'Brien e# al., 1985), so the xylem-to-
phloem transfer is a key step in grain Cd loading. Most of the Cd loaded in grains is first transferred
from the xylem to the phloem in the node I (Clemens and Ma, 2016; Herren and Feller, 1997),
probably in the DVBs which is connected directly to the head (Figure 1-10). The phloem
parenchyma cells and companion cells in between of the phloem and the xylem mediate the xylem-
to-phloem transfer of Cd. In rice, Cd transporters, OsHMA2 and OsLCT1, are involved in this
process (Uraguchi et al., 2011; Yamaiji e al., 2013). Second, many transporters are localized in the
PCB and XTCs mediating the transfer of elements from EVBs to DVBs (Yamaji and Ma, 2017).
It can be suspected that the transporter-mediated intervascular transfer of Cd could regulate the
distribution of Cd between leaf and grains. Recently, a node-expressed transporter, cation/Ca
exchangers 2 (OsCCX2) was found to contribute to the Cd loading from the PCB to the xylem of
the DVB in rice (Hao e al, 2018). Knockout of OsCCX2 resulted in significantly lower
concentrations of Cd in the grain. Third, Cd is more concentrated in nodes, especially in the node
I, than in internodes (Fujimaki ez a/., 2010). It underlines the potential ability of nodes to sequestrate

and to filter Cd on its way to the grain. Cd in the node I is mainly found in the xylem of EVBs and
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the PCB, associated with sulfur (S) and oxygen (O) containing compounds (Yamaguchi ez al., 2012).
The nodal sequestration of Cd can be seen as a defense mechanism of plant to face excessive Cd
exposure or as a collateral effect of micronutrient sequestration to adjust the delivery to growing
tissues. As observed for Zn, storage of micronutrients in nodes allows a rapid delivery to the high
demand of rapidly growing plant part (Suzui ez a/., 2017). Significant accumulation in the node I
was also found for arsenic (As) (Moore ez al., 2014), which is a toxic metal element with which Cd
shares some specificity like its complexation by PCs. However, for mineral nutrients like N, there
is no preferential accumulation in nodes (Harper and Lynch, 1981). Fourth, the efficiency of Cd
transfer from the node I to grains is a function of the loading efficiency of DVBs. A smaller area
of DVB can load relatively less Cd, which results in the higher sequestration of Cd in the node

whereby less Cd can be transferred to the grain (Huang ez /., 2017).

Cadmium is toxic to plants, even at low levels (Shahid ez 2/, 2016). In wheat, the critical level of
Cd toxicity is estimated as 5-10 ug Cd g dry weight in leaves. Above, the plant growth is depressed
(White and Brown, 2010). Excess Cd can disturb plant physiological and biochemical processes
because Cd bind to S-containing enzymes due to its high affinity for thiols groups, also because it
can compete with Zn for metalloproteins. For example, photosynthesis can be inhibited due to the
down-regulation of photosynthesis-related gene, inactivation of photosynthetic carbon
assimilation enzymes, chloroplast structure damage and decrease in stomatal conductance (Gallego
et al., 2012). Meanwhile, as reviewed by Rizwan ez a/ (2016), wheat plants possess several
mechanisms to regulate Cd homeostasis to cope with Cd toxicity. For example, the complexation
of Cd with sulphydryl-containing ligands in tissues could neutralize the potential toxicity of free
Cd ion. Moreover, compartmentalization could limit the transfer of Cd to metabolically active
tissues or cell compartments. Though the toxicology of Cd in plants has been widely studied, this
point is not detailed here because it is out of the topic of the thesis, which mainly focuses on the

response of plants to low-dose Cd.

1.3.3 Remobilization from vegetative organs to developing grains

Before the formation of grain, Cd is accumulated in vegetative tissues. After anthesis, the grain starts
to fill and can accumulate both the Cd newly taken up by roots and the Cd remobilized from vegetative
stores (

Figure 1-5). Thus, two sources potentially contribute to the loading of Cd in grains: direct root

uptake and remobilization.
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Remobilization is generally considered as a strategy of plants to provide enough nutrients to
the grain when the uptake by roots is restricted — for instance in soils where the availability of a
given nutrient is especially low. In other words, remobilization promotes the recycling of mineral
nutrients and maximize the nutrient use efficiency. The remobilization of N is particularly obvious
and is reported to account for 40-90% of the N in wheat grains (Kong ez a/., 2016). To satisfy the
sink demand of developing grains, the remobilization of Zn is strongly influenced by the plant
nutrient status. It has been shown that almost all the grain Zn are from post-anthesis uptake when
the supplies of Zn (and N) are high, whereas about 90% of the grain Zn can be attributed to the

remobilization under Zn deprivation during grain filling (Kutman e# /., 2012).

Remobilization is often associated with plant senescence. Removal of reproductive head of
wheat delays the leaf senescence (Patterson and Brun, 1980), whereas accelerating senescence
increases the remobilization of N, Zn and Fe from leaves to grains (Uauy ez a/, 2006). Autophagy
is a cellular degradation process that makes the minerals stored in vegetative tissues available for
the remobilization during senescence (Figure 1-9). A model on photosynthetic cells shows that
decomposed organelles are encapsulated and transferred to the vacuole for degradation into
minerals (Pottier ef al, 2014). Efflux transporters are thus needed to release minerals from the
vacuole until the membranes becomes permeabilized at the final stage of cell death. It has been
suggested that the link between remobilization and senescence depends on the cellular
compartment and on the form in which elements are stored in source tissues (Maillard ez @/, 2015).
Chloroplasts are the first target of autophagy. Minerals such as N and Cu are highly concentrated
in chloroplasts and their remobilization is frequently induced by senescence (Kong ez a/., 2016;
Maillard ez al, 2015). By contrast, vacuoles remain intact until late after the onset of autophagy.

The remobilization of vacuole-stored elements such as S is less dependent on senescence (Abdallah

et al., 2011).

The phloem is the main pathway for the transport of remobilized elements. An element released
by autophagy requires to be loaded into the phloem of source tissues in order to be used by
growing sinks (Figure 1-9). As previously indicated, to avoid precipitation of metals in the phloem
sap, they form soluble complexes. In rice leaves, the phloem loading is mainly mediated by
nicotianamine (NA)-metal transporter such as copper (Cu)-NA transporter Yellow Stripe-like 16
(OsYSL16) (Khan ef al., 2014; Zheng ¢t al., 2012). However, the NA complex does not seem to be
the binding form of Cd in cells (McLaughlin and Singh, 1999). The transporter mediating Cd
remobilization from leaves blades, if there is one, is still unknown. Once loaded in the phloem,
minerals can be transported toward the sinks. The phloem mobility appears to affect the efficiency

of mineral remobilization (Riesen and Feller, 2005).
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At least in nutrient solution, Cd can be remobilized from vegetative tissues to the developing
grain (Figure 1-9). This has been evidenced by the recovery of '’Cd in grains after labeling the flag
leaf and stem (Harris and Taylor, 2001). However, the contribution of remobilization to the loading
of Cd in durum wheat grains is still unclear. In other words, there is still a lack of conclusive
evidence for the relative importance of pre- and post-anthesis origin of Cd in grain Cd
accumulation. Harris and Tylor (2013) reported continuous Cd accumulation in all the organs of
durum wheat grown in hydroponics and concluded that no net remobilization of Cd occurred in
vegetative organs during grain filling. They suggested that the delayed senescence and unrestricted
transpiration in hydroponics was suspected to favor the direct flow of Cd transport from the root
to the grain. Similarly, Tavarez ez a/ (2015) observed a constant increase of Cd concentration in
leaves of durum wheat after anthesis. They suggested that the lack of Cd remobilization from
leaves was due to the storage of Cd in non-labile cellular compartments. By contrast, after a short-
term (24 hours) feeding of '"Cd to the nutrient solution at either anthesis or ripening stage of
durum wheat, only little even no '"Cd taken up by root can be found in the head (Chan and Hale,
2004). The authors thus concluded that remobilization represented the majority of the Cd loaded
into the developing head. They explained that the low flux of post-anthesis uptake of Cd may be
linked to the poor root activities in exporting Cd. In between these contradictory points of view,
Rodda e a/. (2011) showed on rice grown in hydroponics that the remobilization and post-anthesis
uptake are of almost the same importance in grain Cd loading. The authors supplied Cd to plants
at three different timing regimes: continuously throughout the life cycle, only before or only after
anthesis. Cd concentrations in the mature grains after supplying Cd before and after anthesis are

respectively about 60% and 44% of that with continuous Cd supply.

As shown by these studies, there are multiple approaches to assess element remobilization. The
‘apparent remobilization’ method is the simplest one, which is commonly used not only for Cd
(Harris and Taylor, 2013; Tavarez ¢z al., 2015) but for other elements (Kutman e# a/., 2011a; Maillard
et al., 2015; Masoni ez al., 2007; Xue et al., 2012). This approach relies on the budget of the quantity
of an element in plant organs at different growth stages. An organ is considered as a source of
remobilization when its amount of an element decreases. Meanwhile, any plant part that shows a
net accumulation of the element including the developing grains is considered as a sink receiving
elements remobilized from vegetative organs. In this approach, only the net changes in contents
are measured and an organ can both remobilize while absorbing Cd, and the net remobilization
underestimates the true gross one in this case. By contrast, isotopic labeling is a more appropriate
approach. Isotopes applied at a specific period allow to distinguish and to trace different sources

of an element. The labeling can be performed as a short-term pulse that lasts for hours or days
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(Chan and Hale, 2004; Hegelund ef a/., 2012) or can extend throughout a longer period (Wu ez al,
2010). Short-term labeling results are strongly depending on the plant status at the time of labeling,
such as the root uptake activity and the translocation rate transfer, and it may be an issue to
extrapolate the instantaneous fluxes for a longer period. To assess more accurately the
remobilization of Cd from pre-anthesis stored pool throughout the whole grain filling period and
to know the contribution of remobilization to grain Cd, long-term labeling is more appropriate.

This approach has been used for Zn (Wu ez al., 2010), but never for Cd.

1.3.4 Loading and storage in grains

Grains are both the offspring and the edible part of durum wheat. A mature grain is composed
of germ and endosperm, which are filial tissues derived from fertilized cells, and the maternal
tissues enveloping the filial tissues, which develops from the ovular integuments (Figure 1-11). The
germ is composed of the embryo with the root and shoot primordia that will develop into the
plant of next generation. The scutellum in the germ supplies nutrients from the endosperm to the
embryo during grain germination (Lu e/ a/., 2013). The endosperm is the largest part of the grain
in size and thus the part mainly consumed by humans. Most of the endosperm is starchy. The
starchy endosperm is enclosed by the monocellular layer of aleurone. The maternal peripheral
envelop contains multiple layers. From outside to inside, it can be separated into outer and inner
pericarp, seed coat and nucellar epidermis. The wheat grain has a crease in the ventral side that
extends deeply inward. In the crease region, the major vascular bundle is embedded into the
pericarp and extended to the distal end of the grain. The mechanistic knowledge about Cd loading
and distribution in wheat grains is extremely limited. By contrast, studies have been conducted
broadly on the transfer of carbohydrate, and to a less extent, of mineral nutrients in the developing
grain. The information available for nutrients are possibly relevant for the transport route of Cd

inside grains (Figure 1-11).
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Figure 1-11 Schematic of nutrient transfer to the different parts of a developing wheat grain from a
longitudinal (a) and a transversal (b) sectional view; and a summary of the pathways (c). The dashed
lines indicate that the pathway persists partway through the grain filling period. Al aleurone layer, Cr
crease, Ec endosperm cavity, ECC endosperm conducting cell, Em embryo, ESR embryo surrounding
region, Ev envelop, ip inner pericarp, Mal modified aleurone, ne nucellar epidermis, Np nucellar
projection, op outer pericarp, Ps pigment strand, sc seed coat, S/ scutellum, Sty starchy endosperm,
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Nutrients can only reach the grain through the phloem because the xylem pathway is interrupted
by thickened walls between the rachilla and the grain, also known as the xylem discontinuity (Figure
1-11a) (Zee and O'Brien, 1970b). The crease represents the major route for nutrients entry into the
filial tissues (Figure 1-11c) (Fisher and Gifford, 19806). In the crease, nutrients unloaded from the
vessel are absorbed by the nucellar projection, then transferred inward and discharged into the
endosperm cavity (Figure 1-11b) (Wang ef al, 1995; Yu et al., 2015a). This pathway is blocked
gradually with the grain development by the maturation of pigment strand in between the vascular
bundle and the nucellar projection (Zee and O'Brien, 1970a). The endosperm cavity is an apoplastic
structure at the interface of grain maternal and filial tissues, where transporters are required for
the efflux from nucellar projection and the influx to the modified aleurone layer (Patrick and Offler,
2001). Nutrients in the aleurone cells can be transferred through the extensive plasmodesmata
circumferentially to the dorsal side of the grain or radially into the starchy endosperm (Morrison
et al., 1975; Patrick and Offler, 2001; Pearson e# al., 1998). Meanwhile, aleurone cells have myriad

vacuoles that can intensively sequestrate nutrients (Morrison ez al, 1975).

Maternal peripheral tissues can obtain nutrients from the mean vessel within the crease as well
as from the non-crease protophloem strands located in the pericarp (Figure 1-11a). There are three
protophloem strands which can persist at least during the early period of grain development (Fisher,
1990). Two of them extends in the lateral part to the distal end of grain, while the third runs
partially in the dorsal side opposite the crease (Fisher, 1990). Moreover, Pearson ef al. (1998)
suggested that the solution secreted from the aleurone may provide nutrients to the pericarp. With
the grain maturation, the maternal peripheral tissues can be degraded and remobilize nutrients to

the filial tissues (Morrison, 1976; Pearson e al., 1998; Yu et al., 2015b).

Nutrients can enter the germ with the help of embryo surrounding region (ESR) during about
the fi