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SUMMARY

Abiotic stress conditions cause extensive losses of agricultural production worldwide. Salinity and
alkalinity affect plant growth and availability of nutrients including Fe. Its deficiency as well as
toxicity is serious agricultural problems and lead to heavy losses in yield. In our work, two
leguminous plants (Hedysarum carnosum and Medicago truncatula) were used that originate from
Tunisia and use as a fodder for animals and rice from India that presents important staple food in
Asia.

The first section, consists of a protocol for a reliable RT-qPCR assay, which can be easily adapted
to any plant species of interest. In this paper, we describe in detail all the steps and the workflow.
We think that this protocol is very informative and can be used as a template for RT-qPCR
analyses.

In the second section, we exposed three isolates from Hedysarum carnosum named according to
their habitats Karkar, Thelja and Douiret to iron-deficiency stress, and we found that there is a
difference in the responses between the isolates by developing chlorosis in the young leaves and
showing a reduced biomass production. In this work, we find that under iron deficiency, iron
contents of Karkar and Douiret were significantly lower than in their respective controls compared
to Thelja. We conclude that the results of our physiological and gene expression analyses suggest
that the individual lines have distinct adaptation capacities to react to iron deficiency, presumably
involving mechanisms of iron homeostasis and internal distribution.

In the second section, we screened 11 Tunisian M. truncatula lines from the SARDI collection,
since in the field, crops and other plants are routinely subjected to a combination of different
abiotic stresses. We subjected Medicago lines to salinity and alkalinity stress. Therefore, the
combined stress affected germination rates, shoot and root dry weights, pigment contents and root
morphology parameters. From the 11 tested lines we selected 2 tolerant and 2 sensitives lines. We
find that these lines differ in their responses to double stress. The analyses provided evidence that
root architecture, flavin root localization in epidermal cells and flavin secretion are relevant
tolerance mechanisms for salt and alkaline stress in M. truncatula.

The last section investigates the specific responses of contrasting rice genotypes to overload of
iron, Hacha and Lachit. The root and shoot growth parameters, the leaf bronzing score showed that
plants from the susceptible cultivar Hacha exhibited more severe symptoms of Fe toxicity than
Lachit. To shed light on the molecular tolerance mechanisms we conducted a comparative
transcriptomics RNAseq experiment of roots and L2 leaves. In this work, it is shown that the
differentially expressed genes can be arranged into clusters reflecting either genotype, Fe regime
or genotype Fe regime effects and we compared the molecular signatures of the tolerant versus the
susceptible cultivars with previously reported mechanisms. From the physiological and molecular
data we conclude that Lachit responds differently to Fe toxicity than the sensitive cultivar Hacha
and also different from other Indica rice cultivars reported to be tolerant to high Fe.



ZUSAMMENFASSUNG

Abiotische  Stressbedingungen  verursachen  weltweit erhebliche Verluste in der
landwirtschaftlichen Produktion. Salzgehalt und Alkalitét beeinflussen das Pflanzenwachstum, die
Photosynthese und die Verfiigbarkeit von Néhrstoffen einschliefSlich Fe. Sowohl der Mangel als
auch die Giftigkeit sind schwerwiegende landwirtschaftliche Probleme und fiihren zu hohen
Ausbeuteverlusten. In unserer Arbeit wurden zwei Leguminosen (Hedysarum carnosum Medicago
truncatula) aus Tunesien verwendet, die aus Tunesien stammen und als Futter fiir Tiere und Reis
aus Indien, die in Asien wichtiges Grundnahrungsmittel darstell.

Der erste Abschnitt besteht aus einem Protokoll fiir einen zuverldssigen RT-qPCR-Assay, der
leicht an jede interessierende Pflanzenart angepasst werden kann. In diesem Dokument
beschreiben wir detailliert alle Schritte und Arbeitsablaufe. Wir denken, dass dieses Protokoll sehr
informativ ist und als Vorlage fiir RT-qPCR-Analysen verwendet werden kann.

Wir isolierten drei Isolate von Hedysarum carnosum, die nach ihren Lebensrdumen Karkar, Thelja
und Douiret benannt wurden, auf Eisenmangel-Stress. Wir fanden heraus, dass die Isolate und die
Chlorose in den jungen Blattern unterschiedlich sind . In dieser Arbeit finden wir, dass die
Eisengehalte von Karkar und Douiret unter Eisenmangel signifikant niedriger waren als in ihren
jeweiligen Kontrollen im Vergleich zu Thelja. Wir schlieBen daraus, dass die Ergebnisse unserer
physiologischen und Genexpressionsanalysen darauf hindeuten, dass die einzelnen Linien
unterschiedliche Adaptationskapazititen haben, um auf Eisenmangel zu reagieren, vermutlich
unter Beteiligung von Mechanismen der Eisenhomdostase und der internen Verteilung.

Die zweite getestete Leguminosenpflanze war Medicago truncatula, wir untersuchten 11
tunesische M. truncatula-Linien aus der SARDI-Sammlung, da Feldfriichte und andere Pflanzen
auf dem Feld routinemif3ig einer Kombination verschiedener abiotischer Belastungen ausgesetzt
sind. Wir unterzogen Medicago Linien Salinitit und Alkalinitdt. Daher beeinflusste die
kombinierte Belastung die Keimungsraten, die Trockengewichte von Spross und Wurzel, den
Pigmentgehalt und die Parameter der Wurzelmorphologie. Von den 11 getesteten Linien wéhlten
wir 2 tolerante und 2 sensitive Linien zu kombinierter Belastung aus. Wir finden, dass diese Linien
sich in ihren Reaktionen auf Doppelbelastung unterscheiden. Die Analysen lieferten Hinweise
darauf, dass die Wurzelarchitektur, die Lokalisierung der Flavinlokalisation in epidermalen
Wurzelzellen und die Flavinsekretion relevante Toleranzmechanismen fiir Salz- und alkalischen
Stress in M. truncatula sind.

Der letzte Abschnitt untersucht die spezifischen Reaktionen gegensétzlicher Reisgenotypen auf
Eisentliberschuss. Das kontrastierende Paar Hacha und Lachit wurde mit {berschiissigem
Eisenstress verwendet. Die Wurzel - und Triebwachstumsparameter, der Blattbraunungsindex,
dass Pflanzen aus der anfélligen Sorte Hacha schwerere Symptome der Fe - Toxizitdt aufwiesen
als Lachit. Um die molekularen Toleranzmechanismen aufzukléren, fiihrten wir ein vergleichendes
Transkriptom-RNAseq Experiment von Wurzeln und L2-Bléttern durch. In dieser Arbeit wird
gezeigt, dass die differentiell exprimierten Gene in Cluster, die entweder Genotyp-, Fe-Regime-
oder Genotyp-Fe-Regimer effekte widerspiegeln, verglichen und die molekularen Signaturen der
toleranten gegeniiber den suszeptiblen Kultivaren mit zuvor beschriebenen Mechanismen
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verglichen wurden. Aus den physiologischen und molekularen Daten schlieBen wir, dass Lachit
anders auf Fe-Toxizitdt anspricht als die empfindliche Sorte Hacha und auch anders als andere
Indica-Reissorten, von denen berichtet wurde, dass sie gegeniiber weil Fe tolerant sind.



Introduction

1. Crops and applications in biotechnology:

Since the antiquity, many crops have been vital for human kind. Because of this, crops are
produced and commercialized worldwide and are nowadays having a high economic value. The
most important crops were bred for human consumption to ensure food security (e.g. wheat, maize,
and rice). Other crop varieties are exploited as fodders (oats, alfalfa) or in the industry of papers,
textile, and clothes (Colombo et al. 2014; Fageria 2016). Various investigations have demonstrated
that cereal crops display much higher yields than legume crops whereas the latter contain elevated
protein and lipid content in the seeds (Fageria et al. 2006). It is well known that crop production
is highly influenced by environmental change. Since the last decade, a global climate change
associated with a global temperature increase was observed, and this is a controversial issue. This
increase in global temperature results in drought in some regions or flooding in others causing
stress to the growing plants. These types of stress are combined as abiotic stresses and can cause
areduction in plant growth and yield. Reduction in the global food supply is leading to hunger and
starvation of human populations all over the world. Thus, agriculture and human race are facing
many challenges mainly providing enough food for all human beings and maintaining the stability
of that amount. This reduction in crop production can be counteracted with the application of
biotechnology in agriculture. However, there are a number of open questions with regard to the
assessment of costs and benefits as well as the institutional conditions that are required if new
technologies are implemented. Furthermore, the public debate focused mainly on the risk that crop

biotechnology brings about to the health of human beings and to the environment (Bauer 2005).

Biotechnology uses molecular techniques to modify the genetic basis of plants and animals to
improve the quality of life. Biotechnology may encompass different technological branches such
as the utilization of genomic innovations, specific reproducing, transformation rearing, plant tissue
culture, molecular markers, and genetic engineering. The importance of the different approaches
differs from one country to another taking into consideration the degree to which the food is
important for human health and safety. Crop biotechnology has been developed in many parts of
the world. In fact, from a scientific point of view, the application of biotechnology in agriculture
is the result of gene technology evolution. Genetically modified organisms contain modified DNA
and are generated using genetic engineering tools and methods. For crop improvement, scientists
introduced resistance genes into crop plants. In Africa, particularly in Kenya, Bt cotton (cotton

strain which contains a gene encoding a Bacillus thuringiensis toxin as an insecticide) is
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Introduction

extensively produced and commercialized (Tefera et al. 2016). In America, pumpkin is one of the
most important crops as it is considered as an excellent source of energy. Due to its great
importance, this crop has been intensively investigated and the genome sequenced for further
biotechnology studies (Leke et al. 2016). In Europe, many scientists have developed Late Blight
Resistant Potatoes (Jo et al. 2014), as this known disease threatens potatoes and crops in general.
Globally, approximately 60% of all soybeans and 30% of cotton are genetically modified (James
2004). But there are risks apart from using this technology. The European Commission paid great
attention towards these risks taking them very seriously. The risks of GM are health-related risks
like potential allergic reactions. Also, transferred genes could mutate and could cause antibiotic
resistance in pathogenic bacteria. The risks of biotech crops are related to fodders, plants,
ecosystems, farmers, and agriculture (Murphy 2007). GM crops make these risks more complex.
GM crops make these risks more complex. Nevertheless, we need to understand the use of GM
according to the available agricultural tools. In the year 1996 the US started the large-scale
cultivation of agriculturally important GMs and since then it is expanding. According to the recent
statistics GM crops are cultivated over the 11% worlds cultivated land. These include 79%
soybean, 70% cotton, and 32% maize of all the world (James 2014). Focus are on those crops
important for both: maintaining the fertility of the soil and having nutritional value. Vicia faba is
one example of pulse crops that contain high levels of protein and are used to sustain agriculture
as it plays an important role in soil fertility and nitrogen fixation (Oliveira et al. 2016). V. faba is
a forage legume that grows under different cropping systems but hardly in vitro. Nevertheless, for
a successful biotechnological approach efficient in vitro regeneration is required. Therefore,
previous reports showed that a successful in vitro growth could be established by organogenesis.
Several plant organs were used as explants such as the meristematic regions, auxiliary buds, and
embryonic axes (Ismail et al. 2011). The combination of conventional practices and the recent
genomic approaches paved the way for a new type of crop development. This is due to the
developments in DNA sequencing and transcriptomic studies on many plant species that facilitated
relating the genotypes to the phenotype of the plants including their biochemical changes. The
production of abiotic stress tolerant plants requires a better understanding of the gene regulation
mechanisms employed by plants as a reaction to adverse environmental conditions. This
understanding includes the gene expression and post-transcriptional regulation by non-protein

coding small RNAs and micro RNAs (miRNAs). Therefore, the transfer of these molecular traits
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Introduction

will accelerate the development of tolerant crops. Indeed, miRNAs and their implementation in
the improvement of many major crops have been recently reported (Noman et al. 2017; Zhang
2015). For example, activation of the C-kinase 1 receptor gene enhanced the drougt tolerance in
transgenic rice plants (Li et al. 2009). Another approach are the crop wild relatives (CWRs) as
they represent many traits that are a source of natural variation under a scale of biotic and abiotic
stress. Recently the term ‘introgressiomics’ has come forward which consists in the interspecific
breeding of wild plant species with crop varieties by looking into the specific traits within many
populations. This approach will lead to the developemnt of newly selected cultivars that can
improve yield and performance resulting in a more efficient and sustainable agriculture under
environmental changes (Prohens et al. 2017). Crop improvement has shifted to a new level by
using the next generation sequencing technique that represents a revolutionary method to identify
new genes directly related to tolerance to various stresses in plants. The sequences of many crop
species like soybean, maize, and wheat have already been studied (Berkman et al. 2012; Edwards

et al. 2013; Franssen et al. 2011).

2. Abiotic stress in plants:

Because of the ever-changing climate, plant growth and yield are severely affected by certain
abiotic and biotic stresses that occurred at the same time (Prasch and Sonnewald 2013;
Ramegowda and Senthil-Kumar 2015; Suzuki et al. 2014). Plants growing under natural
conditions, which have difficulties to achieve their full genetic potential for reproduction, are
considered as being "stressed". Therefore, to adapt to a changing environment, plants have
developed complex mechanisms to respond to stress. It was demonstrated that only 22% of the
genetic potential yield contributed to the production of field-grown crops in the United States
because of the impacts of unfavorable adverse environments (Boyer 1982). The 2007 FAO
statistics showed that only 3.5% of the world land area was not impacted by some adverse
environmental conditions. This problem is still growing because of decreases in water resources,
the continued reduction of crop growing land, and an augmentation global warming problem and
climate change (Lobell et al. 2011). Thus, there is not only one single environmental factor
affecting the plants. Usually, there is a complex of factors. For example, environmental
factors greatly influence the deficiency or toxicity of nutrients (Juneja et al. 2013). Reactive
oxygen species ( ROS) can be good or bad for plants under abiotic stress. High levels of ROS lead
to lipid peroxidation and the damage of DNA and proteins (Mittler 2002; Schieber and Chandel
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2014). Although ROS were previously considered harming cells, recent research suggested that
cells developed strategies to use ROS as signals in the regulation of various genetic processes
involved in cellular stress mechanisms (Dat et al. 2000) or in the regulation procedure of plant
growth and development, like cell elongation (Foreman et al. 2003) or root differentiation

(Tsukagoshi et al. 2010).

3. Salinity and its importance
Salinity is a major problem that is characterized by many factors that influence the stress response

in plants, such as texture and composition of the soil, availability of water, alongside with
environmental changes and cultural factors (Maas and Grieve 1987). Soil salinity affects about 6%
of the land surface and secondary salinization of irrigation affects about 20% of the irrigated land
(Munns and Tester 2008). Salinity can have different effects on a plant depending on the
developmental stage and the plant species (Krishnamurthy et al. 2016; Tripathy et al. 2017; Zhang
et al. 2017). High salt accumulation in the soil decreases the water absorption in the roots and
increases the water loss in the aerial parts. Once high salinity occurs, plants accumulate more Na*
and CI ions in their tissues. High Na* concentration causes a block of K" uptake. This leads to an
ion imbalance in the cells and results in a significant decrease in crop yield (James et al. 2011).
Plant growth in saline soils is usually hampered due to osmotic and oxidative stress and also to the
toxic effects resulting from the high ion concentrations (Rengasamy 2016). In sodic soils, clay
dispersion and soil structural degradation result from high Na' cation amounts and negatively
affect plant growth (Rengasamy 2016). In sodic soils, clay dispersion and soil structural
degradation result from high Na" cation amounts and negatively affect plant growth because high
Na® enhances soil alkalinity (Rengasamy 2016). For example, salinity and alkalinity are
widespread in Tunisian soils (Kovda 2013), first, due to an occurrence of salt-affected soils in
depressions and in the main "sebkhas" (dry alkaline flats, normally situated near the sea) and
"chotts" (the interior salt lake areas away from sea), secondly, the irrigation water which contains
high amount of salt results in secondary salinity. The effects of salinity can hamper plant
germination and delay the flowering time (Moriuchi et al. 2016), reduce plant growth, and their
establishment which result in lower yields or a complete loss of the crop (Rhoades and Loveday
1990). Ton toxicity from high sodium (Na") and chloride (CI') can also occur. As salinity levels in
the root zone increase, water becomes less likely to enter the roots and present such a barrier around

the roots (Berezniak et al. 2017; Provin and Pitt 2001; Rhoades and Loveday 1990). Some plants
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Introduction

and animals live in the salt water and are adapted to the salinity, so salinity can help to understand
if a plant or animal species can be expected to be present. We can conclude that each species can

tolerate a certain threshold of salinity but have to determine its level of tolerance to salt stress.

4. Effect of salt stress on plant growth and yield

Salt stress in plants affects germination, photosynthetic ability, growth, and oxidative stress. Due
to the importance of the process of germination, which is the fundamental phase of growth, salinity
affects many crop plants such as Medicago truncatula, rice, and wheat. The impact of salinity can
be observed at different levels, such as reducing the mobilization of seed reserves (Marques et al.
2013), inhibition of the imbibition process in seeds due to a lower osmotic potential during
germination (KATEMBE et al. 1998), changes in enzymatic activities, and perturbances in protein
metabolism (Amirjani 2011; Hu et al. 2012). Besides germination, photosynthesis is an
indispensable and vital procedure that produces the energy for plant growth. Photosynthesis,
together with cell development, is among the essential procedures to be influenced by saltiness
(Munns et al. 2006). Some plant species developed a strategy to adapt to these conditions by
producing energy under difficult circumstances. The evolution played a major role in the
complexation of leaf forms that prevent the loss of water under saline conditions (Grewell et al.
2016; Nguyen et al. 2017). Reports have also shown that under high salinity an increase of non-
photochemical quenching and a decrease of maximum quantum yield of photosystems II (PSII)
take place in many species including rice (Porcel et al. 2015), barley (Kosova et al. 2015) and
Medicago (Panta et al. 2016). For this, the light-harvesting complex I (LHC 1I) is redistributed,
thus adjusting the absorption between PSI and PSII. The photosynthetic response to salinity stress
is very complex in Oryza sativa (Sultana et al. 1999) and Medicago sativa (Li et al. 2010) as it
involves the interplay of limitations at different sites of the cell/leaf and at different time scales
during plant development. Other plant species have adapted to saline conditions in ways similar to
plants that live in dry, desert conditions. These plants decrease their osmotic potential in the roots
and at the same time enhance their amino acid supply. This potential allows water to be transferred
to the aerial part of the plants when water reaches the plant leaves during transpiration. Due to
stomatal closure under salt stress the availability of CO; becomes limited in the leaves. This leads
to the inhibition of carbon fixation exposing the chloroplasts to massive excitation energy which
in turn results in an increase of ROS production and accumulation e.g. superoxide anions and

hydrogen peroxide (Munne-Bosch and Pinto-Marijuan 2016; Xiang et al. 2015). ROS can cause
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oxidation of proteins, peroxidation of lipids, perturbation of enzyme activity, and DNA damage.
The increased ROS production results in ROS-mediated membrane damage which is a major cause
of cellular toxicity and induces programmed cell death (PCD) among different crop plants (Eraslan
et al. 2007; Tavakkoli et al. 2010). All those affected parameters lead to a significant decrease in
the crop yield caused by high salinity in many crops such as Medicago sativa (Altinok et al. 2015),
rice (Khairi et al. 2015), and wheat (Daei et al. 2009).

5. Importance of Fe for plants:

In nature, iron occurs in abundance and ranks fourth among all elements on Earth’s surface
(Kobayashi and Nishizawa 2012). First of all, plants look green and healthy due to the fact that
iron plays a role when the plant produces chlorophyll. Therefore, under iron deficiency, plants
show a yellowish color in their leaves. 30% of all arable soils are calcareous with high pH (Chen
and Barak 1982) due to which iron is not readily available for plant uptake (Yi et al. 1994). Iron is
considered as one of the essential micronutrients for all living beings because it plays an important
role in different metabolic processes like DNA synthesis and respiration (Puig et al. 2017). In
addition to its importance, excess in iron is a detriment to the cell because of its tendency to react
with oxygen and therefore to generate free radicals by the Fenton reaction. Thus, an inner
maintenance of iron homeostasis is critical to avoid the shortage caused by iron deficiency and the
excess caused by iron overload. The homeostasis is directly dependent on the iron-storing ferritin
proteins which are present and largely conserved in plants and animals (Arosio et al. 2009; Arosio
and Levi 2002). Moreover, many metabolic pathways are activated by iron and are regulated by
different enzymatic activities. Iron chlorosis is caused mainly by the imbalance between the
solubility, soil texture, and pH (Sahrawat 2016). The chlorosis is corrected by adding an iron
fertilizer, or balancing the soil pH (Nathan 2017).

6. Iron excess in plants

Oryza sativa presents an important staple food for all over the world’s population and it is grown
in a wide range of environments (Birla et al. 2017). The majority (90%) of the global rice
production is harvested in Asia where it is grown in irrigated or rainfed lowland rice fields. In the
soil, many iron minerals are present. In submerged soils, where pH is low, Fe** is present in high
levels which causes iron toxicity. In fact, whenever a large amount of iron is reduced to Fe** and

the soil pH is low, iron toxicity occurs. One characteristic visual symptom is the modification in
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the leaf color. The stress response depends on the severity and the duration of the stress and also
on the environmental conditions. Therefore, suitable management of these crops by using tolerant
cultivars to improve soil fertility, soil drainage at certain growth stages of the crop, use of
manganese as antagonistic element in the uptake of Fe?", and planting Fe?*-resistant rice cultivars

can reduce the problem of iron toxicity (Matthus et al. 2015; Sikirou et al. 2016).

Uptake and transport of iron in rice

Besides the uptake and absorbance of Fe** using the chelating phytosiderophores, rice plants are
also able to absorb iron as Fe?" (Ishimaru et al. 2006). Rice plants have the tendency of absorb
more iron than most of the other plants, with Fe** being the iron species prevailing in paddy fields.
The phytosiderophore 1 (TOM1) transporter of the mugineic acid (MA) family was identified by
(Figure 1) (Nozoye et al. 2011). The complex of Fe(Ill)-MA is taken up into root cells via the
YELLOW STRIPE 1-like (YSL) transporters (Inoue et al. 2009; Ishimaru et al. 2010; Kakei et al.
2012; Koike et al. 2004). Besides, rice is considered as a strategy I plant in contrast to most of the
other grasses, since rice can take up Fe?* via OsIRT1 (Iron-regulated transporter 1) and OsIRT2,
(Nakanishi et al. 2006). Plants developed different strategies to tolerate high iron levels. The first
scenario takes place at the level of root oxidation and by excluding Fe** from the rhizosphere: the
root presents the first barrier by root ion selectivity and oxidation of the rhizosphere (Audebert and
Sahrawat 2000; Becker and Asch 2005; Mongon et al. 2014). Another aspect of the root-based
strategy is the formation of lateral roots and the retention of Fe?" in inactive metabolically sites
named ‘dumping sites’ (Becker and Asch 2005). The second scenario is done by taking up Fe*"
through lowering the pH in the rhizosphere. This results in a higher accumulation of Fe** in the
roots. Therefore, the plants developed a strategy to avoid tissue damage by detoxification of iron.
As a third strategy, plants are able to increase the pH in the apoplast under iron stress thus avoiding

an uncontrolled accumulation or influx of Fe?* into the leaf cells (Becker and Asch 2005).
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Figure 1: Iron transport in rice: Rice is a graminous plant which take up Fe (III)-PS complexes
using strategy II, it can also take up Fe?" via strategy I through OsIRT1 (Ishimaru et al. 2006).
During strategy II, PS are exported via TOMI to the rhizosphere to solubilize and chelate Fe**
ions. After the chelation of Fe, these complexes are transported inside the root cell mediated by
YELLOW STRIPEI-LIKE protein (Curie et al. 2008).

7. Iron deficiency homeostasis in plants

Iron is an essential chemical element for all living cells because it is involved in many processes
in plants such as respiration, photosynthesis, and metabolism. However, under iron deficiency
condition plants exhibit leaf chlorosis resulting in a reduction of growth and plant biomass
(Rogovska et al. 2007). On the other hand, the excess of free Fe is harmful to living cells as iron
ions react with oxygen and produce harmful free radicals (Ravet et al. 2009). Long distance iron
transport requires different chelation and reduction processes since Fe binds to various chelators
which facilitate its transport and remobilization between the organs and tissues (Kobayashi and
Nishizawa 2012). The importance of a mitochondria-localized metal homeostasis protein,

Frataxin, has been reported in Arabidopsis. In Arabidopsis cells, the presence of Frataxin is
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indispensable for functional Fe-clusters, since it has an iron-binding property involved in heme
synthesis (Chiang et al. 2016). Also, appropriate photosynthetic reactions require the presence of
iron. This is considered as an evidence for the importance of iron metabolism in relation to the use
of plant productivity. Therefore, the plant biomass is produced at a lower rate if the iron quantity
is not sufficient. Plants absorb Fe from the soil mostly in the form of primary minerals like ferric
iron (Fe’") and the oxides: Fe(OH)**, Fe(OH); and Fe(OH)*. The pH plays a critical role in the
availability of iron to plants, at high pH iron is predominately present in the insoluble ferric (Fe™)
form in the soil. Therefore to absorb iron plants have adopted different strategies for iron solubility
and uptake from the rhizosphere (Guerinot and Yi 1994). Fe can be absorbed as Fe**, Fe*" and as
complex Fe-chelate. Its absorption is metabolically controlled by plants. There are at least two
strategies or processes involved (Kobayashi et al. 2014). Under iron deficiency, in strategy I,

protons are pumped additional to the rhizosphere by activation of the proton ATPase, which

acidifies the soil and enhances Fe solubility (Ramos et al. 2009).

Reduction-based strategy (strategy I)

The reduction-based strategy, also called strategy I, is present in all plants, except Poaceae. The
main feature of Strategy I plants, e.g. in Arabidopsis and leguminous plants, is that they acidify
the soil via proton extrusion through an ATPase, reduce ferric to ferrous iron by a ferric chelate
reductase (FCR), and take up the divalent iron (Figure 2) (Yi and Guerinot 1996). This lowers the
soil pH, making Fe more soluble, Ferric reduction oxidase 2 (FRO2) then reduces Fe*" to Fe?".
The reduced iron is then transported by the iron-regulated transporter IRT1 (Eide et al. 1996).
AtIRT1 also transports Zn, Mn, Cd, Co, and N (Eide et al. 1996; Korshunova et al. 1999; Schaaf
et al. 2006). The divalent metal transporter IRT1 is an essential protein for Fe uptake and part of
the ZRT/IRT-related protein family (Weber et al. 2004). The level of /RT] gene induction is used

as a molecular marker for the iron-deficiency response regulation in Arabidopsis (Vert et al. 2002).
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Figure 2: Fe uptake of Strategy I plants: The AHA2 pumps protons into the rhizosphere. The FRO2
reduces the ferric iron to the ferrous state. The reduced iron (ferrous) is then transported by the iron
regulated transporter IRT1. The picture is taken from (Brumbarova et al. 2015).

8. Overview of combined stresses in plants

To study abiotic stress in plants, normally single stress conditions like salinity, alkalinity, or heat
are applied under control laboratory conditions to analyze certain molecular aspects of the plant
response. The aforementioned conditions are totally different from the naturally occurring ones
where the plants are consistently subjected to the combined abiotic stresses simultaneously. To
study yield loss by exposing to certain stresses simultaneously is well documented in different
cultures (Mittler 2006). As many molecular studies took place in laboratories under specific
conditions, their application happens in a different environment than the actual field conditions.
As a result, there would be a fracture between the data acquired from either the laboratory or the
field on how the plants develop. Looking into the analysis of stress combinations the results can
be quite different. Depending on the intensity and the duration of the combined stress, the effect

can be additive, synergistic, or antagonistic as shown in Figure 2.
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Figure 2: Overview of the effects of combined stress. A: Synergistic effect: It occurs when the effect of
combined stresses is greater than the sum of their individual effects. B: Additive effect: the sum of combined
stresses produced it is an effect that equals the sum of the individual stresses. C: Antagonist effect: the sum
of combined stresses is less than the sum of the applied individual stresses.

In some cases, short or long recovery periods interfere with one or many stresses. Thus, stresses
may not only be combined but also repetitive when it comes to plant breeding. For instance,
repetitive stresses can be successive hot days, repetitive incidents of drought or high temperature
(Pecinka et al. 2010). Agronomical accurate strategies are needed to be designed by the researchers
to help them to generate a wide spectrum of stress-tolerant crops. This is because it is not always
the case that the combination of stress factors on crops is additive as it rather depends on the output
of the nature of the stress-response interactions (Atkinson et al. 2013; Pandey et al. 2015). Plants
cope with combined stress factors by adopting certain unique and some common responses. To
identify the impact of the combined effects of both biotic and abiotic stresses on plants it is
important to investigate the nature of their interactions. Figure 3 shows an updated matrix collected
from interactions between various environmental stresses and their effects on plant growth and
development (Mittler 2006). The matrix demonstrates that the effect of stress combinations can be
negative or positive. Observations demonstrated that crops showing high tolerance to combined

abiotic and biotic stresses have many physio-morphological traits.
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Figure 3: The stress matrix: A summary of agriculturally important stress combinations and their effects.
The outcome of the different stress combinations is presented in different colors indicating the type of the
interaction: red color (negative interaction), green (positive interaction), black (no interaction), and white
(unknown interaction).

One of the first studies in stress combinations, especially alkalinity and salinity was performed by
(Rabhi et al. 2007) using Medicago ciliaris. Plants adopt shared responses which are general
physiological adjustments for guarding the plants against many stresses. Recently, certain
adaptation strategies specific for multiple stress combinations have been reported (Mittler 2006;
Prasch and Sonnewald 2013). Among different stress combinations that occur under field
conditions, heat and drought stress and their interaction with pathogens are the most studied
(Mittler 2006; Pandey et al. 2015; Ramegowda and Senthil-Kumar 2015). The adaptation strategy
to a combination of two stresses consists of “shared” and “unique” responses. Molecular and
physiological responses common to two different stresses are known as shared responses and those
which are specific to an individual or combined stress are called unique responses (Rizhsky et al.
2002). The appearance of many abiotic stresses such as heat, salinity, alkalinity, and drought
changes the reaction of plants to certain stresses. Depending on the plant species and stress
intensity, the plants can either become resistant or susceptible in response to the output of the stress
combination. Many transgenic plants subjected to single stress under standard laboratory
conditions show enhanced tolerance but fail in the naturally occurring field conditions. Therefore,
the combination of different stresses to study molecular, physiological, and metabolic aspects

should be focused to obtain plants with enhanced tolerance to field stress conditions. Both
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alkalinity and salinity can co-occur which leads to high concentration of sodium carbonates
(Alkalinity). This soil has a poor texture, affecting its hydraulic conductivity, which ultimately
leads to the low availability of water to the plants (Bernstein 1975; Rengasamy 2010). Therefore,
plants tailored their osmotic adjustment in goal to cope with combined salinity and alkalinity.
Because of these shared challenges, closely related lineages evolved in parallel with similar traits
of mechanisms to tolerate both salt and alkaline stresses (Saslis-Lagoudakis et al. 2014). Saline
and alkaline stress are well known in North African fields. M. truncatula accessions were tested
under combined stress and it was demonstrated that contrasting lines have the ability to tolerate

the combined stress (Abdallah et al. 2017).

9. Examples of plant responses to stress combination

A situation in which a plant is subjected to two or more abiotic and biotic stresses simultaneously
is known as combined stress which leads to the major crop loss worldwide (Mittler 2006).
However, it has been acknowledged as a major cause of crop loss worldwide (Mittler 2006). The
response to a single stress is different to that observed in combined stress, which could be the main
reason of the failure in obtaining tolerant transgenic plants. Recent studies clearly demonstrated
the global effects of different kinds of combined stress. For instance, it has been reported that
combined temperature and salinity stress impacts seed germination of various plant species (Gorai
et al. 2014; Sanchez et al. 2014; Xu et al. 2016). However, while studying the effect of combined
stress it was observed that it can affect the chlorophyll metabolism at both physiological and
transcriptional levels resulting in a marked decrease in the photosynthetic rate and a clear reduction
of the expression of the chlorophyll biosynthesis gene porphobilinogen deaminase (PBGD) (Hu et
al. 2016). On the other hand, (Amirinejad et al. 2017) emphasized a noticeable loss in growth and
yield in pepper (Capsicum annuum L.) exposed to the same combined stress. The plants recovered
when adding salicylic acid which lead to an increase in the chlorophyll content, the relative water
content, and inhibited proline accumulation. In the same way, (Rabhi et al. 2007) showed that
Medicago ciliaris under combined alkalinity and salinity displayed a decline in chlorophyll content
and consequently the biomass production which presents an additive response of the combined
stress. Likewise, this combined stress caused a significant reduction in germination rate and radical
elongation in the seedlings of Medicago ciliaris. Interestingly, similar studies also showed that
there was a competitive interaction between Na" and K" ions under such stresses leading to an

inversely proportional content of these two cations (Li et al. 2010). Furthermore, a recent
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transcriptome analysis in alfalfa (Medicago sativa) subjected to the some stress combinations
revealed an evident upregulation of the ROS scavenging pathway (An et al. 2016). The same
author also demonstrated that flavonoids play a key role in the saline-alkaline stress tolerance
mechanism (An et al. 2016). In other combined stress studies, the response to the combination of
high temperature and drought stress in citrus was found to be genotype specific. In fact, compared
to a sensible genotype, the tolerant genotype of citrus is characterized by a higher transpiration
rate using a robust cooling system of the leaf surface modulated by a decrease in abscisic acid
levels (Zandalinas et al. 2016). In wheat, the combination of drought and heat stress enhanced the
expression of HSP (heat shock protein) greater than the expression observed in the single stresses.
This result suggested that the type of interaction of the stress is not additive (Grigorova et al. 2011).
Combined stress can lead to a loss or gain in plant yield. Therefore, scientists designed studies in
different interactions between multiple stresses such as negative, positive, or neutral (Suzuki et al.
2014). Negative interactions of multiple stresses occur but plants are not able to recognize and
respond correctly to them. It has been predicted by the climate change models that changes in
drought and heat waves will occur in the future which will lead to a reduction in agricultural
production. Therefore, it is important to study the individual stresses which could elicit a negative
effect on plant growth and reproduction. Thus far many studies has been performed to show the
resistance in barley to combined drought and salinity (Ahmed et al. 2013), salinity and nutrients
(Mittler and Blumwald 2010), drought and heavy metal (de Silva et al. 2012). Positive interaction
of combined stresses take place when compared to the individual stresses the stress combinations
has positive effects on the plants. Unlike the combined negative effects of drought and heat stress
on plant growth, the combined stress of salt and heat leads to the protection of tomato plants.

While alone the effects of either the salt stress, salinity or heat causes damages (Rivero et al. 2014).

10. Natural variation and diversity

The natural variation of crops has been exploited for thousands of years of domestication by
genetic manipulation of the characteristics in development and physiological adaptation related to
agriculture (Brown et al. 2009). QTL analysis, which associates the phenotypic and allelic
variation, is nowadays widely used in analyzing the genetic diversity in natural populations in
many species (Gonzalez-Martinez et al. 2006). QTL mapping used examples such as flowering
time, plant height, and grain weight to map genomic regions associated with a particular

phenotype. This approach used recombinant inbred lines (RIL) e.g. of wheat to get agronomic
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traits of grain and yield loss. This resulted in using the trait marker in the selection of wheat
variations (Cui et al. 2014; Velu et al. 2017). One good way to validate the QTL mapping is by
using near-isogenic lines in many crop plants such as pea (Lavaud et al. 2015) and barley (Naz et
al. 2014). Recently, various molecular tools and approaches have been developed for a deep
genetic analysis and mapping of natural variation in cultivated and wild relative crops. For
instance, many genetic resources are currently available for diverse crops such as rice (Oryza
sativa) (Zhao et al. 2011), medic (Medicago truncatula) (Burghardt et al. 2017; Curtin et al. 2017),
and barley (Hordeum vulgare) (Comadran et al. 2012). These genomic resources have been widely
exploited for the identification of QTLs and genes involved in the tolerance to environmental
constraints and yield quality (Zhang et al. 2009). In addition, the recent availability of genome
sequences of many cultivated plant species and the use of the genome-wide association approach
(GWAS) can be a powerful tool for the identification of new genes with important agronomic traits
in many crop species, such as rice (Yano et al. 2016), wheat (Triticum aestivum) (Guo et al. 2017),
and mais (Zea mays) (Saengwilai et al. 2016). Such investigations demonstrated the usefulness of
the GWAS approach in decrypting the natural variation of desired agronomic traits that can be
molecularly dissected. Rice is one of the most important crops which serve as an essential human
nutrition all over the world. Therefore, there are many studies of natural variation to understand
the genetic basis of these variations in rice plants in the morphology of flag leaf (Taguchi-Shiobara
et al. 2015), root angle distribution (Tomita et al. 2017), and seed storage (Li et al. 2017). Another
important crop are the legumes. Because of symbiotic bacteria, leguminous plants have the ability
to fix nitrogen from the air to the nodules helping to increase soil fertility. Alfalfa presents the
major legume crop, thereby many studies have been done in leaf development of Medicago
truncatula (Liao et al. 2017), root growth (Patel et al. 2017) and nodulation (Curtin et al. 2017).
Likewise, the analysis of natural variation in wild species has begun to elucidate the molecular
basis of phenotypic differences related to plant adaptation to distinct natural environments and to
determine the evolutionary and ecological processes that preserve these variations (Mitchell-Olds
etal. 2007). A genome-wide association studies in the Tunisian Medicago truncatula lines showed
around 10% of genetic variation between lines originated from saline and from non-saline areas
(Friesen et al. 2010). Likewise, the analysis of fourteen M. truncatula lines in their resistance to
pathogen infection identified a significant correlation between the tested traits and the

geographical distribution of these lines. Moreover, the natural variation from these selected lines
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of M. truncatula were more likely to be sensitive than tolerant to pathogens (Djébali et al. 2013).
Similarly, analysis of natural variation in wildlife species elucidated some of the molecular basis
of the plant-specific differences in the adaptation to distinct natural environments and to determine
the evolutionary and ecological processes (Mitchell-Olds et al. 2007). The model plant 4. thaliana
is currently considered as the main resource to understand genes and nucleotide polymorphisms
(Atwell et al. 2010; Cao et al. 2011; Gan et al. 2011). Its ubiquitousness as a weed plant as well as
the small size of its completely sequenced genome has greatly added to its molecular
characterization in the last decades. The genomic resource of this species cannot be extrapolated
to in many other crops due to their genetic divergence. These scientists proposed other model
species such as rice (Duan et al. 2017) and Medicago truncatula (Ronfort et al. 2006) by checking
their genetic potential with their large collections to explore naturally occurring diversity in these
species. Beside genomic analyzes, RNA-sequencing is widely used and useful in plant systems,
aiming to improve the quality of bioinformatics tools and gene sequencing technology across many
plant species (Comadran et al. 2012; Nam et al. 2017). In the last years, the development of RNA-
Seq techniques and protocols increased whereas the cost decreased. RNA sequencing was also
used for natural variation of maize genotypes under heat and cold stress to document regulatory
features of genes related to combined stress (Waters et al. 2017). During germination, the natural
variation in rice genotypes in genes controlling coleoptile growth were reported, which facilitates

the direct breeding of rice seedlings (Hsu and Tung 2017).
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Figure 4: Summary and connection of the different chapters of my cumulative dissertation. It
shows the plant material, applied stress, tested parameters, and commonly shared features.

Concerning the plant material, two leguminous plants were used that originate from Tunisia and
are used as a fodder for animals and rice from India that presents important staple food in Asia.
Stresses applied are iron-deficiency in Hedysarum carnosum and iron-overload in rice genotypes.
Combined stress of alkalinity and salinity was used in the Medicago lines. The shared features in
this work were natural variation, selection of contrasting lines to their responses to combined
stress, and the economic, agronomic value of these lines. Figure 4 summarizes the different
chapters of this dissertations, the plant species used, and the stresses analyzed in their
physiological, morphological, or molecular plant responses. The first publication a protocol for a
reliable RT-qPCR assay, which can be easily adapted to any plant species of interest. We describe
in detail all the steps and setup, the protocol is very informative and can be used as design of the
gPCR strategy. The main objective of the first section of the dissertation was to investigate the
effects of iron deficiency at the physiological and molecular level of the non-model extremophile
species Hedysarum carnosum and to compare the responses in three different isolates collected

from different natural sites.
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In the field, crops and other plants are routinely exposed to a combination of different abiotic
stresses. Salinity and alkalinity are widespread in Tunisia where Medicago truncatula occurs
as a native species. The main aim of the third chapter was to investigate the collective effects of
both, the salinity and alkaline soil conditions, for different parameters like germination, plant
growth, leaf pigment content, and root morphology in M. fruncatula varieties. The specific
objectives of this study were 1. To establish of growth conditions using the reference line Jemalong
A17 and to check the effects of individual and combined stress in a hydroponic growth system, 2,
to screen 11 Tunisian M. truncatula lines of the SARDI collection under combined stress, to
analyze the selected tolerant and sensitive lines under the combined stress in the hydroponic
system, and 3. To check the effect of combined bicarbonate and salt stress (BIC/NaCl) on the
flavin concentration and cellular distribution in root tips of sensitive and tolerant M. truncatula
lines. The last section investigates the specific responses of contrasting rice genotypes to excess
iron. For this, RNA sequencing technique was used to identify transcriptional changes in the
response to short exposure to Fe excess. This will allow a better understanding of the responses of

rice plants and suggests the involvement of novel genes in Fe metabolism under Fe toxicity.
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Summary

The investigation of gene expression is an initial and essential step to understand the function
of a gene in a physiological context. Reverse transcription-quantitative real time PCR (RT-
gPCR) assays are reproducible, quantitative and fast. They can be adapted to study model and
non-model plant species without the need to have whole genome or transcriptome sequence
data available. Here, we provide a protocol for a reliable RT-qPCR assay, which can be easily
adapted to any plant species of interest. We describe the design of the qPCR strategy and
primer design, considerations for plant material generation, RNA preparation and cDNA

synthesis, qPCR set up and run and qPCR data analysis, interpretation and final presentation.

Key words: gene expression, primer design, reverse transcription, cDNA, qPCR, reference

gene, Cq value
1. Introduction

Gene expression analysis is used to identify the physiological context in which a gene is
transcribed and the encoded protein produced in the cell. Precise quantification of expression
levels can provide important clues to identify and verify the functions of key genes in cellular
pathways and it helps to discriminate functional diversification within gene families.
Molecular diagnostic tools based on gene expression are commonly developed to determine
the physiological status of cells. Gene expression analysis is popular because of its versatility
and applicability to model and non-model systems. Suitable transcript cDNA sequence
information necessary for the gene expression assays is relatively easy and fast to obtain even

for non-model systems.

Gene expression assays need to fulfill a number of pre-requisites to ensure reliability.
Importantly, the assay needs to be sensitive, quantitative, specific for the gene of interest and
reproducible across biological replicates and laboratories. When only a few genes are being
investigated, fluorescence-based reverse transcription-quantitative PCR (RT-qPCR) has
become the method of choice for most scientists as it meets all the above mentioned

requirements. Semi-quantitative reverse transcription-PCR with analysis of PCR fragments by
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agarose gel electrophoresis or Northern blot hybridization are not considered appropriate today

to reach firm conclusions.

Our protocol for a SYBR Green-based fluorescence RT-qPCR assay is easy to establish even
in non-specialist laboratories. SYBR Green fluorescence is measured after each cycle (real-
time) and increasing levels of fluorescence during the qPCR are indicative of the amplification
of double-stranded PCR fragments. The ‘quantification cycle’ (Ronfort et al.) value of a qPCR
run is used for quantification and it reflects the time point and cycle during the exponential
PCR phase at which a set threshold level of SYBR Green fluorescence is reached (Fig. 1A).
The mass standard curve method can be used to correlate the Cq value with the initial amount
of template present in the qPCR reaction (Fig. 1A, B). The expression data for the genes of
interest are normalized to reference gene expression data to account for possible variations in
input in different biological samples (termed normalized absolute gene expression). In this
chapter we summarize important criteria to consider, present a strategy for establishing and
performing a reliable and robust assay and provide a framework for how to analyze and display
the data. Detailed explanations and further guidelines for the usage of qPCR can be obtained
from the MIQE (= Minimum Information for Publication of quantitative real-time PCR
experiments) website at http://miqe.gene-quantification.info (Bustin et al. 2009). We use this
RT-gPCR method as a diagnostic tool to determine the iron nutritional status of plant mutants
and as a bioassay to study regulatory responses to iron deficiency, e.g. (Lingam et al. 2011;

Schuler et al. 2012).
2. Materials

Prepare all solutions using ultrapure water and analytical grade chemicals. Store solutions at
room temperature or as indicated by the manufacturer. Handle kits and enzymes following the
manufacturers' instructions. Use filter tips during RNA preparation, cDNA and qPCR set up
to avoid contamination of reagents in the reaction tubes. Use RNAse and DNAse-free reaction

tubes.
2.1. DNA sequence analysis tools:
- DNA analysis: http://www.ebi.ac.uk

- Primer design: http://primer3.ut.ce
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Figure 1: Principles of qPCR using the mass standard curve method:

A, Amplification plot of a mass standard dilution series. Relative fluorescence units (= RFU)
were measured during the qPCR run at the end of each of 40 cycles. In the beginning of the
exponential phase quantification cycle (=Cq) values are recorded as the time point when a set
threshold level of RFU is reached. Later, the RFU reach a plateau phase. The numbers 107 to
107 indicate the starting quantity in molecules per reaction. The reactions were performed in

duplicate technical replicates.

B, Linear mass standard curve derived from the data in A. Starting quantities of unknown

samples are calculated based on the measured Cq values.
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The images were produced with the CFX Manager software (Biorad).
2.2 General analysis of DNA and RNA:
- Regular PCR: REDTaq ReadyMix PCR Reaction Mix (Sigma).

- TAE DNA gel electrophoresis: 40 mM Tris, 20 mM acetic acid, | mM EDTA, pH 8.0. Prepare
50X TAE buffer stock and dilute to 1X TAE buffer ready to use. A 50X stock solution is
prepared by dissolving 242 g Tris base in water, adding 57.1 mL glacial acetic acid, and 100
mL of 500 mM EDTA (pH 8.0) solution, and bringing the final volume up to 1 L. Fora 1 %
gel dissolve 1g agarose in 100 mL 1X TAE buffer by boiling, add 3 pL DNA staining dye
(GelRed, Biotium, or equivalent) and pour agarose gel. For all steps of the agarose gel
electrophoresis set up and run consult the information provided by the agarose gel
electrophoresis equipment supplier or molecular biology standard protocols (Green and
Sambrook 2012). For size determination use a DNA molecular weight marker with an
appropriate size range. DNA staining is visible under UV light (see Note 1) and documented

with a gel documentation system.

- DNA gel extraction: GeneJET Gel Extraction Kit (Thermo Scientific).

- DNA/RNA quantification: Measure the nucleic acid concentration by UV
spectrophotometry. The ODa2so= 1 corresponds to 50 ng double-stranded DNA or 40 ng
single-stranded RNA per pL in a 1 cm cuvette. The ratios of the values for nucleic acid
versus protein absorption peaks (OD260/OD2go) are indicative of purity and should be above
1.5. To reduce the amount of nucleic acid material needed for measuring, a micro volume
spectrophotometric device, such as the NanoDrop (Thermo Scientific), Nano Quant plate of a
micro plate reader (Tecan) or equivalent can be used.

- PCR oligonucleotide primers.

2.3 Reverse transcription-qPCR:

- RNA preparation: peqGOLD Plant RNA kit (Peqlab) or equivalent.

- DNase I, RNase-free.

- RNase- and DNase-free PCR grade water.

- Oligo dTis.

- cDNA synthesis: RevertAid First Strand cDNA synthesis kit (Thermo Scientific) or
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equivalent.

- Ribolock RNase inhibitor (Thermo Scientific) or equivalent.

- ¢PCR: Dynamo Flash SYBR Green qPCR kit (Thermo Scientific) or equivalent.

- Oligonucleotide primers for PCR reactions can be ordered from multiple companies.
- Colored 200 puL 8-tube PCR strips.

- Optical sealing tape for 96-well PCR plates.

- 96-well plates for qPCR, adapted for the available real-time PCR device.

- Real-time PCR cycler (CFX96, Bio-Rad or equivalent).

3. Methods: A flow chart of the RT-qPCR procedure is depicted in Fig. 2A. External
calibration standards allow absolute quantification of template present at the start of the PCR
(standard curve method) and serve as positive controls to monitor PCR assay variation over

time.

Several points require special attention by the researchers when performing RT-qPCR and we
address them in the following sections. These include the design of appropriate oligonucleotide
primers for qPCR to achieve high PCR efficiency, the choice of reference genes for
normalization of biological samples, a work plan for generation of suitable plant material in
biological replicates prior to RT-qPCR, handling and pipetting, the quality of materials and
consumables, and finally, thorough analysis of qPCR data.

42



Manuscript 1

A Plant harvest

I

RNA preparation

l

Mass standard cDNA synthesis

Y

Primer design = qPCR

|

Data analysis

B
mass 5TD 5' qPfCR 5
5'UTR - -»> 3'UTR
= CD5
-« €
gPCR 3' mass STD 3°

ca. 1 kb mass standard DNA

80-180 bp gPCR DMA

Figure 2: Experimental flowchart and primer design :

A, Experimental flowchart to determine gene expression levels using RT-qPCR and the mass

standard curve method.

B, Primer design. A schematic representation of a cDNA is shown with coding sequence (CDS)
and 5' and 3' untranslated regions (UTR). qPCR and mass standard (mass STD) oligonucleotide
primer binding sites are indicated by arrows. The amplification products are depicted below.

The qPCR fragment must be contained within the mass standard DNA fragment.
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3.1. Design of qPCR strategy and oligonucleotide primers:

1. Select genes of interest and reference genes and obtain DNA sequence information (see
Note 2). Use DNA analysis software tools and analyze cDNA sequence for translation start
and stop codons and for conserved regions among related cDNA sequences obtained from the
species to spot unique regions optimal for gPCR primer design, at best in the vicinity of the 3'

end (Fig. 2B). Consider splicing and alternative splicing events.

2. Use the primer3 software tool to design qPCR 5' and 3'oligonucleotide primers in non-
conserved regions of the cDNA with the following characteristics: amplification of ca. 80-180
bp cDNA fragments, 60°C annealing, low risk of hairpin and primer dimer formation (Fig.
2B). Conduct a BLAST search with the oligonucleotide primer sequences against all expressed
sequences available from the species or a close relative to check that oligonucleotide primer

binding sites are not present in transcribed sequences.

3. Use the primer3 software tool to design mass standard 5' and 3'oligonucleotide primers to
produce external calibration standard DNA fragments. The mass standard oligonucleotide
primer binding sites need to encompass the qPCR target regions and should allow production

of linear ca. 1 kb mass standard DNA fragments (Fig. 2B).
3.2. Mass standard preparation for qPCR:

1. Amplify mass standard DNA fragments from 1 pL template (see Note 3) with 1 uL of 10

uM 5" and 3' mass standard oligonucleotide primers in a regular 20 uLL PCR reaction.

2. Use 15 pL of the PCR reaction and separate the DNA fragments by TAE agarose gel
electrophoresis (1 % gel). With a razor blade and under UV light dissect a small agarose cube
containing the mass standard PCR fragment and purify the DNA using any of the commercially
available gel extraction kits. The final volume of the purified mass standard DNA is typically
20-50 pL. Measure the DNA concentration of the purified mass standard DNA fragment
solutions and use 3-5 pL to run a gel electrophoresis to confirm the correct size of the purified

DNA fragments.
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3. Determine the molar concentrations of the purified mass standard PCR fragment solutions
and calculate the concentrations in number of DNA molecules/uL using the molar conversion

tool at http://molbiol.edu.ru/eng/scripts/01_07.html.

4. Dilute the purified mass standard DNA fragment solutions in an initial 1:100 and subsequent
1:10 steps to obtain a dilution series ranging from 107, 10%, 10°, 10%, 103 to 10> DNA molecules

per 10 pL. Prepare 800-1000 pL of each dilution in 1.5 mL reaction tubes.

5. Dispense 50 uL of each of the six dilutions of the series into 8mer PCR strips and freeze

until use (see Note 4).
3.3. Test of qPCR oligonucleotide primers by PCR:

1. Perform a regular 20 pL PCR reaction (40 cycles) with qPCR 5' and 3' oligonucleotide
primers and use 1 pL of purified mass standard DNA (107 molecules/10 pL dilution) as

template

2. Check 15 pL of the PCR reaction by TAE DNA agarose gel electrophoresis (using a 2.5 %
gel) for the presence of a PCR fragment of the expected size. In case of absent PCR product or
presence of unexpected PCR fragments, try to optimize PCR parameters (Mg and primer

concentration, annealing temperature). If this fails you will need to design new primers.

3. Test PCR efficiency of the qPCR primers for amplification of the mass standard series using

qPCR. This step can be combined with and is described in section 3.6 and 3.7.
3.4. Generation of plant material:

1. Grow plants to obtain three independent biological replicates of all sample conditions (see

Note 5).

2. Harvest plant material, shock-freeze with liquid nitrogen and if needed store at -80°C (see

Note 6).
3.5. RNA preparation and reverse transcription:

A critical point in RNA preparation and reverse transcription is to avoid damage by active
RNases (see Note 7). For all steps of reverse transcription prepare master mixes to achieve

similar reaction conditions in all samples (see Note 8).
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1. Grind the frozen material to fine powder (see Note 9).

2. Use a maximum of 100 mg ground plant material and isolate total RNA according to the

supplier's protocol. This procedure usually results in 50 pL purified RNA.
3. Determine RNA concentration (see Note 10).
4. Label individual 200 uL PCR tubes (see Note 11).

5. In each 200 uL-PCR tube combine 500-1000 ng RNA and RNase- and DNase-free PCR
grade water in a maximum volume of 7 pL to obtain similar RNA amounts in all samples.

Include a negative cDNA control sample devoid of RNA.

6. For DNase I treatment, prepare a DNase I reaction master mix containing per reaction a total
of 3 uL (0.5 uL DNase-free water, 1.0 uL DNase I buffer, 1 pL of 1 u/uL DNase I, 0.5 puL of
40 u/pL Ribolock). Add 3 pL of this DNase I reaction mix to the 7 pL RNA and incubate at
37°C for 30min (total reaction volume 10 pL).

7. For denaturing and oligo dT primer annealing prepare an oligo dT primer annealing master
mix containing per reaction 1 pL of 100 uM oligo dTig primer and 1 pL of 25 mM EDTA.
Add 2 pL of this oligo dT primer annealing mix to the reactions from step 6 and incubate for

10 min at 65°C, then at 4°C until further use (total reaction volume 12 pL).

8. For cDNA synthesis prepare a cDNA synthesis master mix by combining per reaction 1.0
uL DNase-free water, 4.0 puL reverse transcription buffer, 2 pL of 10 mM each dNTP, 0.5 pL
of 40 u/uL Ribolock and 0.5 pL of 200 u/uL M-MuLV RTase, as according to the suppliers.
Add 8 uL of this cDNA synthesis mix to the reactions from step 7 and incubate for 2 h at 42°C,
followed by 10 min at 70°C (total reaction volume 20 pL).

9. Add 180 pL of RNase- and DNase-free PCR grade water to each cDNA sample and mix
well. Store these cDNA stocks long-term at -20°C.

10. For qPCR, dilute each cDNA stock 1:10, e.g. by combining in a 1.5 mL reaction tube 350
uL RNase- and DNase-free PCR grade water, 10 pL yellow color indicator (from qPCR kit)
and 40 pL ¢cDNA, mix well. Dispense 50 uL of the cDNA dilutions into 8mer PCR strips and
store at -20°C (see Note 12).
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3.6. qPCR set up and run:

Prepare a master mix for qPCR and simultaneously perform the qPCR reactions for the cDNA
samples, the cDNA negative control, a qPCR negative control and the mass standards in

technical replicates (see Note 13).

1. Plan and program the plate set up and qPCR conditions using the qPCR software of the
available real time PCR cycler (see example in Fig. 3A, B).

2. Prepare the qPCR master mix by combining per reaction 9.6 pL. qPCR commercial 2X mix
(containing SYBR Green and blue color indicator; mix thoroughly before use), 0.2 pL of each

15 uM 5' and 3'oligonucleotide primer, mix well.

3. Dispense 10 pL of the qPCR master mix into the bottom of each well of the PCR plate (see
Note 14). Check for even loading of the wells.

4. Transfer 10 pL of the samples (diluted cDNA, cDNA control and mass standard dilution
series) from the 8mer PCR strips into the plate using a 10 pL multichannel pipet (see Note

15). Check even loading and color indicator change to green.

5. Tap the plates gently at the bench, seal with optical tape by slowly placing the tape from
the middle to the edges of the plate, fix with sealing tool, and centrifuge the plate in a plate
centrifuge. Ready PCR plates can be stored at 4°C in the dark for several hours.

6. Place the plate into the qPCR machine and start the run as programmed. Save the optical

data in a file.
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Figure 3: Set up of qPCR:

A, Plate set-up and pipetting scheme. The plate set-up shows the arrangement of samples in a
qPCR micro plate, with three biological replicates of the control (C1-C3) and treated samples
(T1-T3), the negative cDNA control (H0), the mass standards 107 to 10?> and a qPCR negative
control (= NC). Two different qPCR reactions are to be performed (GOI, gene of interest, REF’,
reference gene). All reactions are to be conducted in technical duplicates. The preparation of a
gPCR master mix is provided as an example. 80 pL of the qPCR master mixes is transferred
to the wells of an 8mer strip, with GOI qPCR master mix in positions 1, 2, 5, 6, and REF qPCR
master mix in the positions 3, 4, 7, 8. The circled numbers indicate the order of pipetting steps
to transfer 10 uL of the qPCR master mixes, the diluted cDNA samples and the mass standards

from 8mer strips into the plate using a 10 pL multichannel pipet.
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B, PCR program; step 1 is the initial denaturation (3:00 min, 95°C); steps 2-4 comprise
denaturing (0:10 min; 95°C), annealing (0:15 min; 60°C) and elongation (0:20 min; 72°C) and
are repeated 39 times with fluorescence data acquisition after each cycle indicated by a camera
sign; step 6 serves the melt curve data collection (0:05 min; 65°C to 95°C with gradual increase
of 0.5°C) with regular data acquisition at each increment. The image was produced with the

CFX Manager software (Biorad).
3.7. qPCR data analysis and presentation of gene expression data:

1. Check qPCR data thoroughly by melt curve analysis (see Note 16; Fig. 4C, D), check for
reliability of Cq values and technical replicate amplification (see Note 17; Fig. 4E), check
PCR efficiency and mass standard curve (see Note 18; Fig. 1A, B).

2. Export raw data into Excel. Name samples appropriately and remove unnecessary columns
and rows to keep only the means of the technical replicate initial template numbers for the

biological samples as the raw data (Fig. 5).

3. Perform the analysis steps by following the outline in Fig. 5. Briefly, proceed with
subtraction of negative cDNA water control values (see Note 19). Calculate normalization
factors based on the reference gene amplification data (see Note 20). Normalize gene of
interest data using the normalization factors. Calculate average and standard deviation based
on the biological replicate data. Subject the data to statistical analysis (see Note 21). Represent

the final results in a bar diagram (see Note 22).
4. Notes:
1. UV light is dangerous. Wear eye and skin protection.

2. The choice of reference genes is critical for data interpretation. Generalizations about the
number of reference genes needed for analysis is difficult. It is important to search for a
reference gene whose expression does not vary across the experimental conditions that are
studied. The probability of finding such a reference gene is highest when only one well-defined
plant part or tissue is under investigation, e.g. roots. However, if there is high variation across
the biological samples, e.g. when comparing expression in different parts of the plants or when

comparing physiological situations that severely disturb development, the use of only one
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reference gene may not be reliable and there is a need for additional reference genes. In this
case, the expression data of multiple reference genes are usually averaged for calculation of
normalization factors. The selection of reference genes requires prior experiments or the
mining of transcriptomic data. Typical reference genes are those encoding general cellular
functions, like tubulin, ubiquitin and elongation factor. In Fig. 4A and B we present qPCR
amplification plots for two reference genes across biological samples (treatment and control).
It can be seen that reference gene #2 shows a lower degree of variability than reference gene

#1 and should therefore be preferred (Fig. 4A, B; see later Note 20).

3. Mass standard templates can be cDNA, recombinant plasmid or genomic DNA.
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Figure 4: qPCR data control:

A, B, Amplification plots for reference genes #1 and #2 across multiple biological samples.

Reference gene #2 would be selected due to low variation in the Cq values.

C, Melt curve analysis. The decrease of RFU with increasing temperature is caused by melting

of double-stranded DNA and loss of SYBR Green fluorescence.

D, Melt peak analysis. A single peak indicates melting in a narrow temperature range

indicating that a single DNA fragment was present in the samples.

E, Amplification plot of two technical replicates; due to Cq< 0.3 an average Cq value is used
for data analysis. A description of the amplification plots is provided in Fig. 1. The images were

produced with the CFX Manager software (Biorad).
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Figure 5: Data interpretation using Excel:

An Excel data sheet with calculation tools is shown. The raw data correspond to the initial starting

quantities in the 10 unL. cDNA samples (control and treatment, three biological replicates) and the

negative cDNA control (H>O), and are the average of two technical replicates for the gene of interest

(GOI) and the reference gene (REF). The data are processed and normalized as indicated inside the

figure. Mean and standard deviation values are calculated, and a t-test (unpaired, two-tailed) is

performed. The final data are displayed in the form of bar diagrams reflecting the absolute normalized
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gene expression of GOI in the two experimental conditions control and treatment, representing either
the average values, standard deviation and * indicating significant difference with p< 0.05 or the

individual values.

4. A volume of 50 pL is sufficient to set up four 10 uL qPCR reactions (Fig. 3A). For
convenience prepare up to 15 mass standard strips per gene and store the unused ones at -20°C.
Discard unused solutions after thawing. Specifically colored PCR strips are useful to easily

distinguish the mass standards corresponding to different genes.

5. The plant material itself accounts to a large extent for the variability in gene expression
analyses. At least three independent biological replicates are required for publication and for
statistical treatment of gene expression data. Try to minimize variation in the source of genetic
material, growth conditions, harvesting time and age of plants and if possible pool material
from 10 or more plants in a single biological replicate to achieve low levels of standard
deviations among the three replicates. Repeat the entire experiment including biological

replicates at least two or three times.
6. Note that storage at -80°C may affect the stability of some RNA species.

7. Some types of RNases are very stable, omnipresent on hands and working materials and
released upon cell disruption. RNase contamination can occur easily in laboratories where
bacterial plasmid and genomic DNA preparations are conducted since some of the preparation
solutions may contain added RNase. RNA extraction buffers may contain toxic substances like
phenol, guanidinium thiocyanate (GTC), Beta-mercaptoethanol and/or other effective
denaturing and reducing agents to block RNase activity (wear gloves). In some commercial
RNA extraction kits the buffer composition is not described (e.g. peqGold kit). Generally,
RNA is safeguarded in the deep-frozen state (-80°C or lower) and inside RNA extraction
buffer. For subsequent steps of RNA purification, RNA elution and reverse transcription,
change gloves, use filter tips, clean the work surface area and materials (better reserve special
equipment for RNA handling). Open and close the tubes at the very tip of the cap with two

fingers without contaminating with RNase from the thumb.

8. When preparing master mixes take into account volume loss after multiple pipetting steps,

e.g. prepare a master mix of 11 reactions for ten reactions.
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9. A simple way to grind plant material in liquid nitrogen is to use either a mortar and pestle
or an automated homogenizer stick fitting into a plastic reaction tube. Working with liquid
nitrogen is dangerous and protection of hands, body, face and eyes is needed. Closing of tubes
should be avoided while working with liquid nitrogen since evaporation of liquid nitrogen may
cause explosion of tubes at room temperature. Plant material should never be allowed to thaw
in the absence of RNA extraction buffer. If available, use the Precellys homogenizer machine
(or equivalent) as it allows safe and more reproducible homogenization results. In this case,
add 450 pL RNA extraction buffer and ceramic Precellys beads (for Arabidopsis roots and
leaves use 50 beads of 1.4 mm; testing of appropriate number and mix of e.g. 1.4 and 2.8 mm
beads may be required for other plant species) to the 100 mg frozen intact tissue inside 2 mL
Precellys tubes. Proceed immediately for cell disruption using the Precellys homogenizer

(3x60 s, interrupted by 30 s breaks).

10. For unexperienced operators it is advisable to check the quality of the RNA by running 5
uL in a TAE gel electrophoresis (1 % gel). Use only thoroughly cleaned electrophoresis
materials and TAE buffer reserved for RNA electrophoresis purposes. Discrete bands for
ribosomal and Rubisco RNA species indicate a high quality of RNA. If available use the
Agilent Bioanalyzer or equivalent device to determine RNA quality and quantity. Note that
different methods for determining nucleic acid concentrations have inherent sources of
mistakes. It is therefore important for the subsequent steps of RT-qPCR that the concentrations
of all biological RNA samples are determined in parallel with the same technique to ensure a

low level of variation in the RNA input.

11. 8mer PCR strips are problematic for this step since vortexing is not possible and risk of
cross-contamination is high. The cDNA samples can be kept long-term. Therefore, label
reaction tubes with a tape stating "date", "cDNA sample name" and "number" and prepare for
long-term storage a sealed plastic bag with a print-out of the experimental description, date

and detailed description of the samples.

12. Dilution of the cDNA stocks is necessary for qPCR since it is more precise to dispense 10
uL rather than 1 pL. A volume of 50 pL of diluted cDNA sample is sufficient for four gPCR
reactions, namely two technical replicates x two genes (Fig. 3A). For convenience prepare up

to 8 cDNA strips from the 400 uL diluted cDNA samples and store the unused ones at -20°C

54



Manuscript 1

until needed. Stored strips should be allowed to thaw only once and then be discarded. Long-
term storage of diluted cDNA samples beyond 6 months is not recommended. After the six
months, prepare new diluted cDNA from the cDNA stocks. Specifically colored strips are
convenient for handling in order to distinguish different cDNA samples (e.g. samples 1-8 in

yellow, samples 9-16 in blue, etc.).

13. In case that the total number of samples exceeds the well number in a 96well plate, include
interplate calibration standards (e.g. commercially available through TATAA Biocenter) to
account for plate to plate qPCR variations and allow to integrate the results of multiple plates.
At least two reliable technical replicates are required. Technical replicate variation is most
frequently a consequence of inappropriate handling and imprecise pipetting. To ensure best
repeatability of qPCR use only high-quality 10 or 20 uL pipets and 10 pL multichannel pipets
and perform an initial training of pipet handling. Use thin pipetting tips for small volumes and
carefully check upon every pipetting step the expected volume in the pipet tip. Check the
expected volume also inside the PCR plate after transferring the solutions. Use only 2X qPCR
reaction mixes since transferring 10 pL introduces fewer errors than transferring smaller

volumes.

14. Dispense the qPCR master mix either with a 10 or 20 pL pipet sequentially into each well
or transfer a higher volume into a 8mer PCR strip for dispensing with a 10 pL. multichannel

pipet (shown in Fig. 3A).

15. Hold the pipet in an angle to dispense the template solution onto the top side of the wells,
without touching the qPCR mix. This procedure allows using the same tips to load multiple

wells or plates with the same templates.

16. The melt curve peak provides hints to the integrity and length of the PCR product. A single
peak indicates melting of the PCR products at one specific temperature, suggesting that there
is a single PCR product present. In case of multiple peaks the PCR conditions and primer

design have to be improved prior to qPCR and any meaningful analysis.

17. Assess technical replicate amplification for all samples one by one by judging the [ ]Cq
values. For low Cq values (< 20) a [ JCq deviation up to 0.3 is acceptable. Higher Cq values

especially those above 25 may show per se a higher deviation between the technical replicates
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and a [_]Cq of 0.5 is acceptable and for Cq values above 30, [ {Cq 0.51.0 is acceptable. Samples
with inappropriate amplification and high technical replicate deviations need to be removed
from the analysis and the entire qPCR experiment repeated. Consistently large variations in Cq
values between technical replicates will not allow to reach valid conclusions, qPCR has to be
optimized and precision of pipetting improved (see Note 13 for reccommendations). In case that
all gene expression data can only be based on high Cq values >30, a meaningful conclusion is
drastically compromised. In this case, reconsider and improve RNA purification, and test

alternative kits for cDNA synthesis and qPCR.

18. PCR efficiency is usually calculated with the mass standard curve. The mass standard curve
shows an inverse linear correlation between Cq value and template input (Fig. 1B). This is
usually the case during the linear dynamic range and when PCR efficiency is close to 1 (100
%). A 100 % PCR efficiency indicates full doubling of PCR fragments at each cycle. In case
of a poor PCR efficiency below 90 % check different conditions for amplification with
oligonucleotide primers. Most primer pairs function optimally in equimolar ratios of 150 nM
in a qPCR. In case of low PCR efficiency, perform a primer matrix to find more optimal primer
concentrations and ratios (Klatte and Bauer 2009) and test a temperature gradient for optimal

annealing temperatures. Lack of success denotes the need to design new primers.

19. In case of a contamination that prevents proper interpretation of qPCR results, repeat qPCR
and/or cDNA synthesis. In our experience, thorough working does not lead to contamination

of the negative cDNA controls.

20. In the example (Fig. 4A, B), a low level of variation of expression was found for reference
gene #2 resulting in low variation of the Cq values, in contrast to reference gene #1. Reference

gene #2 is thus the preferred reference gene for gPCR data analysis.

21. In the presented outline (Fig. 5) we performed t-test (unpaired, two-tailed) for statistical
analysis. Due to the low number of biological replicates it is also transparent and acceptable to
present the data for individual biological replicates instead. In case of many different biological
samples and multiple genes to be studied it is convenient to use an ANOVA-based statistical
tool, e.g. (Sharov et al. 2005). Further considerations about statistical analysis are discussed at

http://www.nature.com/collections/qghhqm.
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22. We suggest representing the data as absolute normalized gene expression rather than
normalized initial transcript amounts. Application of the standard curve method for deducing
initial template amounts in the cDNA samples is based on the assumption of accurate reverse
transcription and qPCR. This accuracy can be determined during the RT-qPCR procedure by
adding internal RNA and DNA spikes to the samples, commercially available through TATAA

Biocenter or equivalent.
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ABSTRACT

Iron (Fe) is an essential element for plant growth and development. The cultivation of
leguminous plants has generated strong interest because of their growth even on poor soils. In
this study we characterized Fe deficiency responses of three different isolates of the fodder
crop Hedysarum carnosum, an endemic Tunisian extremophile species growing in native
stands in salt and calcareous soil conditions. H. carnosum is a non-model crop. The three
isolates, named according to their habitats Karkar, Thelja and Douiret, differed in the
expression of Fe deficiency symptoms like altered morphology, leaf chlorosis with
compromised leaf chlorophyll content and photosynthetic capacity and altered leaf metal
contents. Across these parameters Thelja was found to be tolerant, while Karkar and Douiret
were susceptible to Fe deficiency stress. The three physiological and molecular indicators of
the iron deficiency response in roots, Fe reductase activity, growth medium acidification and
induction of the JIRON-REGULATED TRANSPORTER ! homolog, indicated that all lines

responded to -Fe, however, varied in the strength of the different responses.

We suggest that the individual lines have distinct adaptation capacities to react to iron
deficiency, presumably involving mechanisms of whole-plant iron homeostasis and internal
metal distribution. The Fe deficiency tolerance of Thelja might be linked with adaptation to its

natural habitat on calcareous soil.

Key words: Hedysarum carnosum, legume, natural diversity, iron deficiency, chlorophyll,

acidification, Fe reductase activity, /RT1, TAIL-PCR
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INTRODUCTION

The Hedysarum (sweetvetch) genus belongs to the Fabaceae plant family, which contains
many of the very important crops. Species of this genus have arisen in a non-monophyletic
manner, as recently established based on multiple sequence alignments and phylogenctic tree
constructions of 58 accessions accounted to this genus using nuclear and plastid gene
sequences (Liu et al., 2017). Hedysarum carnosum (also known as Sulla carnosa) that is
subject of this study is most related to H. coronarium (also known as S. coronaria) (Liu et al.,
2017). H. coronarium is wide-spread around the Mediterranean basin. In contrast, A.
carnosum is endemic in Tunisia where it grows in different climates, ranging from semi-arid
(Karkar) to arid regions (Thelja and Douiret). This species prefers slightly acid to alkaline
soils (pH 5.5-8.5), sandy loams and clays, and good growth is achieved on alkaline soils. As
an extremophile, H. earnosum also grows on Tunisian saline sodic soils, represented
especially by Chotts and Sebkhas (Dallali et al., 2012). This species plays important roles in

animal feed due to its high protein contents and tannins (Aissa et al., 2016).

Iron (Fe) is an essential micronutrient with numerous cellular functions, e.g. in
photosynthesis, respiration, DNA synthesis and N fixation. Plants are frequently challenged
by Fe deficiency, especially on alkaline and calcareous soils due to poor Fe solubility under
these conditions. In Tunisia, the exploration of such kinds of natural habitats and saline
environments revealed that they are colonized by a native leguminous vegetation which might
have specific adaptations to both, salinity and nutrient deficiencies, especially Fe (Ben
Abdallah et al., 2017). Leguminous plants take up reduced Fe using mainly the so-called
Strategy [. The main feature of Strategy I plants, ¢.g. in Arabidopsis and leguminous plants, is
that they acidify the soil via proton extrusion through an ATPase, reduce ferric to ferrous Fe
by a ferric chelate reductase and take up the divalent Fe via divalent metal IRON-
REGULATED TRANSPORTERI1 (Brumbarova et al., 2015), being a member of the ancient
ZIP (= ZRT/IRT1) protein family (Eng et al., 1998). IRTT homologs were found Fe-regulated
in roots of multiple legumes like Pisum sativum (Cohen et al,, 2004), Medicago

truncatula (Lopez-Millan et al., 2004), Arachis hypogaea (Ding et al., 2010), Glycine max
(Brear et al., 2013) and Vigna radiata (Muneer et al., 2014),

Natural variation studies make use of the existing natural allelic diversity in plant populations
as a source to pinpoint the adaptive alleles for relevant traits. Natural variation was

successfully applied in model plants to identify causal alleles by genome-wide association
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studies for such different traits as environmental adaptation in Arabidopsis (Li et al., 2010), or
nutritional quality and agronomic traits in maize (Diepenbrock et al., 2017) and rice (Si et al.,
2016). The three model legumes M. fruncatula and G. max are particularly suited for natural
biodiversity studies (Gentzbittel et al., 2015). Prerequisites for association studies are existing
genome sequence variation reflected by a broad collection of ecotypes demonstrating
phenotypic diversity for given traits. However, alternative procedures are available for
studying natural diversity of small population collections in the absence of large genome
sequence data, e.g. by making use of recombinant or near-isogenic inbred lines suitable for
mapping and gene identification (Yan et al., 2017), by isolating candidate genomic regions
and genes based on comparative genomics (Friesen et al., 2010;Turner et al., 2010;Friesen et
al., 2014) and transcriptomics or proteomics of genetically divergent lines (Voelckel et al.,

2017).

The objective of this work was to investigate the effect of Fe deficiency at the physiological
and molecular level of the non-model extremophile species H. carnosum and to compare the
responses in three different isolates collected from different natural sites. The identified
tolerant Thelja isolate will be useful in future genetic and RNAseq studies to identify the

natural basis for calcarcous soil-induced Fe deficiency.
MATERIAL AND METHODS
Plant material and growth condition

Three i1solates of H. carnosum were acquired by collecting seeds from Karkar, Thelja and
Douiret in Tunisia (see Supplementary Figure 1 for species characteristics and geographic
repartition of collected isolates). About 300 seeds per isolate were collected from an average
of 10 plants distributed in a diameter of 100 m. Seeds of the three isolates were germinated
and grown in separate green houses. Due to allogamy plants were multiplied by cross-

fertilization of plants within each isolate. The F3 generation was used for analyses.

Seeds were mechanically scarified by rubbing in between fine grit sand paper sheets. The
seeds were sterilized in 10 % sodium hypochlorite for 8 min and then abundantly rinsed with
distilled water. After a 10 min imbibition phase, they were germinated for 4 days at 20 °C in

Petri dishes on constantly moistened filter paper.
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Four day-old seedlings were transferred to a half strength aerated liquid nutrient solution for
two days. Similarly sized seedlings were then selected and cultured in groups of 4 or 10 plants
in 1 or 10 | of full strength acrated nutrient solution (1.5 mM Ca(NOs),, 1.25 mM KNO;,

0.75 mM MgSO,, 0.5 mM KH,PO, and 10 uM H;BO;, 1 pM MnSQO,, 0.5 pM ZnSO.4, 3 utM
MoO4Nas, 0.5 uM CuSQO4 and 50 uM Fe-EDTA). At day 6, the following treatments were
conducted for the amount of time indicated in the text and figure legends: +Fe, control (Fe-
sufficient medium with 50 uM Fe) and -Fe, Fe deficiency (medium without Fe). The pH was
adjusted to 6.0 with NaOH for both, the +Fe (control) and -Fe (iron deficiency) treatments.
Aerated hydroponic cultures were maintained in a growth chamber with a day/night regime of
16/8 h light-dark-cycle, a 24/18 °C temperature cycle and a constant relative humidity of
70%. The solution was renewed every 4 days. The standard experiment was conducted using

ten-day Fe sufficiency and deficiency treatments.
Morphological root and shoot phenotypes

Roots and shoots were harvested, dried in an oven at 70 °C for 48 h and the dry weights
determined per plant. The main root lengths were measured. The degree of leaf chlorosis was
assessed in the youngest expanded leaves. The leaf chlorosis scale is described in the text and
figure legend, ranging from 1= green, 2 = light green, partially yellow, 3 =yellow-green, 4 =

yellow to 5= white-yellow.
Chlorophyll measurements

Total chlorophyll was extracted from fresh leaves in 80 % acetone and assayed
photometrically at 645 nm and 663 nm. The OD values were used to calculate the total

chlorophyll content in mg/g fresh weight of the leaves as published (Arnon, 1949).
Pulse Amplitude Measurements (PAM)

PAM was determined with the FluorCam FC 800-C machine (Photon Systems
Instruments™). Plants were adapted to darkness for about 15 minutes. Then single leaves
were harvested and measured for Fy (minimal fluorescence) up to Fm (maximal fluorescence).
To analyze photosystem II activity, Fv/Fm values and Fv/F, values were calculated (Murchie
and Lawson, 2013). Fg and Fm present the minimum and maximum values of chlorophyll

fluorescence, while Fy is the variable fluorescence.
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Acidification of the growth medium

The acidification capacity was determined after placing plants into 1 | nutrient solution (at pH
6.2), respectively, and measuring the pH of the nutrient solution in the subsequent days as

indicated in the text and figure legend.
Measurements of root Fe reductase activity

Intact root systems were washed with 100 mM Ca(NOs3) solution and submerged in the Fe
reductase assay solution containing 0.1 mM Fe’"-NaEDTA and 0.3 mM ferrozine at pH 5.0
for I h in the dark. Then the absorbance was determined at 562 nm. The concentration of the
Fe*'-ferrozine complex was calculated using the molar extinction coefficient of

28.6 mM ' cm . The amount of Fe** was normalized to the root weight in the assay and Fe

reductase activity was calculated.

Mineral element analysis:

To determine the metal ion content the youngest expanded leaves of H. carnosum were
harvested and dried over 72 h at 70 °C. After drying, the harvested leaves were finely
powdered with an achat mortar and pestle. Metal contents (Zn, Fe, Cu) were determined using
inductively-coupled plasma optical emission spectrometry (ICP-OES) at the Leibniz Institute

for New Materials (INM, Saarbriicken).

Obtention of H. carnosum ¢DNA sequences and multiple sequence alignment of amino

acid sequences

Obtention of f1. carnosum cDNA sequences is outlined in Supplementary Figure 2A. 4.
thaliana, M. truncatula, Glycine max., L. japonicus sequences of IRTI and p-ACTIN (ACT)
were aligned. Conserved regions near the start and stop codons were identified and primers
matching 100 % the M. fruncatula sequences were designed (Mt primers, Supplementary
Figure 3). With these Mt primers 1 pl of template root cDNA of H. carnosum was used to
amplify the IRT and ACT internal coding sequences in a standard PCR. PCR amplicon bands

were purified from agarose gels according to standard procedures and sequenced.

Next, TAIL-PCR (Supplementary Figure 2B) was used to identify the unknown upstream 5'
and downstream 3' cDNA sequences adjacent to the determined Hc/RT/ and HeACT partial

sequences. We used three nested specific primers (S1-S3) that aligned near the edge of the
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known ¢cDNA (Supplementary Figure 3). For extension in the opposite direction AD (arbitrary
degenerate) primers were used. The AD primers were 64x-256x degenerate and designed to
be relatively short (15-16 nt) with a low melting temperature (ca. 40-50 °C) (Supplementary
Figure 3). Three consecutive TAIL-PCR reactions were conducted as described (Liu et al.,
1995). The third step PCR products were sequenced and Hc/RT! and HeACT sequences
assembled and provided to Genbank (accession numbers will be provided prior to

publication).

Multiple sequence alignment and construction of neighbor-joining trees using amino acid

sequences was performed using the Clustal Omega tool at https://www.ebi.ac.uk.
RNA isolation and quantitative real-time PCR

RNA isolation and reverse transcription-quantitative PCR were carried out as described
previously (Ben Abdallah and Bauer, 2016). Briefly, total RNA prepared from 100 mg

H. carnosum root tissue was used for cDNA synthesis using an oligo-dT primer. qPCR was
conducted using the SYBR Green detection method. RT-qPCR primers were used for qPCR.
The absolute quantity of initial transcripts was determined for the genes IRT/ and ACT by
standard curve analysis using mass standards prepared from H. carnosum cDNA PCR
products amplified with Mt primers. Absolute expression data of /RT! was obtained after
normalization to the internal control ACT gene. Each biological cDNA sample was tested in
two technical replicates. The absolute expression values of three biological replicates were

averaged.

Statistical analysis

Morphological, physiological and molecular data were obtained in at least three biological
replicates, as detailed in the figure legends. Data of biological replicates were used to
calculate mean values and standard deviations. Statistical significance was determined by
applying t-tests (for two sample comparisons) and ANOVA followed by Tukey's HSD test

(for more than two sample comparisons) as indicated in the figure legends.
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RESULTS
Morphological and physiological shoot responses to Fe deficiency

Seeds from H. carnosum plants were collected in three different locations in Tunisia
characterized by semi-arid, arid and Saharan conditions, named Karkar, Thelja and Douiret,
with saline-sodic, calcareous and sandy soil characteristics (Supplementary Figure 1). After
seeds were multiplied for three generations, morphological and physiological experiments
were carried out. We were interested in obtaining an ecotype with high tolerance to prolonged
Fe deficiency growth conditions, a trait expected to be beneficial upon growth on calcareous
soil. We therefore hypothesized that the three isolates might show different adaptation and
respond differently to Fe deficiency conditions. Plant seedlings were grown in controlled
hydroponic conditions and exposed to sufficient iron (+Fe) or deficient iron supply (-Fe) for
ten days. At first, we compared the tolerance/sensitivity of the lines to -Fe by measuring
different growth parameters. The three isolates did not behave any different from each other
in terms of root biomass production under + and -Fe (Figure 1A). Also in terms of shoot
biomass production, the ecotypes were very similar (Figure 1B). Only one comparison
resulted in a significant difference in biomass, which was the fourfold higher shoot dry weight
of Douiret versus Karkar at -Fe (Figure 1B). However, none of the lines showed lower root or
shoot biomass when grown at - compared to +Fe (Figures 1A, B). Karkar displayed a shorter
main root compared to Douiret at +Fe. When comparing the main root length at -Fe versus
+Fe, there was a significant decrease only in the case of Douiret but not Karkar and Thelja

(Figure 1C).

Fe is required in high amounts during plant growth in the leaves to sustain photosynthesis and
for chlorophyll synthesis. Fe can also be stored in chloroplasts in the form of ferritin. Lack of
Fe results in the typical leaf chlorosis symptoms especially in the expanding leaves. Leaf
chlorosis is caused by low chlorophyll contents under Fe deficiency. Karkar and Douiret had
higher total chlorophyll contents at + than at -Fe (Figure 1D). Thelja, on the other hand,
displayed no significant difference at + versus -Fe (Figure 1D). No significant differences
were detectable between the lines at either + or -Fe (Figure 1D). PAM measurements based
on chlorophyll fluorescence are an indicator for the photosynthetic performance under stress
conditions. Low Fv/Fm and Fv/F ratios are indicative of stress affecting negatively the
photosystem activity. We found that Karkar had lower Fv/Fm and Fv/F; ratios at - versus +Fe,

while no significant differences were found in Thelja and Douiret (Figures 1E, F). When
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comparing the lines with each other, Karkar had a lower Fv/Fm ratio than Thelja and Douiret
and Thelja had a higher Fv/F, ratio than Karkar and Douiret (Figures 1E, F). We were also
interested in comparing the development of the leaf chlorosis during the ten days of exposure
to -Fe. Leaf chlorosis started two days earlier in Douiret than in Karkar and Thelja, but after
ten days the chlorosis had reached similar levels, as determined above from the chlorophyll

measurements (Figures 1D, G).

Next, we investigated whether the observed leaf chlorosis and impact on photosynthesis could
be related to the amount of Fe taken up into the expanding leaves. In addition to Fe we
measured Zn and Cu contents. Arabidopsis IRT1 can take up Zn but not Cu (Vert et al., 2002)
and MtZIP6 can also transport Zn (Lopez-Millan et al., 2004). Karkar and Douiret had lower
Fe contents upon -Fe than under +Fe, but not Thelja, which had comparable levels under both
conditions (Figure 2A). Thelja also had higher Fe contents upon -Fe compared to Karkar and
Douiret (Figure 2A). The Zn content was decreased at - versus +Fe growth conditions only in
Douiret (Figure 2B). However, Thelja had a higher Zn content than Karkar and Douiret at -
but not +Fe (Figure 2B). The Cu content was decreased at - versus +Fe in Karkar and Douiret,
but again not in Thelja (Figure 2C). When comparing the lines with each other, a significant
difference of Cu was only found in the comparison of Thelja versus Karkar at -Fe (Figure

20).

To conclude from this physiological and growth analysis of the three lines exposed to +

and -Fe, we summarized the comparative outcomes for the parameters measured at + versus -
Fe for each line and designated a significant decrease at - versus +Fe as "sensitive" and no
decrease as "tolerant" behavior (Figure 3). Karkar received four sensitivity and five tolerance
labels, Douiret six sensitivity and three tolerance labels, and Thelja nine tolerance labels. Root
and shoot biomass were not identified as parameters that could be used to discriminate the
behavior of the lines at + and -Fe, while leaf chlorosis, photosystem activity and metal
contents were well suited to do so. Taken together, it can be deduced that Thelja shows

tolerance to -Fe in contrast to the other two lines.
Physiological and molecular root responses to Fe deficiency

Roots of strategy I plants show typical Fe deficiency symptoms like enhanced soil
acidification, Fe reduction and increased /RT] gene expression. Quantification of these

responses is used to judge the degree of Fe deficiency (Brumbarova et al., 2015). Therefore,
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we tested next for potential differences in the level of Fe deficiency responses in the root.
None of the plants subjected to Fe deficiency showed a significant increase in root Fe
reductase activity (Figure 4A). In a time-course experiment we found that the growth medium
was acidified significantly starting as early two days after exchange to Fe deficiency and
continued until 10 days in all three lines (Figure 4B). To conduct /RT/ gene expression
analysis by the RT-qPCR method, we first identified homologs of /RT1 and ACT and of the
reference gene S-ACTIN (ACT) from H. carnosum using PCR and TAIL-PCR by exploiting
sequence similarities among leguminous plant IRT1 sequences and available microarray-
based gene expression data for M. truncatula (see Materials and Methods; outline in
Supplementary Figure 2). The full-length HeIRT1 amino acid sequence was found most
related to MtZIP6 in a neighbor-joining tree derived from a multiple sequence alignment of
the entire families of A. thaliana, M. truncatula, G. max and L. japonicus ZIP protein
sequences (Figure 5). MtZIP6 was the only M. truncatula ZIP protein with high sequence
similarity to HcIRT1 and AtIRT1 (Figure 5). MtZIP6 is up-regulated by -Fe in roots (He et
al., 2009;Bencdito et al., 2010) and it was characterized as Fe transporter (Lopez-Millan et al.,
2004). All other M. truncatula Z1P proteins group along with other branches of 4. thaliana
ZIP proteins (Figure 5), indicating that these other MtZIP proteins have different functions in
metal homeostasis. Interestingly, this analysis also shows that A. thaliana seems to have a
high expansion of four IRT1-like proteins (IRT1, IRT2, ZIP8, ZIP10), while legumes had on
the same branch of the tree (highlighted by a red box in Figure 5) besides a single M.
truncatula Z1P, only two G. max and two L. japonicus ZIP sequences. HCIRT1 and MtZIP6
share two important functional sequence features in the predicted variable cytoplasmic loop
region with AtIRT1, namely two conserved lysine positions used for ubiquitination in metal-
directed IRT1 turnover (Kerkeb et al., 2008) and the histidine-rich stretch for metal-binding
relevant for metal import by ZIPs into the cell (Zhang et al., 2017) (Figure 6A). Hence, the
sequence analysis convincingly suggests that HcIRT1 encodes a functional IRT1 homolog.
HclIRT1 gene expression was found significantly induced by -Fe in Karkar, Thelja and
Douiret (Figure 6B). Thelja displayed a higher base level of He/RTI expression in the +Fe
control situation compared to Karkar and Douiret (Figure 6B). Thelja and Douiret had a

higher HelRT] expression level at -Fe versus Karkar (Figure 6B).

In summary, the three lines displayed root Fe deficiency response reactions which were most
pronounced in case of Hc/RTI induction and medium acidification, while Fe reductase

activity increases were not found to be significant. Perhaps the constitutively elevated IRT/
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expression level of Thelja is linked with its higher Fe content under -Fe as an adaptation to

growth on calcarcous soil.

DISCUSSION

Here, we show that the extremophile H. carnosum shows natural variation and phenotypic
plasticity with regard to Fe deficiency responses. This species is an endemic growing on
Tunisian saline and calcareous soil conditions that are known to affect micronutrient use
efficiency. Overall, Thelja is the most tolerant isolate to Fe deficiency, perhaps a consequence

of its adaptation to calcarcous soils.

All H. carnosum isolates sensed Fe deficiency and responded to this stress, while the outcome
of -Fe stress was different among the ecotypes. The common -Fe responses elicited by all
three lines were the development of a leaf chlorosis, acidification of the plant medium and the
induced expression of He/RT1 under -Fe versus +Fe. This shows that all plant lines had been
exposed to + and -Fe. Several other -Fe symptoms were however only displayed by Karkar
and Douiret, but not by Thelja. Karkar and Douiret exhibited quite drastic leaf chlorosis at -
Fe. This was evident from accelerated leaf chlorosis and the low chlorophyll contents at -
versus +Fe after ten days of -Fe. Leaf chlorosis is a frequently occurring stress symptom in
plants since under unfavorable conditions plants tend to reduce photosystem activity by
removing chlorophyll and degrading chloroplasts to avoid additional stress caused by the
light. This phenomenon can be measured by PAM chlorophyll fluorescence, which was lower
in Karkar and Douiret and fits to the leaf chlorosis observations. Moreover, several steps in
photosynthetic pigment metabolism and chloroplast ultrastructure are dependent on Fe, which
explains the leaf chlorosis in the young expanding lcaves after transfer of the plants to -Fe
conditions. Fe deficiency resulted in a decrease of Fe contents in Karkar and Douiret
expanding leaves, and hence the low Fe status can be regarded as reason for the leaf chlorosis.
It is surprising that biomass production was not affected by -Fe in our experiments. We
explain this partly by the fact that with ANOVA and Tukey HSD we applied the appropriate
but comparably conservative statistical test for multiple comparisons that keeps the family-
wise error rate (FWER) at 0.05. Hence, an increasing number of comparisons increases the
Type II error (false negative) rate and thus decreases the power for the single comparisons,

Perhaps, less conservative tests such as Fisher LSD or two-sample t-tests would have resulted
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in statistically significant differences. The data indicate that there was a tendency for lower
values at - versus +Fe for many parameters even in Thelja, but the differences were not
significant according to ANOVA/Tukey HSD.

Zn and Cu contents were affected by -Fe in Karkar and Douiret in addition to Fe contents, but
not in Thelja. The reduced Fe contents are explained as primary reaction by the low amount of
Fe to which the plants were exposed. However, the reduced Zn and Cu contents must have
been a secondary reaction of the plant to -Fe. Normally, it would be expected that Zn contents
might increase upon -Fe, because increased IRT1 would take up Zn (Li et al., 2014). Perhaps,
Hedysarum plants have different capacities to regulate metal homeostasis, and this capacity
differs between Thelja, Douiret and Karkar, Differences in the regulation of Fe reductase
activity, IRTI gene expression and metal contents between different ecotypes were also found
for M. truncatula (Li et al., 2014), Under Fe deficiency, plants can suffer from oxidative
stress (Ranieri et al., 2001;Zaharieva and Abadia, 2003;Waters ¢t al., 2012;Ramirez et al.,
2013). In A4. thaliana, the CuSOD (copper/zinc superoxide dismutase) genes CSD/ and CSD2
are induced under Fe deficiency and have been suggested to replace FeSOD’s (iron
superoxide dismutases) to cope with oxidative stress under iron deficient conditions (Waters
etal., 2012). It can be assumed that a similar mechanism exists in leguminous plants and
elevated Cu and Zn contents could contribute to the effectiveness of this mechanism. Our
observation of higher Cu and Zn levels in Thelja could be one possible explanation for the
increased resistance of Thelja to iron deficiency compared to Karkar and Douiret. Hence, the
different efficiencies of Cu and Zn uptake under Fe deficiency in Thelja, Karkar and Douiret

could be an important distinctive factor with respect to Fe deficiency tolerance.

The stronger -Fe leaf symptoms of Karkar and Douiret suggest that these lines should sense -
Fe stress stronger than Thelja. But the two lines did not activate their root Fe mobilisation in a
stronger manner than Thelja. Karkar reduced more Fe in the root than did Douiret and Thelja.
On the other hand, medium acidification capacities were similar between the lines. Thelja and
Douiret displayed higher HcIRT'1 gene expression than did Karkar. An interesting regulatory
phenomenon could be seen for Thelja HelRT'1 gene expression, which was higher at +Fe
compared to Karkar and Douiret. One possible explanation is that Thelja might take up more
Fe at +Fe than Karkar and Douiret, but store this Fe in the root. Upon Fe deficiency the Fe
stores could be remobilized and effectively transported to the shoots. Hence, Thelja could

survive better upon -Fe conditions and maintain Fe levels. Since Thelja was collected in a
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region with calcarcous soil condition it is tempting to speculate that the constitutive Hc/RT
expression might contribute to adaptation. On the other hand, Karkar might profit from an
inefficient Fe usage, perhaps caused by ineffective internal mobilisation and transport in its
natural habitat with saline-sodic soil. Some abiotic stress factors induced for example by salt
stress affect Fe uptake negatively, which can be explained by the toxicity of metals under

water loss and the increased risk of oxidative stress (Le et al., 2016).

Future studies should focus on the internal iron homeostasis regulation and allocation upon -
Fe in H. carnosum. One possibility would be to conduct comparative RNAseq using Thelja
and Karkar as extreme pairs to better characterize the internal Fe homeostasis responses in
different plant organs. Genome sequence variation of metal homeostasis-relevant genes might
account for differences in the gene expression levels or functional SNPs in coding regions.
Comparing stress and -Fe responses between young and adult stages as well as under double
stress may lead to better understanding of the mechanism of -Fe regulation in this leguminous

species.
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LIST OF FIGURES

Figure 1: Effect of Fe deficiency stress on Karkar, Thelja and Douiret lines

(A) Root dry weight (RDW), n = 3; (B) Shoot dry weight (SDW), n = 3; (C) Main root length,
n=4-5; (D) Total chlorophyll (Chl) content, n = 3; (E, F) Photon yield of PSII calculated by
Fv/Fm and Fv/Fy, n = 4; (G) Chlorosis phenotype symptoms of young leaves calculated
according to the indicated scale from 1,green leaves up to 5,white-yellow leaves, n = 4.

H. carnosum plants were exposed for 10 days (A-F) or up to 10 days (G) to Fe-sufficient
(+Fe) and Fe-deficient (-Fe) hydroponic growth conditions. Data are means + SD; means with
the same letter are not significantly different with P< 0.05 according to ANOVA and Tukey's
HSD test.

Figure 2: Metal contents of Karkar, Thelja and Douiret

(A) Fe; (B) Zn; (C) Cu contents of the youngest expanded leaves.

H. carnosum plants were exposed for 10 days to Fe-sufficient (+Fe) and Fe-deficient (-Fe)
hydroponic growth conditions. Data are means + SD; n= 4; means with the same letter are not

significantly different with P< 0.05 according to ANOVA and Tukey's HSD test.

Figure 3: Summary assessment of Karkar, Thelja and Douiret for Fe deficiency stress
responses and metal contents

The investigated parameters are root and shoot dry weights (RDW, SDW), total chlorophyll
(Chl), photon yield, chlorosis score (see Figure 1) and Fe, Zn and Cu contents (see Figure 2).
Responses that showed a decrease at - versus +Fe are designated by light grey color (S,

sensitive) and no decrease by dark grey color (T, tolerant).

Figure 4: Physiological Fe deficiency responses of Karkar, Thelja and Douiret

(A) Root Fe reductase activity, n=4-5; (B) pH changes in the growth medium, n = 4.

H. carnosum plants were exposed for 10 days (A) or up to 10 days (B) to Fe-sufficient (+F¢)
and Fe-deficient (-Fe) hydroponic growth conditions. Data are means = SD; means with the
same letter are not significantly different with P< 0.05 according to ANOVA and Tukey's HSD
test, means with * label in B show a significant difference of + versus -Fe with P<0.05

according to a t-test.
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Figure 5: Neighbor-joining tree of HcIRT1 and ZIP protein sequences from selected
legumes and Arabidopsis

The multiple amino acid sequence alignment was produced with H. carnosum IRT1 and all
identified ZIP protein sequences from A. thaliana, M. truncatula, G. max and L. japonicus.

The box indicates the closest relatives of AtIRT1. The star indicates HcIRT1.

Figure 6: Conservation of functional IRT1 sequences and IRT! gene expression in
Karkar, Thelja and Douiret

(A) Multiple amino acid sequence alignment of the variable cytoplasmic loop region of
AtIRT1, HelRT1 and MtZIP6, containing relevant functional residues involved in
ubiquitination (lysines) and metal binding (histidine stretch). (B) Normalized gene expression
of IRTI. H. carnosum plants were exposed for 10 days to Fe-sufficient (+Fe) and Fe-deficient
(-Fe) hydroponic growth conditions. Data are means + SD; n= 3; means with the same letter

are not significantly different with P< (.05 according to ANOVA and Tukey's HSD test.

Supplementary Figure 1: Overview of Hedysarum carnosum plant material

(A) Morphology of H. carnosum; (B) Geographic distribution of collected Tunisian /.

carnosum lines.

Supplementary Figure 2: Overview of HcIRTI and HeACT ¢DNA sequence obtention

(A) Flowchart for obtaining H. carnosum IRT1 and ACT cDNA sequences; (B) Flowchart of
TAIL-PCR steps.

Supplementary Figure 3: List of primers used in the study
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Figure 1: Effect of Fe deficiency stress on Karkar, Thelja and Douiret lines

(A) Root dry weight (RDW), n= 3; (B) Shoot dry weight (SDW), n= 3; (C) Main root length, n= 4-5; (D) Total
chlorophyll (Chl) content, n=3; (E, F) Photon yield of PSII calculated by Fv/Fm and Fv/FO, n=4; (G)
Chlorosis phenotype symptoms of young leaves calculated according to the indicated scale from 1, green
leaves up to 5, white-yellow leaves, n = 4.

H. carnosum plants were exposed for 10 days (A-F) or up to 10 days (G) to Fe-sufficient (+Fe) and Fe-
deficient (-Fe) hydroponic growth conditions. Data are means + SD; means with the same letter are not
significantly different with P< 0.05 according to ANOVA and Tukey's HSD test.

80



Manuscript 2

140

120 b

—

.. 100
m +Fe

m -Fe

Fe [ug*g DW-!
] B [e2} o]
o (=] o o
o

o

Karkar Thelja Douiret

1,2

0,8 ac m +Fe

0,6 ab = -Fe

Zn [ug*g DW-]

0.4

0,2 b

Karkar Thelja Douiret

w
[$2]

N NWw
o O o
o

m +Fe

= -Fe

Cu [ug*g DW-]
o
QO

—_

o » o

Karkar Thelja Douiret

Figure 2: Metal contents of Karkar, Thelja and Douiret

(A) Fe; (B) Zn; (C) Cu contents of the youngest expanded leaves.

H. carnosum plants were exposed for 10 days to Fe-sufficient (+Fe) and Fe-deficient (-Fe) hydroponic
growth conditions. Data are means * SD; n= 4; means with the same letter are not significantly
different with P< 0.05 according to ANOVA and Tukey's HSD test.
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Figure 3: Summary assessment of Karkar, Thelja and Douiret for Fe deficiency
stress responses and metal contents
The investigated parameters are root and shoot dry weights (RDW, SDW), total
chlorophyll (Chl), photon yield, chlorosis score (see Figure 1) and Fe, Zn and Cu
contents (see Figure 2). Responses that showed a decrease at - versus + Fe are
designated by light gray color (S, sensitive) and no decrease by dark gray color (T,

tolerant).
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Figure 4: Physiological Fe deficiency responses of Karkar, Thelja and Douiret

(A) Root Fe reductase activity, n= 4-5; (B) pH changes in the growth medium, n = 4.

H. carnosum plants were exposed for 10 days (A) or up to 10 days (B) to Fe-sufficient (+Fe) and Fe-
deficient (-Fe) hydroponic growth conditions. Data are means + SD; means with the same letter are
not significantly different with P< 0.05 according to ANOVA and Tukey's HSD test, means with *
label in B show a significant difference of + versus -Fe with P< 0.05 according to a t-test.
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Figure 5: Neighbor-joining tree of HcIRT1 and ZIP protein sequences from selected legumes

and Arabidopsis

The multiple amino acid sequence alignment was produced with H. carnosum IRT1 and all
identified ZIP protein sequences from A. thaliana, M. truncatula, G. max and L. japonicus. The
box indicates the closest relatives of AtIRT1. The star indicates HcIRT1.
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Figure 6: Conservation of functional IRT1 sequences and /RT1 gene expression in Karkar, Thelja
and Douiret

(A) Multiple amino acid sequence alignment of the variable cytoplasmic loop region of AtIRT1,
HcIRT1 and MtZIP6, containing relevant functional residues involved in ubiquitination (lysines) and
metal binding (histidine stretch). (B) Normalized gene expression of /IRT1. H. carnosum plants were
exposed for 10 days to Fe-sufficient (+Fe) and Fe-deficient (-Fe) hydroponic growth conditions. Data
are means * SD; n= 3; means with the same letter are not significantly different with P< 0.05
according to ANOVA and Tukey's HSD test.
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Papilionaceous flower

Locality and Soil
. Climate Altitude (m) | Longitude (E) Latitude (N)
name of line characteristics
Karkar semi-arid 33 10°62'52" 35°47'34" saline-sodic
Thelja arid 195 8°19'24.2" 34°19'32.4" calcareous
Douiret saharan 434 10°17'13.1" 32°50'58.0" sandy

Supplementary Figure 1: Overview of Hedysarum carnosum plant material
(A) Morphology of H. carnosum; (B) Geographic distribution of collected Tunisian H. carnosum lines.
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Alignments of leguminous plant IRT1 and ACT CDS

}

Design Mt primer pairs in conserved regions based on Mt sequence

)

PCR with H. carnosum root cDNA

}

Sequence PCR products

|

TAIL-PCR with H. carnosum root cDNA

!

IRT1 and ACT cDNA sequence

Design 5' and 3' TAIL-PCRs primers

l

Primary PCRs with S1 and AD primers (Tail #1)

}

Secondary PCR with S2 and AD primers (Tail #2)
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Supplementary Figure 2: Overview of HcIRT1 and HcACT cDNA sequence obtention
(A) Flowchart for obtaining H. carnosum IRT1 and ACT cDNA sequences; (B) Flowchart of
TAIL-PCR steps.
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Primers used in this study

1/ Mt Primers

Gene name/ Gene ID Primer sequences (forward/reverse): ( 5-3') T, (°C)
TTTAACATCACAAGCCCTAGCT
MUIRTL(ZIPE)/ Mt4g083570.1 GCCCATTTAGCCATGAGAGA 56
MtBACT/ Mt7g093260.1 TTGCAGGAGATEATECA 59
B # . GTACACAGGAAATGCTTCTAA
2/ gRT PCR Primers
Gene name Primer sequences (forward/reverse):( 5'-3') T, (°C)
AGTTTCCA CAGGGCTTG
HelRTL TCTCATGTTCCCCACCTTCA 55
HeBACT GCTACGTGTGGCTCCTGAAG 55
B GGTCTCAAACATGATCTGAGTCA
3/ TAIL-PCR primers (gene IRT1)
Gene name Primer name Primer sequences (forward/reverse): ( 5™-3') T, (°C)
51
CTCCATCTTAGCAACCAGCAT 58
IRT2 5 = CGGGTTCATGCATGTCTTCC (38
S3
TGGTCTGATTGCTTGGATGA 59
S1
TACAGCTTGGAATTGTTGTTC 59
IRT1 3" s2
CCCCACTTGGAATTGCCATAG 62
3 GAGTCCAAGGCTGCAGGTAG 60
4/ TAIL-PCR primers (gene Beta actin)
Gene name Primer name Primer sequences (forward/reverse): ( 5'-3') T, °C)
51 TGTGATGGTTGGTATGGGAC 59
BACT 5" 52 TCTTCTAACCGAAGCACCAC 59
. TGAGACCTTCAATACTCCAGC 58
51
GGAAACATTGTCTTGAGTGGTG 58
BACT 3' 52
GGAGATTTCTGCATTGGCAC 59
53
CCACCTGAGAGGAAGTACAG 59
5/ Arbitrary degenerated Primers (AD) for TAIL-PCR
Gene name Concentration (uM ) Primer sequences (forward/reverse): ( 5'-3') T,(°C)
AD1 24 NGTCGASWGANAWGAA 43-48
24
AD2 TGWGNAGSANCASAGA 46-51
AD3 # AGWGNAGWANCAWAGG 43-48
AD4 32 STTGNTASTNCTNTGC 43-51
AD5 16 NTCGASTWTSGWGTT 41-44
ADG6 32 WGTGNAGWANCANAGA 40-48

Manuscript 2

Supplementary Figure 3:
List of primers used in the
study
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Abstract

Background and Aims Abiotic stress conditions cause
extensive losses to agricultural production worldwide.
Salinity and alkalinity affect plant growth, photosynthe-
sis and availability of nutrients including Fe. Many
studies have described the response mechanisms of
plants to single abiotic stress conditions. However, in
the field, crops and other plants are routinely subjected
to a combination of different abiotic stresses. Salinity
and alkalinity are wide-spread in Tunisia, where
Medicago truncatula occurs as a native species,
Methods We established a growth system to study the
combined effects of salinity and alkalinity conditions in
laboratory conditions. We screened 11 Tunisian
M. truncatula lines from the SARDI collection based
on their phenotypic responses to the double stress.
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Results Salinity and alkalinity affected germination
rates, shoot and root dry weights, pigment contents
and root morphology parameters. We were able to select
among the 11 investigated lines four sensitive and tol-
erant lines with different abilitics to respond to the
double stress. Tolerant and sensitive genotypes (two
lines each) differed in root flavin contents, root flavin
staining patterns and concentrations of root flavins in the
nutrient solution,

Conclusions Root architecture, flavin root localization
in epidermal cells and flavin secretion are relevant tol-
erance mechanisms for salt and alkaline stress in
M. truncatila. Pairs of contrasting lines from close
originsg were 1dentified that will be useful tools to iden-
tify genes for the tolerance mechanisms.

Keywords Medicago truncatula - Root - Iron
deficiency - Alkalinity - Salinity - Natural variation -
Flavin

Abbreviations
Chi  chlorophyll
Rbfl - riboflavin

Introduction

Soil salinity is a global environmental issue affecting an
area of approximately 830 million ha worldwide
(Rengasamy 2016). Plant growth in saline soils is usu-
ally hampered due to osmotic and oxidative stress and
also to toxic effects resulting from high ion
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concentrations (Rengasamy 2016). In sodic soils, clay
dispersion and soil structural degradation result from
high Na* cation amounts and affect negatively plant
growth (Rengasamy 2016). Morcover, sodic soils with
a dominating presence of Na carbonate and calcareous
soils are very alkaline (Rengasamy 2016). Alkalinity
causes a low solubility of several other 1ons, including
Fe. Many plant species display Fe deficiency symptoms,
including leaf chlorosis and reduced biomass, when
grown in a medium at neutral or alkaline pH, since Fe
is essential for many enzymes involved in electron
transfer processes in respiration, photosynthesis and N
fixation (Briat et al. 2015). Iron deficiency also repre-
sents a serious problem in human nutriion worldwide
(Naranjo-Arcos and Bauer 2016). Salinity and alkalinity
are widespread in Tunisian soils, on one hand due to an
occurrence of salt-affected soils in depressions and in
the main “sebkhas™ and “chotts” (dry alkali flats, usu-
ally near the sea, and interior salt lake areas, respective-
ly), and on the other hand due to secondary salinity
derived from low-quality irrigation water that is rich in
dissolved salts.

Alfalfa (Medicago sativa) is a perennial forage with
high yield and good nutritional quality, interesting for
cropping practices in many agricultural areas, including
some in North Africa (Basigalup et al. 2014). Its diploid
annual relative Medicago truncatula is a major model
legume and is used for molecular studies of physiolog-
ical responses to stresses such zs salinity and Fe defi-
ciency (Rodriguez-Celma et al. 2013; Zahafetal. 2012),
This species presents a large diversity and geographic
distribution in the Mediterranean basin and in particular
in diverse Tunisian soils (Ellwood et al. 2006; Lazrek
et al. 2009). M. truncatula shows a broad adaptation
including tolerance to severe growth conditions, with
some ecolypes characterized as displaying a high toler-
ance to salinity and calcareous soil conditions, and
hence M. truncatula germplasm can be screened for
molecular-ecological adaptation (Friesen et al. 2010;
Friesenetal. 2014). M. fruncatuls natural variation lines
and genome sequences have been successtully used for
association genetics to pinpoint novel genetic loci and
genes for variation of responses (http://www.noble.
org/medicago/ecotypes.html). However, a successful
approach for exploiting natural variation relies on the
successful identification of lines with interesting
properties, followed by combined comparative
genomics and functional genomics analysis of the lines
that have contrasting abilities, e.g., to show tolerance or
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susceptibility towards salt or Cd stress (Friesen et al.
2010; Rahoui et al. 2016; Zahat et al. 2012). Such
approaches can ultimately help to elucidate candidate
genes and functional pathways that have been selected
during ecological adaptation.

Salt tolerance relies to a large extent on the seques-
tration and secretion of cellular 1ons and the counterac-
tion of osmotic effects and reduced transpiration (Hanin
et al. 2016). Calcareous soils affect Fe uptake in dicot-
yledonous species, which mobilize Fe in the soil vig
proton extrusion and reduction of Fe(III) to Fe(Il)
{Abadia et al. 2011). The differences in the signaling
responses and tolerance mechamisms between Fe defi-
ciency and calcareous soil conditions are still not fully
understood (Hsich and Waters 2016). In Poaceae the up-
regulation of Fe acquisition correlated with tolerance to
saline-alkaline stress (Li et al. 2016), suggesting that Fe
deficiency 1s a major preblem on such soils. Recently, 1t
has become evident that secondary compounds secreted by
dicotyledonous plant roots upon Fe deficiency could play
important roles in the mobilization of Fe upon alkaline and
calcareous growth conditions. For example, Arabidopsis
mutants can develop leaf chlorosis if the production and
secretion of phenolic coumarin compounds in roots is
perturbed (Fourcroy et al. 2014; Schmid et al. 2014).
Medicago truncaiula and sugar beet roots produce and
secrete flavins, instead of phenolics, in response to Fe
deficiency (Andaluz et al. 2009; Rodriguez-Celma et al.
2013; Rodriguez-Celma et al. 2011a; Rodriguez-Celma
et al. 2011b; Susin et al. 1993), and it has been demon-
strated that extracellular flavins allow Fe-deficient sugar
beet roots to dissolve soil Fe(lll)-oxides at high pH via
reductive mechanisms (Siso-Terraza et al. 2016b).

In this present work we investigated the interactive
effects of salinity and calcareous/alkaline soil condi-
tions on germination, plant growth, leal pigment
content, root morphology parameters and root flavin
content and secretion in selected lines of
M. truncatula, to ident:fy and characterize lines sen-
sitive and tolerant to these stresses. We made use of
the natural diversity from Tunisia by studying the
responses of 11 accessions derived from the South
Australian Research and Development Institute
(SARDI) collection to identify among them tolerant
and susceptible lines. We suspect that these lines will
be related to each other due to their close origin of
collection in Tunisia. Our aim was to identify lines
with contrasting stress response behavior to use them
as tool for future molecular dissection.
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Materials and Methods
Plant material

We used the wild type reference M. fruncaiula Jemalong
Al7 line, kindly sent by Jean-Marie Prosperi, INRA Mont-
pellier. Eleven Tumisian M. frumcatula lines were selected
from the SARDI collection, kindly provided by Steve
Hughes, South Australian Research and Development In-
stitute (SARDI). This selection was based on the origin of
the collected lines, using criteria such as soil texture and
pH. The locations for collection of accessions covered a
large area from the north to the south of Tunisia
(Supplementary Fig. 1).

Plant growth

M. muncatula plants were grown under controlled con-
ditions in a scientific incubator (Percival Scientific AR-
36 L2, Perry, IA, U.S.AL), using day/night cycles of 16/
8 h, 24 °C/18 °C, and a relative humidity of 70%. Seeds
were mechanically scarified by placing them on a fine
grit sand paper sheet and rubbing gently with another
piece of sand paper. until visible signs of abrasion
appeared. Seeds were sterilized in 10% Na hypochlorite
for 8 min and then abundantly rinsed with distilled
water.

For soil experiments, sceds were imbibed in sterile
water for 2 days at 4 °C and then planted in soil. For
salinity treatments, different concentrations of NaCl rang-
ing from 75 to 500 mM were used for soil watering, as
indicated in the text. For calcareous and alkaline conditions
(shortly termed as alkalinity in the text) the soil was
supplemented with different mixtures of CaC(Os and
NaHCOs. These mixtures are abbreviated throughout the
text as “n/m BIC”, with n and m being the amounts of
CaC0O; and NaHCO;, respectively (in g kg_] soil). BIC
treatments ranged from 3/3 to 50/15 BIC, as indicated in
the text. Combined soil salinity and alkalinity experiments
consisted of combinations of salt and BIC treatments, as
indicated in the text.

For the hydroponic system, stenlized seeds were ger-
minated for 4 days at 20 °C in Petri dishes on constantly
moistened filter paper. Four day-old seedhings were trans-
ferred to a half'strength acrated nutrient solution for 4 days.
Then, seedlings of similar size were selected and cultured
in groups of six plants in one-L pots filled with full strength
aerated nutrient solution. The composition of the full
strength nutrient solution was: 1.5 mM Ca(NOy),

1.25 mM KNOs, 0.75 mM MgSOy, 0.5 mM KH,PO,
and 10 M H;BO;, 50 uM Fe(ITNa-EDTA, 1 uM
MnS0O,, 0.5 uM ZnS0,, 0.05 uM (NH,)sMo0,, and
0.4 uM CuS0O,. Five different treatments were applied
during & days using nutrient solutions modified as follows:
control (50 uM Fe(IlINa-EDTA; C), carbonate-induced
Fe deficiency (50 uM Fe(Ill)Na-EDTA, 1 g L CaCo;
and 10 mM NaHCO;; BIC), Fe deficiency (0 uM
Fe(IlHNa-EDTA; —Fe), salinity (50 puM Fe(IlI)Na-EDTA
and 100 mM NaCl; NaCl) and combined stress (50 uM
FeNa-EDTA, 1 g L' CaCOs, 10 mM NaHCO4 and
100 mM NaCl; BIC/NaCl). The pH was adjusted to 6.0
for the treatments C, —Fe and NaCl and to 7.0 for treat-
ments BIC and BIC/NaCl. The nutrient solution was
renewed every 5 days. Plants were analyzed according to
Supplementary Fig. | and as indicated in the text.

Determination of the germination rate and dry weight

To assess the germination rate, we counted the number of
plants with emerged cotvledons (Supplementary Fig. 1).
To obtain the dry weight (DW), plant shoot and root
material was dried in an oven at 70 °C for 48 h and
weighed.

Photosynthetic leaf pigment measurements

Leaf pigments were extracted from fresh leaves (leaf
number 2, Supplementary Fig. 1) in 80% acetone
and assayed spectrophotometrically according to
(Arnon 1949) using the TECAN infinite 200 PRO
multimode reader at 645 nm, 663 nm and 470 nm
wavelengths. Readings were then used to calculate
total Chl and carotenoid contents in mg g ' leaf
fresh weight.

Root morphology

Root systems were excised and thoroughly cleaned
from soil particles if plants were grown in soil. Then,
roots were laid out on a scanner, and root architectural
parameters were recorded using the scanned images
with the help of the WinRHIZO software (Regent
Instruments Inc., Québec, Canada).

Extraction, analysis and localization of flavins in roots

Flavins were extracted from | to 1.5 cm root tips dis-
sected from the main root as described in (Rodriguez-
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Celma et al. 2011b). Root extracts were dried, re-
suspended i mobile phase (85% methanol and 0.1%
formic acid) and analyzed for flavins using high-
performance liquid chromatography with photodiode
array detection coupled in-line to time-of-flight mass
spectrometry [HPLC-UV/VIS-MS(TOF)], as described
(S1s0-Terraza et al. 2016a). The HPLC system (Alliance
2795, Waters, Mildford, MA, US.A) included an analyt-
ical HPLC column (Symmetry R Cyg, 15 em = 2.1 mm
i.d., 5 pm spherical particle size, Waters) protected by a
guard column (Symmetry R Cyg, 10 mm = 2.1 mm id.,
3.5 um spherical particle size, Waters). A gradient mobile
phase built with 0.1% (w/v) formic acid in water and
0.1% (v/v) formic acid in methanol was used. A PDA
2996 (Hsieh and Waters) and an MS(TOF) equipped
with a electrospray ionization (ESI) source
(micrOTOF, Bruker Daltonics Bremen, Germany)
were used for flavin detection. Flavin quantification
was carried out by external calibration using the peak
areas at m/z of the corresponding [M + HJ" ions and a
Rbfl calibration curve,

Flavin localization in roots was studied using fluo-
rescence microscopy of ca. 100 pm root cross sec-
tions taken 1-1.5 cm above the tip of the main root,
with excitation and emission wavelengths of 422 and
528 nm, respectively, on an Axio Imager 2 micro-
scope (Zeiss, Jena, Germany).

Results

Establishment of growth conditions using
the M. truncatula reference line Jemalong A17

First, we established a soil growth system for
M. truncaisla plants with saline and alkaline growth con-
ditions, in order to evaluate plant morphological and phys-
iological traits. Initially, we tested saline and alkaline con-
ditions separately. For the saline condition, we grew seed-
lings of the reference line Jemaleng A17 and imigated the
soil with different saline solutions, ranging from 75 to
500 mM NaCl, during a period of 15 days (Fig. 1).
Treatment with 100 to 200 mM NaCl decreased the ger-
mination rates significantly by 10-30%, compared with
the control and the 75 mM NaCl treatment (Fig. la). At
300 mM NaCl, a further significant drop (60%) in the
germination rate was observed (Fig. 1a). At higher salinity
rates, 400 and 500 mM NaCl, seed germination was
completely inhibited during the tested time (Fig. 1a). Up
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to 150 mM NaCl, the root and shoot DWs as well as the
lengths of the main root were similar in salt-treated and
control plants (Fig. 1b, ¢). At 200 mM NaCl, a significant
drop in biomass and main root length was observed, and
effects were intensified significantly at 300 mM NaCl.

Next, we tested alkaline-induced changes of plant
gcrowth by mixing the soil with different BIC systems
prepared with different amounts of CaCO; and NaHCO;
(labeled as BIC n/m, with n and m being the amounts of
CaCO; and NaHCO,, respectively, in g kg ' soil). Com-
pared to the untreated control, the germination rate was
reduced by 10, 30 and 80% upon supply of 10/6, 20/9 and
30/12 BIC, respectively, whereas at 50/15 BIC no germu-
nation was observed (Fig. 2a). A marked root DW reduc-
tion (30-50%) took place at 20/9 and 30/12 BIC, whereas
the main root was significantly reduced in size (ca. 40%)
at 30/12 BIC (Fig. 2c¢). The shoot DW was significantly
reduced by 20-50% at 10/6, 20/9 and 30/12 BIC (Fig. 2b).
These preliminary resalts were used to narrow down
appropriate combinations of saline and alkaline environ-
mental conditions in further experiments,

We then tested ten combinations of NaCl and BIC
(alkalinity) treatments m the soil growth system, choos-
ing combinations of those single stress treatments that
did not affect or affected only moderately plant growth
(see Fig. 3). Germinarion rates were significantly de-
creased at 75 mM NaCl when supplemented with 10/6
and 20/9 BIC (by 10 and 20%). and at 100 and 150 mM
when supplemented with 5/3 (by 10% each), 10/6 (by
109 each) and 20/9 BIC (by 20 and 40%), with 20/9
BIC causing the highest drop (by 40%) in germination at
150 mM NaCl (Fig. 3¢). Similarly, shoot DWs dropped
clearly at 75-150 mM NaCl when supplemented with
20/9 BIC (by 25,70 and 70%) (Fig. 3b). Root DWs were
also most affected under these conditions (Fig. 3b). Main
root lengths were shorter at 100 and 150 mM NaCl in the
presence of 20/9 BIC (by 35 and 60%) (Fig. 3c). Thus,
we observed in several combined stress conditions a de-
cline in the growth compared to single stresses. For screen-
ing experiments under combined stress, we decided to
apply 10/6 BIC in combination with 150 mM NaCl, which
was the highest BIC treatment tolerated by Jemalong A17.

Effects of individual and combined stress in hydroponic
system on wild-type Jemalong A17

A combined stress condition was also applied to
Jemalong A17 using a hydroponic system. We observed
that the effect of combined stress (1 g L' CaCO;,
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10 mM NaHCOs, 100 mM NaCl) was as harmful as
BIC alone on shoot DW, main root length and caroten-
oid content, but more harmful than effects of single
stresses on root DW, number of secondary roots and
Chl content (Fig. 4). An effect of the single NaCl treat-
ment was only noted for the number of secondary roots
(Fig. 4d). These data confirmed that the combination of
salt and alkalinity stress had stronger and more pro-
nounced effects on M. fruncatula plants than the indi-
vidual stresses.

Screening of 11 Tunisian M. rruncaiila lines
of the SARDI collection under combined stress

We examined 11 different M. truncamla genotypes
(SARDI collection, lines 1-11) along with the reference
line JA1T using the above selected combination of salt and
alkalinity stresses in soil conditions (10/6 BIC in

combination with 150 mM NaCl). We found that the
germination rates were decreased by 10% or more under
combined stress compared to the untreated controls up to
day 10 in four out of the 11 lines, namely lines 1, 8, 9 and
10, and JA17 (Fig. 5a, hatched bars). The ratios of germi-
nation upon combined stress versus control differed slight-
ly between the lines (Fig. 5a). Combined stress resulted in
a significant decrease ofroot DWs in lines 2, 3,4,5,7. 8,9
and JA17 (Fig. 5b, hatched bars). The ratios of combined
stress versus control were lowest for lines 2 and 4, indicat-
ing more than 80% reduction, and lines 7, &, 9, ndicating
30-50% reduction of root dry weights. Root DWs of lines
I, 6, 10 and 11 appeared fairly unaffected by the stress
treatment (Fig. 5b, filled bars). Combined stress caused a
significant drop of shoot DW in limes 1, 7, 9, 10 and 11
(Fig. 5c, hatched bars), but not for the other tested lines
(Fig. 5¢, filled bars). The ratio of combined stress versus
control regarding shoot DW was lowest for line 9,
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(BIC) stress in M. truncatula

Germination [%]

Jemalong A17. (A) Germination 100 = - b

rate: (B) biomass production; (C) a0

main root length in M. truncatula L

wild type (Jemalong A17) grown &0

during 15 days in soil with dif- | 40

ferent BIC concentrations. Data d

are means + SI); n = 4; means 20

with the same letter are not sig- o - o
1] 53 1006 2008

nificantly different at P < 0,05
according to ANOVA and Fish-

o2 50115
BIC: CaCO, [gkg] / NaHCO, [akg]

er’s LSD test b

0.7

0.6 a =Root
5 05 I I.3 = = Shaat
E 0.4 al b | | Z b
20| m | - =
& o2 | c | e

o |

] 513 10/6 209 30/12 50015

3]

BIC: CaCO; [g/kg] f NaHCO, [gikg)

Main root length [cm]

Cantrol

indicating a 60% reduction (Fig. 5¢). The total Ch{ content
was significantly diminished upon the combined stress
versus the control in line 4 (by more than 20%). but
however increased in the lines 8 10 and 11 (by 40%)
(Fig. 5d, hatched bars). The carotenoid content was
lowered upon the combined stress in lines 4 and 6 (by
more than 60%) and again enhanced in lines 10 and 11 (by
40%) (Fig. 5d, hatched bars).

Total root length and root surface were significantly
increased in line 4 (hatched bars), and the root surface
decreased in line 3 (hatched bar), while total root length
and root surface remained unchanged in all other lines
(filled bars) upon combined stress versus the respective
control (Fig. 6a, b). The root diameter was significantly
changed only in line 4 (decreased by 30%) in the stress
versus the control condition (Fig. 6c, hatched bar).
While the ratios of combined stress versus control did
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53
not vary significantly between the lines for the parame-
ters total root length and root surface (Fig. 6a, b), some
differences were noted for root diameter measurements
for some lines. For example, lines 10 and 11 had a
higher ratio compared to lines 4 and 9, indicating that
despite of the non-significant changes of root parameter
data within lines 10, 11 and 9, differences were better
apparent when comparing between the lines.

Taken together, our results show that the 11 investi-
gated M. fruncatula lines from the SARDI collection
show variations in the responses to combined salinity
and alkalinity stress versus the control, that are apparent
at the level of germination, biomass production, photo-
synthetic pigment contents and root morphology. For
better comparison of the lines, we plotted the combined

stress versus control ratios in a single table and calculated a
mean response ratio from the four parameters, namely

B
10/6 209 a2 5015
BIC: CaCO, [gkg]  NaHCO, [gikg]
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Fig. 3 Effect of combined salt and bicarbonate (BIC) stress in
M. truncatla Jemalong A17. (A) Germination rate; (B) biomass
production: (C) main root length of M. fruncatule wild type
{Jemalong A17) grown during 15 days in soil with different salt

germination, biomass (average of root and shoot DWSs),
pigment content (average of total Chl and carotenoid

and BIC concentrations. Data are means £ SD; n = 4; means with
the same letter are not significantly different at P = 0.05 according
to ANOWVA and Fisher's LSD test

contents), root morphology (average of total root length,
diameter and surface) (Fig. 7). Three lines showed a high
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Fig. 4 Effects of individual and combined stress in ML srumcaiula
Jemalong A17 upon hydroponic growth. (A) Shoot DW: (B) root
D'W; (C) main root length; (D) number of secondary roots; (E) leal
pigment content; (F) plant images of M. fruncarla WT (Jemalong
A17) grown during 15 days in a hydroponic system under control
(regular) conditions, salt (+ 100 mM NaCl), BIC (+ | g/L

mean ratio level of more than 95% and were consid-
ered tolerant to the combined stress, namely lines &,
10 and 11. Six lines gave a ratio below 86% and were
considered sensitive to the combined stress, namely
lines 1, 2, 4, 6, 7 and 9. Lines 3 and 5 with values
inbetween were designated neutral.

Analysis of selected tolerant and sensitive M. truncatula
lines to the combined stress in a hydroponic system

We selected four Imes (7, 9, 10 and 11) to validate and
re-examine the responses to the combined stress condi-

tions, this time using hydroponic growth. The aim was
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means £ SD: w = 3: means with the same letter are not significantly
ditferent with P =< (.05 according to ANOVA and Fisher’s LSD
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to conduct additional studies to deduce potential mech-
anisms of tolerance.

In hydroponic growth, the total Ch/ contents of the
sensitive lines 7 and 9 were reduced by 40-55% upon
combined stress versus control, while that of the tolerant
line 10 was decreased by only 30% (Fig. 8a, hatched bars).
For tolerant line 11, no significant drop in Ch/ content was
noted (Fig. 8a, filled bar). The sensitive lines showed a
significant root DW reduction of ea. 63% compared to 30—
35% reduction for the tolerant ones (Fig. 8b. hatched bars).
Shoot DW, on the other hand, was significantly decreased
in all lines by 20-30% upon the combined stress versus the
control (represented by hatched bars), but no differences
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Fig. 5 Natural variation of

Tunisian M. fruncatula lines in
response to combined alkaline
and saline stress, effect on plant
srowth. Ratios of combined stress
versus control of (A) germination
rate; (B) root DW: (C) shoot DW:
(D) pigment contents of 11
Tunisian M. truncatida lines
(SARDI collection, lines 1-11)
and Jemalong A17 (J17) grown
during 15 days in soil with 10 g/
kg CaCOs, 6 ghg NaHCO; and

Ratio germination
combined stress/ control

o

150 mM NaCl. Values are the 14

means of the ratios of individual
stress values versus mean control
values + SD, that were calculated
using the Taylor expansion meth-
od (Livak 1997); n = 4; means
with the same letter are not sig-
nificantly different at P < 0.05
according to ANOVA and Fish-
er's LSD test. Hatched bars indi-
cate that the difference between
treatment and respective control 18

Ratio root dry weight
combined siress/ control

o

condition was significant, while 16
in the case of filled bars it was not 14
significant, as tested in pairwise 1.2
comparisons by t-test with n = 4,
P=0.05 08| 2
0.6
0.4
0.2

Ratio shoot dry weight
combined stress/ control

o

b
a ¢
b7 4 7 a @& B
c

im0
—iD T ®

Ratio pigment content
combined stress/ control

were apparent between the lines (Fig. 8b). The main root
lengths were also found decreased upon the stress in all
lines by about 40-45% (hatched bars) with no significant
differences between the lines (Fig. 8c). However, with
respect to the number of secondary roots a stronger de-
crease of 60 and 70% was noted for sensitive lines 7 and 9
compared to the tolerant lines 10 and 11 with a reduction of
25 and 30% (Fig. 8c¢).

u Tatal Chi f
Carolenaids

f
d
b

Finally, we investigated whether RAfl accumulation
in the root tips could be a relevant trait for tolerance to
the stress treatments as described previously for Fe
deficiency (Rodriguez-Celma et al. 2011b). Two major
flavins were found in the root extracts, Rhfl and 7-
hydroxy-Rbfl, confirming previous results (Rodriguez-
Celma et al. 2011b). Lines 7 and 11 had low Rbfl
contents in root tips, whereas they were comparatively

@ Springer
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Fig. 6 Natural variation of

Tunisian M. truncatula lines in
response to combined alkaline
and saline stress, effect on root
srowth. Ratios of combined stress
versus control of (A) total root
length; (B) total root surface; (C)
total root diameter of 11 Tunisian
M. truncamla lines (SARDI
collection, lines 1-11) grown
during 15 days in soil with 10 g/
kg CaC0s, 6 g'kg NaHCO; and
150 mM NaCl. Values are the
means of the ratios of individual
stress values versus mean control
values &+ SD, that were calculated
using the Taylor expansion 16

Ratio total root length
combined stress/ control

o

method (Livak 1997 n =4,

means with the same letter are not L
significantly different at P < 0.05
according to ANOVA and Fish-
er's LSD test. Hatched bars indi-
cate that the difference between
treatment and respective control
condition was significant, while
in the case of filled bars it was not
significant, as tested in pairwise
comparisons by t-test with n = 4, 0,2
P =005

Ratio total root surface
combined stress/ control
o
o

(1]

18
16
14
12

0,8
0,6
0.4
0,2

Ratio total root diameter
combined stress/ control

higher in lines 9 and 10 (Fig. 9a). However, a difference
between sensitive and tolerant lines was found for 7-
hydroxy-Rbfl, which was detected (in amounts much
lower than those of Rbfl) only upon the double stress
treatment and only in the sensitive lines 7 and 9 (Fig. 9b).
Another finding was that the distribution of flavins in root
sections close to the main root tips visualized using
fluorescence microscopy differed between sensitive and
tolerant lines. While the sensitive lines 7 and 9
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accumulated fluorescent compounds in the stele and
adjacent inner root regions upon double stress, the toler-
ant lines 10 and 11 showed intense staining in the epi-
dermis and to a weaker extent in the stele (Fig. 9¢). A
relatively homogeneous distribution of fluorescence was
present upon the control treatments, with the staining
being stronger in line 10 (Fig. 9c), thus matching the
quantitative measuremenis shown above (Fig. 9a). Fur-
thermore, the 7-hydroxy-RbfI concentrations in the
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Fig. 7 Summary assessment of Germination  Biomass Root momphology  Mean
| 1 L 1

Figment
Tunistan M. truncatula lines for [ W W\ A \r \r 1

responses to combined stress. The
ratios for the different

. . 1
physiological and growth
parameters of combined stress 2
versus control (see Figs. 5, 6) 3
were represented as pereent B
values in a table. The mean per- 5
cent ratio was calculated from 6
four parameters, namely germi- 7
nation, biomass (average of root P
and shoot DWs), pigment content
{average of total ch! and caroten- 9
oid contents), root morphology 10
{average of total root length, di- 11
ameter and surface). The colour
code indicates whether the lines
behaved as tolerant, sensitive or
neutral

Line |Germination RDW |SDW Tetal Chl Carotenoids TRL

RDW: Root dry weight
SDW: Shoot dry weight
TRL: Total root length

=95 %

<86 %

TRSA: Total root surface area
RD: Root diameter

nutrient solution were larger in the tolerant lines 10 and
11 than in the sensitive ones 7 and 9, whereas the
amounts of RbfT present in three of the lines were small
(7. 10 and 11: Fig. 10). The difference between tolerant
and sensitive lines was best described by the percentage
of 7-hydroxy-Rbf of the total flavins in nutrient solution,
which was 91-100% in the tolerant lines and 0-30% in
the sensitive ones.

In summary, the physiological and morphological
analysis of hydroponically grown plants confirmed that
lines 7 and 9 reacted in a more sensitive way to the
combined BIC/NaCl treatments than the tolerant lines
10 and 11. Root morphology as well as flavin composi-
tion and the cellular distribution and secretion of flavins
represent potential mechanisms that could contribute to
the adaptation to the combined stress, whereas Chl
contents and plant biomass are likely direct conse-
quences of the genotype tolerance and sensitivity.

Discussion

In this study, we show that salinity and alkalinity affect-
ed different growth parameters of M. truncatula plants,
and that both factors combined led in an additive man-
ner to a failure of germination and in a synergistic
manner to an increase of stress symptoms in terms of
decreased biomass production. Using Tunisian geno-
types of the SARDI M. vruncatula collection, we found
natural variation in tolerance to the combined saline and

alkaline stress condition. This natural diversity allowed
us to identify tolerant and susceptible lines. Difterences
in flavin distribution pattems, flavin concentrations in
the growth medium and root morphology support that
these traits could be key mechanisms contributing to
stress tolerance,

Combined salinity and alkalinity conditions lead
to additive and synergistic stress effects

Stress symptoms were assessed using different
growth parameters, ranging from germuination to bio-
mass production, photosynthetic pigment content and
root architecture. Germination is a very critical period
in the plant’s life cycle and seeds are under the control
of intrinsic (hormonal) and extrinsic (temperature,
light and water) factors {(Fenner and Thompson
2005). Germination is affected by many biotic and
abiotic factors, and both salinity and alkalinity are
abiotic factors that restrict germination of alfalfa
seeds (Gao et al. 2011; Guan et al. 2009). Under the
effect of salt stress of 100 mM or more NaCl, the low
water potential of the soil likely prevented proper
imbibition and seed germination. Salt toxicity may
in addition have been detrimental to cells. Likewise,
we found a decrease of the germination rate with
increasing BIC concentrations, starting at 10/9 BIC
and being most severe starting at 50/18 BIC. Certain-
ly, the detrimental effects on germination were not
due to the actual concentrations of Na ions but rather
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Fig. 8 Effect of combined a Lines
bicarbonate and salt stress (BIC/ 11
NaCl) in selected sensitive and -
tolerant M. mincamia lines, & -
Relative reduction under =] e
combined stress versus control of E E
(A) total chlorophyll contents: (B) 8 c
root and shoot DWs: (C) main = 3
root length (MRL) and number of E 2
secondary roots (NSR). Lines 7 =3 E
and 9 were selected as sensitive, E )
whereas lines 10 and 11 as toler- = ¢
ant to the stress. M. {r'r{mum—fa . § Total Chi
plants were grown during 15 d in vl

a hydroponic system under con-
trol and BIC/NaCl combined
stress (+ 1 g/l CaCOs + 10 mM
NaHCO; + 100 mM NaCl) con-
ditions. Values are the means of
the ratios of individual stress
values versus mean control values
+ 8D, that were calculated using
the Taylor expansion method
(Livak 1997); i = 3; means with
the same letter are not signifi-
cantly different at P < .05 ac-
cording to ANOVA and Fisher's
LSD test. Hatched bars indicate
that the difference between treat-
ment and respective control con-
dition was significant, while in the
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respective control
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caused by the elevated soil pH. High pH leads to
reduced solubility and absorption of micronutrients,
and this effect is also relevant in the apoplast of cells.
Thus, the perturbation of remobilization and circu-
lation of nutrients is the likely cause for the drastic
reduction of germination upon high pH. Biomass
production depends on photosynthesis and a proper uti-
lization of macro- and micronutrients. Salt negatively

@ Springer

affects 1on usage, e.z., K and Ca (Cramer et al. 1991),
whereas alkaline conditions cause a reduction in Fe and P
utilization (Lucena 2000). When investigating the com-
bined stress, we found that an effect of 5/3, 10/6 or 20/9
BIC on germination was similar at 75 and 100 mM NaCl
(Fig. 3a) and in the absence of salt (Fig. 2a). Hence, a
clear additive or synergistic effect of the double stress
was not present. However, at the higher salt concentration
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Fig. 10 HPLC-MS (TOF) chro- Rbfl 7-hydroxy-Rbfl
matogra mls of flﬂms isolated 16000 - 16000 -
from nutrient solutions after
growth of sensitive and tolerant | =—tine7 ]
M. truncatula lines. Rbfl and 7- AN —Line9 LE000
Hydroxy-£hfl chromatograms )
were extracted at m/z 377,15 and 120007 =tinel0 13000 1
37912, respectively, with a pre- —Line 11
cision of .05 m/z units, showing < 100004 < 10000
peaks comresponding to these fla- o o
vins. Plants were grown as de- w 2000 4 v 8000 -
s A = [= =
scribed i Fig. 8 g g
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Root morphology and flavin cellular distribution are
potential mechanisms for tolerance to combined stress
in the natural diversity of M. truncatula

Our work revealed two potential mechanisms that may
contribute to the tolerance.

The first mechanism is related to root architecture.
Single and double stress treatments always had a nega-
tive effect on biomass and root dry weight. The even
smaller reduction of the root DW in the tolerant vs.
sensitive lines upon the combined stress was likely
caused by the smaller decrease in the number of lateral
roots. Despite of the stress, tolerant lines thus seemed
better suited to sustain root growth. Therefore, the pre-
viously reported arrest of root growth to alleviate stress
periods (Bailey-Serres and Voesenek 2010) does not
seem to be the relevant adaptive mechanism in our
studied case. Fulure studies can be conducted to mea-
sure the impact of root architectural changes on stress
tolerance. For example, it would be interesting to find
out whether the roots of tolerant plants express those
genes at higher level that code for proteins, enzymes and
transporters involved in the vacuolar storage and exclu-
sion of salt. Alternatively, the root of tolerant plants
might show signs for induced nutrient mobilization to
deal with potential deficiencies upon the calcareous
growth condition. Interestingly, we observed upon es-
tablishment of the growth conditions that the 5/3 BIC
treatment was a posttive stress and sumulated shghtly
but significantly root dry weight, while higher BIC

@ Springer

treatments were a negative stress and decreased root
biomass. Previously, it was described that the plant
hormone abscisic acid (ABA) resulted in a similar root
growth dose response curve in M. fruncatula. Low ABA
concentrations promoted and high ABA concentrations
inhibited root growth (Ariel et al. 2010). ABA is in-
volved in salt stress responses and perhaps it mediates
also calcareous stress responses.

A second key mechanism relies on the allocation of
flavins in root epidermal cells and flavin secretion to the
growth medium, and specifically the secretion of the
Rbfl derivative 7-hydroxy-Rbfl. The total concentrations
of flavins in the root extracts did not allow differentiat-
ing between tolerant and sensitive lines. However, in the
two tolerant lines examined, flavin fluorescence was
preferentially located in the epidermal cells, the root
contents of 7-hydroxy-Rbfl were undetectable, and 7-
hydroxy-Rbfl was the major flavin compound in the
nutrient selution. In contrast, in the two sensitive lines
examined flavin fluorescence was preferentially allocat-
ed to inner parts of the root, 7-hydroxy-Rbfl was detect-
ed in the root, and 7-hydroxy-Rbjl was either undetected
or a minor flavin component in the nutrient solution.
These results are very interesting and match the previous
observations that 7-hydroxy-Rbff can be a major flavin
in the extracts especially under low Fe conditions
(Rodriguez-Celma et al. 2011b). Our findings strongly
support that the allocation of RbfT in epidermal cells and
the secretion (extracellular allocation) of oxygenated
Rbfl derivatives are crucial for tolerance to alkalinity
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stress in M. pruncatula and that there is genetic diversity
in this trait.

The relevance of the accumulation of flavins in the
epidermal cells under Fe deficiency conditions is in line
with the hypothesis that flavins in root cells constitute a
potent Fe reduction system in combination with the plasma
membrane ferric chelate reductase (Lopez-Millan et al.
2000). In root tips of Fe-deficient sugar beet, accumulated
(oxidized) flavins can act as an cleetron shuttle between
reduced pyridine nucleotides in the cell (produced by the
high mitochondrial activity fueled by HCO; fixation via
phosphoenolpyruvate carboxylase) and the plasma mem-
brane ferric chelate reductase (Lopez-Millan et al. 2000).
Indeed, Fe deficiency leads to increases in phosphoenol-
pyruvate carboxylase, root flavins and ferme chelate reduc-
tase activity in M. fruncatula (Andaluz et al. 2009). Flavin
production and secretion at high pH is ecologically mean-
ingful if plants are grown under alkaline and calcareous
soil where Fe deficiency occurs. Besides the two effects on
flavins and root architecture it 15 well conceivable that
additional mechanisms of tolerance to the double stress
come into play, like e.g. soil acidification as a means to
mobilize nutrients as well as salt tolerance reactions based
on exclusion and detoxification of salts.

Extracellular flavins enable the establishment of a
long-distance electron transfer chain between the reduc-
ing power in the root and soil Fe(lll)-oxides (even at
high pH), resulting in the formation of soluble Fe spe-
cies for the plasma membrane Fe uptake system (Siso-
Terraza et al. 2016a). The Fe(Ill)-oxide reduction rates
were similar for RAfl and Rbfl-sulfates but were strongly
dependent on the flavin concentration (Siso-Terraza
et al. 2016b). Therefore, the secretion of flavin species
with a high solubility (c.g., hydroxylated ones) can
constitute an ecological advantage to mine Fe from
calcareous soil. For instance, the solubility of Rbfl-sul-
fates (the major flavin component secreted by sugar beet
roots) is one to two orders of magnitude higher than that
of RbJI (Susin et al. 1993). In this context, coumarins
secreted by A. thaliana roots, effective in dissolving soil
Fe oxides at high pH values, also include a number of
hydroxylated species that become predominant at high
pH (Siso-Terraza et al. 2016a).

In summary, the combined stress affected most of the
tested M. truncatula lines. Tolerant and sensitive lines
were collected from various parts of Tunisia, and their
geographic distribution might be correlated with their
degree of evolutionary relatedness to some extent. Fur-
ther studies at the genomics level may provide answers

to this. The selected double stress-tolerant and sensitive
lines can be used as contrasting pairs for comparative
RNA-Seq experiments to search for adaptive changes in
gene regulation and gene sequences. Also, the relevance
for tolerance to stress of the flavin allocation in the
epidermal root cells and the secretion of 7-hydroxy-Rbfi
by roots should be validated in further studies with
M. truncatula and the molecular basis for this mecha-
nism explored in detail. These tolerant genotypes may
be cultivated on salt-affected soils prone to alkalinity-
induced Fe deficiency. In future experiments the inter-
play of Na and Ca and resulting effects on soil structure
could be further explored using natural soils.
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Abstract:

Iron (Fe) is an essential element that is involved in various important redox processes in plants. Its
deficiency as well as toxicity are serious agricultural problems for the production of rice (Oryza
sativa), one of the most widely consumed staple foods for most part of the world’s population. Fe
toxicity is a major nutritional disorder for rice grown under flooded conditions in acidic soils,
where Fe is preponderant in the ferrous form, which is more bioavailable than the ferric form.
Excessive cellular Fe promotes the Fenton reaction leading to oxidative damage, leaf bronzing and
ultimately plant failure. Genetic diversity provides a suitable resource to identify tolerance
mechanisms evolved for rice adaptation to Fe toxicity. Previously a susceptible and a tolerant
cultivar of Indica rice have been selected. We exposed the susceptible and tolerant cultivars,
namely Hacha and Lachit, for a short term to high Fe in a controlled hydroponic system.
Physiological and morphological assessment of root and shoot growth parameters, the leaf
bronzing score showed that plants from the susceptible cultivar Hacha exhibited more severe
symptoms of Fe toxicity than Lachit. In contrast to Hacha, Lachit plants were able to recover from
the short-term stress. To shed light on the molecular tolerance mechanisms we conducted a
comparative transcriptomics RNAseq experiment of roots and L2 leaves. We grouped the
differentially expressed genes into clusters reflecting either genotype, Fe regime or genotype Fe

regime effects and compared the molecular signatures of the tolerant versus the susceptible
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cultivars with previously reported mechanisms. From the physiological and molecular data we
conclude that Lachit responds differently to Fe toxicity than the sensitive cultivar Hacha and also

different from other Indica rice cultivars reported to be tolerant to high Fe.

Keywords: RNA-Sequencing, bronzing score, Fe toxicity, Oryza sativa, antioxidants, molecular

responses.
1. Introduction

Iron (Fe) along with zinc, manganese and copper (Cu) belongs to biologically relevant transition
metals that occur in cells as ions in different oxidation states. These metals are essential and
catalyze a number of biochemical redox reactions as part of cofactors. Transition metals are
micronutrients for plants and taken up via the root system from the soil. Organic soils are rich in
nutrients, optimal for most agriculturally important plants, and the slightly acidic conditions favor
adequate concentrations of bioavailable ferrous Fe. Calcareous and alkaline soils hamper
acquisition of Fe, which is mostly present in ferric form bound to minerals. Such poor soils require
adaptation by specialist plants. However, for rice agriculture a different problem with Fe nutrition
occurs related to excessive uptake of Fe in acidic paddy fields, as in North-East India. In acidic
flooded conditions, concentrations of bioavailable ferrous Fe exceed those optimal for plant
growth. Plants do not prevent excessive uptake of Fe under these growth conditions (Quinet et al.
2012). Consequently, high levels of cellular Fe cause oxidative stress and damage of cellular
compounds. Free Fe causes the Fenton reaction, a non-enzymatic conversion of hydrogen peroxide
into hydroxyl radicals catalyzed by ferrous Fe. Hydroxyl radicals are considered more reactive
ROS species cause oxidative stress resulting in fairly unspecific damage of cellular components
and cellular death. In leaves, purple anthocyanin pigmentation and brownish spots appear, known
as leaf bronzing, developing from leaf tip to base (Tanaka et al. 1966), while in roots, root system
architecture changes and root growth is inhibited under elevated Fe (Becker and Asch 2005;
Naranjo-Arcos and Bauer 2016).

Rice is a model organisms to study the natural adaptation to high levels of Fe in paddy fields.
Usually, rice takes up Fe in the ferric form bound to phytosiderophores. These chelators belong to
the mugineic acids and are produced and secreted into the rhizosphere by Poaceae (Takagi et al.

1984), known as Fe uptake Strategy II (Marschner and Rémheld 1994). Strategy II is a pH-
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independent Fe acquisition strategy, which makes Poaceae relatively Fe-efficient also under
elevated pH and calcareous soil conditions. However, especially on paddy fields, rice can also take
up efficiently ferrous Fe, which is known as Fe uptake Strategy I, utilized by most plant species
(Marschner et al. 1986). Rice natural variation is exploited to identify high Fe tolerant rice
genotypes and reveal two main tolerance mechanisms using microarrays (see summary in Table
1) and quantitative trait loci (QTL) mapping of candidate tolerance genes and comparative
transcriptomics (Wu et al. 2014). One main mechanism addresses cellular Fe levels directly and is
the effective combination of exclusion and elimination of Fe by repressing Fe acquisition in the
root, preventing its translocation to shoots, sequestering it in the cell wall and vacuole and/or
chelating Fe, all with the purpose to lower free cytoplasmic Fe levels. Similar mechanisms have
also been widely described in the context of salt tolerance and heavy metal phytoremediation
(Liang et al. 2016). Ion exclusion and elimination tolerance mechanisms of tolerant versus
susceptible plants may rely on altered transporter properties, e.g. changed strength of expression
or new cell-specific expression patterns or intracellular protein localization, altered control of
transporter stabilities and activities. Chelation requires biosynthesis of chelators and tolerance
could arise e.g. from increased expression of the biosynthetic chains, different regulation of
enzymes or from changing the transport of the chelators in the plants. Another main tolerance
mechanism addresses ROS toxicity directly and targets the decrease of ROS in cells. ROS is
effectively eliminated in tolerant versus susceptible plants by increased expression and activities
of ROS scavenging enzymes and by altered expression of enzymes generating antioxidants, that
non-enzymatically alter the cellular ROS pool (Bode et al. 1995; Czarnocka and Karpinski 2018;
Liet al. 2010).

A recent GWAS analysis of Indica rice detected potential high Fe QTLs linked with oxidative
stress signaling genes (Zhang et al. 2017). Another GWAS-QTL study using MAGIC populations,
on the other hand, discussed that identified high Fe QTLs are partly linked with genes affecting
root Fe uptake (Meng et al. 2017). Comparative transcriptomics exploits the natural variation to
ascribe the physiological adaptations to concrete molecular patterns. The extent of transcriptional
response patterns reveals particular genotype-specific Fe tolerance response clusters. A recent
study by (Wu et al. 2017) investigated the Fe stress responses of tolerant and susceptible Indica
rice using microarrays, and the identified genotype-specific main tolerance mechanism to high Fe

was the decrease of ROS by reduced levels of antioxidants and reduced expression of enzymes
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producing antioxidants, such as glutathione in shoots. Hence, we conclude from these studies that
different mechanisms account for the tolerance of different rice lines to high Fe, making it

necessary to collect more data on the tolerance in individual lines.

Here, we applied a comparative transcriptomics approach using RNAseq to a novel pair of
susceptible and tolerant Indica rice lines. The identified clusters of genes reflecting specific
genotype and Fe regime response patterns indicate that several tolerance mechanisms act in in the

tolerant line. We compared our data with previous reports on Fe tolerance mechanisms.

Table 1: Literature review of recent research publications on iron toxicity in rice cultivars.

Previous reports Lines Plant part analyzed Stress duration Iron level
Wu et al 2016 Intolerant : IR29 Shoot + Roots 4 days Control =10 M Fe Cl,
Stress = 14 Mm FeSO,
Tolerant : FL483
Control = 10 uM Fe-EDTA
Finatto et al 2015 . Shoot 4 days
cv. Nipponbare Stress =7 mM Fe > + 10 uM
Fe-EDTA
Control =0 mM FeS0,
Quinet et al 2012 cv. | Kong Pao (IKP) 3 days
uinet eta Shoot + Roots Stress =0.5 mM FeSO,
3 weeks
ev. Nipponbare 1 week Control = 100 uM Fe-EDTA
Bashiretal 2014 Shoot + Roots Stress = 500 uM Fe-EDTA
. + Fe = 0.036 mM FeCl,
cv. Nipponbare 10 days :
Zheng et al 2009 Shoot + Roots -Fe=0mMFeCl,
Wakasa 2014 cv. Nipponbare Shoot + Roots 7 days Another siress

Some of the recent research work on rice cultivars has been listed in Table 1. It includes the
previous reports using microarray studies under iron stress at different concentrations. Generally,
the overall transcriptomics reports in short-term response to iron excess of the wild type
“Nipponbare” seedlings, includes activation of genes involved in iron homeostasis and iron
transport, oxidative stress, transcription factors and ROS detoxification genes in the leaves. When
comparing the transcriptomic changes of rice seedlings exposed to short and long term iron
overload stress were compared, these results showed that short term stress showed more up and
downregulated gene expression regarding both the number and function than long-term stress

(Quinet et al. 2012). One of the recent papers using contrasting Indica rice genotypes mainly
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focused in the shoot tolerance mechanisms (Wu et al. 2017). Therefore, in our present work we

are checking both the root and shoot tolerance mechanisms and selected only short term Fe stress.
2. Materials and Methods
2.1. Plant material

Previously, two rice (Oryza sativa L. ssp. indica) genotypes were identified based on their
contrasting response patterns to Fe toxicity (Kar and Panda, Assam University, India, unpublished
data) and used in this work, namely high Fe-intolerant Hacha (CRM 53 X IR 64) and high Fe-
tolerant Lachit (from a cross between CRM 13-3241 and Kalinga 2).

2.2. Hydroponic plant growth

Experiments were conducted in a controlled growth chamber, with a 16 hours light/ 8 hours dark
cycle, a light intensity of 150 umol m? s, a day/night temperature of 26 °C. The rice growth
procedure is depicted in Fig. 2. Rice seeds were first disinfected using 1% sodium hypochlorite
for 15 min. Subsequently, soaked seeds were vernalized for one day at 4°C and transfered for 3
days in the dark to 30°C for germination. Homogenously grown seedlings were transplanted into
11 pots filled with half-strength modified Hoagland solution for further hydroponic growth until
day 5. Then, half-strength nutrient solution was replaced with a full-strength solution containing 1
mM calcium nitrate, 2.5 mM potassium nitrate, 1 mM potassium dihydrogen phosphate, | mM
magnesium sulfate, 50 puM boric acid (H3BO3), 50 uM potassium chloride, 10 uM manganese
sulfate, 2 uM zinc sulfate, 1.5 uM copper sulfate, and 0.075 uM ammonium molybdate and 50 uM
Fe Na EDTA at pH 6.2, which also represented the control treatment condition. The nutrient
solutions were renewed every second day. At day 11, a 2-day Fe stress treatment with full-strength
Hoagland medium plus 15 mM Fe sulfate at pH 5.2 was applied in addition to a control treatment
without added Fe sulfate at pH 6.2. For revival experiments, the plants were re-exposed to control
medium after the stress condition and again the medium was renewed every second day. For the
RNAseq experiment 15 plants per line and treatment and per biological sample were used. In total,
three biological replicates were prepared. The revival experiment was conducted with 9 plants per
line and treatment. For physiological and morphological experiments 12 plants per line and

treatment were grown.
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Figure 2: Experimental setup of the Fe-stress treatment and revival experiment. (A) Growth scheme; (B)
Harvesting of L2 blade, L2 blade with sheath and roots for experiments; L2 leaf blade sections and root
samples were excised as indicated in the figure.

2.3. Bronzing score determination

Bronzing of leaf blades indicates the severity of Fe toxicity (Becker and Asch 2005). In this assay,
we used 3 independent biological replicates. The longer leaf (L2) were detached, placed in a test
tube and kept under normal growth chamber condition and then observed. Leaf blades were scored
by subjective visual assessment of the bronzing using the ImageJ software and expressed as % leaf
area affected (Peng and Yamauchi 1993).

2.4. DAB (diaminobenzidine) staining for hydrogen peroxide

DAB is oxidized by hydrogen peroxide, the result is a staining that generates a dark brown
precipitation. L2 leaf blades were excised and placed in 5 ml working solution (Img/ml 3,3'-
diaminobenzidine tetrahydochloride in 50 mM MES, pH6.5). The samples were infiltrated in
vacuum for 5 minutes followed by incubation of 1 hour in the shaker. DAB staining solution was
removed and washed with distilled water. The sample was placed into 80% ethanol solution and
boiled at 80 °C for 30 min. Then leaves were washed three times with distilled water. Finally, the

samples were observed using a stereoscope.
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2.5. Determination of hydrogen peroxide contents

Hydrogen peroxide contents were determined using the Amplex Red kit (Thermofisher) according
to manufacturer instructions and (Brumbarova et al. 2016). Briefly, 50 mg plant sample were
grinded in 200 pl potassium phosphate buffer (20 mM, pH 6.5). After centrifugation, 50 pl
supernatant were mixed with 100 pl Amplex Red reagent and 0.2 units ml! horseradish peroxidase
(HRP) in a 96-well plate along with appropriate controls and incubated for 30 min at room
temperature in the dark. The absorbance of resorufin at 560 nm was determined with a plate reader
and the content of hydrogen peroxide was calculated based on a hydrogen peroxide mass standard

curve. The values are expressed in pmol HO, mg™! fresh weight.
2.6. Ascorbate assay

Ascorbate contents were determined using a fluorescence-based ascorbate assay kit
(https://www.caymanchem.com/product/700420) according to manufacturer's instructions.
Briefly, 40 mg of plant material was immersed in 1 ml of 6% thiobarbituric acid reactive
substances (TBARS), then the samples were vortexed and centrifuged at 13000g for 5 minutes at
4 °C. The supernatant was collected and followed by manufacturer’s instructions for the

determination. The ascorbate content was expressed as pmol ascorbate mg™! fresh weight.

2.7. RNA isolation, RNA sequencing library preparation and sequencing

Three independent biological replicates were harvested per experimental sample condition and
line. RNA was isolated from 100 mg plant material using the RNA plant mini kit (Qiagen, Cat No.
/ID: 74904). The quality and quantity of total RNA was analyzed using the Bioanalyzer 2100
(Agilent Technologies). RNA samples with intact bands on agarose gels, a 260/280 ratio should
ranging from to 1.8-2.2 and an RNA integrity number >7.0 were used (no degradation of RNA).
The library was prepared with a preparation Kit (Illumina Technologies, Nextera DNA Library
Preparation Kit) following the manufacturer’s instructions. Double-stranded cDNA was purified
for end repair, adaptor ligation, and DNA fragment enrichment. The libraries were sequenced as
101 bp paired-end reads using Illumina HiSeq according to the manufacturer's instructions at the

BMFZ (Biologisch-Medizinisches Forschungszentrum, Heinrich Heine University).
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2.8. Analysis of RNAseq data

All sequence reads were mapped to the Oryza sativa.IRGSP-1.0.31.cdna.all and
Oryza_indica. ASM465v1.31.cdna.all.fa reference transcriptome sequences downloaded from
Ensembl Plants (plants.ensembl.org). Since the mapping to the Oryza sativa reference
transcriptome had about 10% higher mapping efficiency than that of Oryza_indica, all downstream
analyses were conducted using the O. sativa annotations. Read mapping and quantification of the
transcripts were performed using kallisto (Bray et al. 2016). The identified transcripts and their
respective counts were further analyzed using the statistical software R (Team 2013). Transcripts
per million (Tpm) counts for all samples were used for principal component analyses (R: prcomp)
and for hierarchical clustering (R: dist/cor, hclust). Estimated counts were used to perform
statistical analysis after normalization for between-samples comparison (R: edgeR). Gene
expression histograms were created using R (R: ggplot). Venn diagrams were created using the

online tool that is available under http://bioinformatics.psb.ugent.be/webtools/Venn/.

2.9. Statistical Analysis

Except for RNA-Seq data, all other statistical analyses were carried out using Origin Pro 9.0.

Comparison of means were performed with ANOVA and Tukey HSD as a post-hoc test.
3. Results

3.1. Morphological changes in contrasting rice lines in response to Fe stress and a subsequent
revival phase

At first, we verified the tolerant and sensitive growth characters of rice plants grown in a
hydroponic system and exposed to a two-day high Fe stress (15 mM Fe?"), and we tested their
ability to recover from the stress in a revival experiment. The length increase of blade L2, of L2
blade and sheath and the length increase of the primary roots were measured (figure 3). In the two
lines the Fe stress caused a reduction in L2 leaf blade and root growth. Generally, we noted that
Hacha grew less than Lachit under control conditions. However, under the stress the difference
between Lachit and Hacha growth reduction between control and high Fe stress was different and
the tolerant Lachit line grew more than Hacha. This became even more evident in the subsequent

revival phase. Lachit continued to grow even for six days during the revival period, but needed
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some waiting time in the first 48 hours before it resumed growth. Hacha, on the other side, stopped
growing after 48 hours and could not resume growth any more. Hence, Lachit behaved as more

tolerant line than Hacha. Hacha plants dried after the high Fe stress treatment, but not Lachit.
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represent standard deviation of the mean (n =9). Means with the same letter are not significantly different
at P <0.05 according to ANOVA and Tukey’s HSD test.

3.2. Physiological changes in Lachit and Hacha plants exposed to high Fe stress

Bronzing presents a nutritional disorder that can have a direct impact on the yield and growth of
rice plants. Its symptoms are detected in the leaves by the appearance of brownish spots after
increased Fe uptake. The contrasting rice lines produced a varying degree of bronzing symptoms
after being exposed to 15 mM iron stress for 48 hours in the hydroponic system. The browning of
Hacha leaves covered a larger leaf surface including the leaf veins than in Lachit. Lachit showed
only a few brown spots at the leaf surface. The bronzing of the L2 blade was subsequently
quantified. (Figure 4). Bronzing is a sign of cell death that might have been caused through the Fe-

mediated accumulation of hydrogen peroxide ROS species.
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Figure 4: Bronzing symptoms of L2 blade in contrasting rice lines in responses to high iron stress:
Hacha and Lachit rice seedlings were grown for 13 days in a hydroponic system. After 48 hours of Fe stress,
bronzing of leaves occurred in the contrasting rice genotypes Lachit and Hacha.

To check hydrogen peroxide distribution in the leaves of the contrasting rice genotypes, we
performed DAB staining. Both lines showed a significantly higher level of DAB staining under
the Fe stress compared to the control. The tolerant genotype Lachit showed lower staining of DAB
in the leaves as compared to Hacha. The qualitative DAB staining was confirmed by quantification
for the leaf samples. In roots, stress treatment caused higher hydrogen peroxide contents in Hacha,

but not to a significant level in Lachit. Hence the DAB staining and hydrogen peroxide contents
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confirm that high Fe had more deleterious effects resulting in Fenton reaction-like phenotypes

compared to Lachit.

Figure 5. DAB staining of the L2 blade among contrasting rice lines under overload iron stress: Hacha
and Lachit rice seedlings were grown for 13 days in a hydroponic system. H>O> detection in the leaves of
contrasting rice genotypes. Leaves of control plants at 48 hours after DAB staining for (A) Lachit and (B)
Hacha. Leaves of stressed plants (15 mM Fe) at 48 hours after DAB staining for (C) Lachit and (D) Hacha.
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Figure 6. Effects of iron toxicity on H,O; levels in L2 blade (A) and roots (B) of the two rice cultivars:
Lachit and Hacha. Hacha and Lachit rice seedlings were grown for 13 days in a hydroponic system. H>O,
was determined after 2 days of treatment. n = 3; Means with the same letter are not significantly different
at P <0.05 according to ANOVA and Tukey’s HSD test.
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Figure 7. Influence of iron toxicity on ascorbate levels L2 blade (A) and roots (B) of contrasting rice
genotypes: Hacha and Lachit rice seedlings were grown for 13 days in a hydroponic system. Ascorbate
was determined after 2 days of treatment. n = 3; Means with the same letter are not significantly different
at P <0.05 according to ANOVA and Tukey’s HSD test.

Ascorbate (vitamin C in humans) is a major antioxidant and prevents formation of free radicals in
the cell, minimizing the damage caused by ROS. Ascorbate was produced in much higher quantities
under stress versus the control in both lines. However, in stressed shoots Hacha had a lower
ascorbate content than Lachit, while in roots there was no difference under stress and a mild
increase in the control condition.

Taken together, besides the morphological growth phenotypes, Lachit also showed better
physiological tolerance to high Fe. The elevated ascorbate levels might have contributed to
preventing too excessive oxidative stress, otherwise leading to leaf bronzing and growth

disturbance.

3.3. Global comparative transcriptome analysis between contrasting lines using RNA-seq

Having confirmed the tolerant and sensitive characters in our growth system, we aimed at studying
the global responses of plants to high Fe and we expected to identify several additional molecular
tolerance mechanisms. Towards this end we conducted a comparative RNA-seq analysis with three
biological replicate samples of roots and L2 leaf sections, harvested from two day-treated controls
and high Fe (15 mM Fe?")-stressed plants of the sensitive Hacha and tolerant Lachit genotypes.
Each sample was harvested from eight plants to keep the variability in gene expression caused by
genetic background low. The generated data table contained estimated counts as well as
normalized absolute gene expression values for rice genes across the 24 samples. At first, we
judged the quality of our RNA-seq data performing principal component analysis (PCA) and
hierarchical clustering. These analyses visualized distances, correlations, and hence the relatedness
between the data of the different samples (Figure 8). PCA separates the tissue types (root versus
leaves) with 43% of the variation in the first dimension, the treatments (high Fe stress versus
control) with 23% in the second dimension and resolves genotype-specific differences (Lachit
versus Hachit) with 7% of the variation in the third dimension (Figure 8A). A similar observation
is noted for hierarchical clustering. The first dichotomy (counted from left) separates the two tissue
types, the second dichotomy forks the two treatments whereas the third dichotomy forks the two

cultivars (Figure 8B). The most important conclusions that can be drawn are as follows: The stress
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treatment had a more severe impact on the transcriptomes than had the genotypes, which facilitates
finding specific differences of the lines in terms of high Fe responses. For both leaf and root
samples, the iron effect is different between the genotypes and the Lachit high Fe stress samples
are closer to the controls than are the Hacha samples, which implies that the stress affected Hacha
more severly than Lachit. The biological replicates clustered generally very well together
confirming the very high reproducibility and thus quality of the samples (with exception of the

root Hacha excess iron sample number 3 (rootHachaPlusFe3), which was mis-assigned and

therefore excluded from further analyses).
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Figure 8: Principal component analysis (A) and hierarchical clustering (B) of roots and leaves
among contrasting rice genotypes under control and Fe-stress conditions (P < 0.05 and fold change
> 2). Each point represent a profile of biological replicate. The score represent a % of a total

variation.

In the next step, we calculated fold change values of gene expression of Lachit versus Hacha and
of high Fe stress versus control treatments, separately for root and leaf samples, in order to
statistically evaluate the impact of high Fe stress depending on the line effects. A first approach
simply evaluates the Fe effect separated by tissue and species and asks which responses are

common to both species and with are different.

Using linear modeling we found that the effect of Fe treatment was genotype-dependent which
was expected because the phenotypes of Lachit and Hacha in response to Fe were different. In

other words, there is a genotype effect, a Fe effect and a genotype/Fe interaction effect.

Classical pairwise comparisons showed more changes in the root compared to the leaves and
approximately equal number of up- and down-regulations (Figure 9). Leaves showed fewer
changes than roots and Lachit showed fewer changes than Hacha (Figure 9). In the root, the

majority of changes was shared between the genotypes (Figure 9, left two panels), both with regard
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to up- and to down-regulations. In leaves, fewer changes were shared than were unique to a
genotype (Figure 9, right two panels). To test for a common “Fe overload” response, overlaps
between all samples were calculated for up and down. In both cases, very few responses were

shared compared to the responses that occur in both Hacha and Lachit roots and leaves.

rootHacha leafHacha
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100+
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rootlachit leaflLachit

Mumber of transcripts

1000

1007

10

& 5 4 2 0 2 4 & 8§ £ 6 4 2 0 2 4 & 8
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Figure 9: Classical pair-wise comparisons between the transcriptome of roots and shoots from control and

Fe-stressed plants in two contrasting rice genotypes (P < 0.05 and fold change > 2).

3.3.1. Detailed comparative transcriptome analysis to identify differentially regulated genes

in roots

The transcriptomic data showed that 5403 genes were up-regulated in the roots of both genotypes
upon the high Fe stress versus the control and/or in Lachit versus Hacha in either treatment,
whereas 5951 genes were down-regulated in the same comparisons. To identify candidate genes
that may allow understanding the tolerance mechanism, we constructed Venn diagrams. Out of the

5403 up-regulated genes (Fig. 10), there were 1787 genes that responded to the stress similarly
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and were expressed at similar levels in Lachit and Hacha. This Venn diagram partition included
some metal homeostasis genes like the METAL TOLERANCE PROTEIN 8 (MTP8) which plays
a major role in redistribution of iron during development stage and maintains manganese and iron
homeostasis in the seeds (Eroglu et al. 2017), and the phenolic efflux zero 1 protein, PEZ1, which
secretes phenolic to solubilize apoplasmic Fe (Ishimaru et al. 2011). These genes are regulated by
high Fe stress in a genotype-independent manner, therefore unlikely to play a major role in the
specific tolerance mechanisms. Our attention was drawn to clusters that indicated genes involved
in a genotype-dependent high Fe stress response. Such clusters comprised the 127 and 44 genes
that were up-regulated in Lachit but not in Hacha in the high Fe stress versus the control and
expressed at a higher level in Lachit versus Hacha in the stress. There were also 30 genes induced
in both genotypes by the stress versus the control, but still the expression levels were higher in
Lachit versus Hacha in the stress condition. This list of genes encoded CDT2 and CDT3 with a
role in cadmium tolerance (Xia et al. 2013), and ferritin FER1, that complexes and stores Fe in
plastids. Other interesting intersections contain 10 and 479 genes encoding for example, the
divalent metal transporter ZIP1 since this group of genes is also expressed at higher level in Lachit

versus Hacha under the stress condition.
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Figure 10: Venn diagram of the up-regulated genes after two days of Fe stress in roots of the two
contrasting rice genotypes Hacha (sensitive) and Lachit (tolerant). The numbers present the number of
differentially regulated genes of the respective sections in the Venn diagram. Example genes of interest are
indicated.

Conversely, among the down-regulated genes in roots some sets showed genotype and treatment
effects. The cluster of 2015 genes again contains numerous genotype-independent high Fe stress
markers. Following the above logic the clusters of 693, 31, 8, 12 and 4 genes were particularly
interesting since they were expressed at lower level in Lachit compared to Hacha, which could be
relevant for the tolerance mechanism, again containing some genes with a potential role in metal

homeostasis (Fig. 11).
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Figure 11: Venn diagram of the down-regulated genes after two days of Fe stress in roots of the two
contrasting rice genotypes Hacha (sensitive) and Lachit (tolerant). The numbers present the number of
differentially regulated genes of the respective sections in the Venn diagram. Example genes of interest are
indicated.

3.3.2. Detailed comparative transcriptome analysis to identify differentially regulated genes
in leaves

In the leaves, 3696 genes were significantly up-regulated and 3684 genes down-regulated upon
high Fe stress, hence about a third less than in the roots. 322 and 750 genes represent high Fe stress
markers independent of genotypes (Fig. 12, 13). Like for root-expressed genes, we are interested
in the genes that are different between the tolerant and the sensitive line under Fe excess (in
equivalence to the previous paragraph clusters with 104, 7, 4, 2 and 3 up-regulated genes in Fig.
12 and 345, 7, 3, 1 and 2 down-genes in Fig. 13). In the 345 gene cluster several genes encoded
glutathione S transferase, possibly related to the tolerance. Glutathione S transferases catalyze the

conjunction of xenobiotics.
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Figure 12: Venn diagram of the up-regulated genes after two days of Fe stress in leaves of the two
contrasting rice genotypes Hacha (sensitive) and Lachit (tolerant). The numbers present the number of
differentially regulated genes of the respective sections in the Venn diagram. Example genes of interest are

indicated.
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Figure 13: Venn diagram of the down-regulated genes after two days of Fe stress in roots of the two
contrasting rice genotypes Hacha (sensitive) and Lachit (tolerant). The numbers present the number of
differentially regulated genes of the respective sections in the Venn diagram. Example genes of interest are
indicated.

4. Discussion

Rice, an important food crop, is sensitive to high iron stress (Asch et al. 2005). However, tolerance
to iron stress in rice could be genotype-specific (Stein et al. 2014). Despite the extensive studies
analyzing the responses of rice to salt stress (De Leon et al. 2017; Mishra et al. 2013; Takagi et al.
2015), only some few recent studies specifically investigated the mechanism by which contrasting
rice plants respond and tolerate to moderate iron stress (Devi et al. 2016; Wu et al. 2017). Two
rice genotypes differing in their tolerance to high iron stress, Hacha and Lachit, were used in this
investigation to explore physiological and molecular mechanisms underlying the tolerance to
excessive iron stress. Our results showed an intense leaf coloration, which is in accordance with
the study of (Frei et al. 2016). They observed these visual symptoms of Fe excess in tissues which
is a clear damage of the leaf tissues accompanied with the development of brown spots along the

veins. In our study, compared to the Lachit cultivar, more brown spots were observed in the leaves
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of the Hacha cultivar which suggests that this latter was more affected and seems to be more
sensitive to Fe stress. In addition, our result showed a significant reduction in the root and shoot
lengths at different time points. (Engel et al. 2012) showed that the tolerance to an overload in Fe
was associated with fewer visual symptoms in the leaves and a low Fe content related to an
exclusion mechanism where the majority of Fe is retained in the roots and some Fe transported to
the aerial parts of the plant. Due to the involvement of Fe in the Fenton reaction more reactive
oxygen species (ROS) are produced, very toxic, causing damage to plant cells under high Fe stress
compared to the control (Tewari et al. 2013). In agreement, our results showed an evident higher
increase in the hydrogen peroxide levels and DAB staining in the Hacha than Lachit leaves and
roots under high Fe stress. This finding confirms that Hacha is more sensitive to excess Fe than
Lachit. Similar results were obtained by (Wu et al. 2017) using contrasting rice genotypes. As a
result, plant tends to increase their synthesis of enzymatic antioxidants (catalase, glutathione
reductase and superoxide dismutase) and non-enzymatic compounds (ascorbic acid, glutathione
and phenolic) (Gill and Tuteja 2010) to detoxify the plants from the effects of reactive oxygen
species (Briat and Lebrun 1999; Sytar et al. 2013). In our study, ascorbate levels were increased
in the two studied cultivars under stress condition. In the case of Lachit, the plant shoot parts the
ascorbate contents were higher compared to those in Hacha. This implies that the Lachit genotype

1s more efficient in detoxification than Hacha.

An RNA sequencing approach was conducted to determine the differential gene expression
between the two analyzed cultivars. Our data, showed that many of the genes were significantly
up- or down-regulated in both leaves and roots in both cultivars under Fe stress. From our
morphological physiological results, we already assumed that the tolerance to iron stress is related
to two mechanisms. The first mechanism is related to the root since roots present the first defense
line to excess Fe. The second mechanism is the shoot-based mechanism based in Fe detoxification
or portioning where we can compare our results with the recent work from (Wu et al. 2017).
Annotation analysis of specifically up-regulated genes in Lachit roots showed that some of these
genes are related to heavy metal stress and could be involved in the tolerance. FER1 binds Fe and
hence detoxifies it in roots. CDTs could detoxify Fe similarly to Cd, the exact function of these
proteins is not known yet (Xia et al. 2013). Phenylalanine is the precursor for phenolics-based
secondary metabolites and is part of the plant defense system (Dixon 2001). These genes were up-

regulated in both lines but more in the tolerant line (Lachit) than the sensitive one (Hacha). GST
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(Glutathione-S-transferase) was also up-regulated in the leaves, that catalyzes the conjunction of
xenobiotic metabolism since it is included in the protection of tissue from oxidative damage

(Sandermann 1992).

In the perspectives of this work, biochemical analysis should be conducted with the differentially
expressed genes indicating the specific tolerance mechanism of Lachit. The function of genes can
be confirmed in transgenic overexpression or knockdown approaches. Another possibility would
be to cross Hacha and Lachit and prove the importance of respective genes in the genetically

derived lines.
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6. Final discussion and conclusions from the dissertation:

Hedysarum carnosum is a Tunisian endemic species belonging to Fabacae family. It grows under
salt and calcareous soil conditions and presents a large natural phenotypic and genetic variation
(Neji et al. 2013). Due the high economic value of this species in Tunisia as a good wild fodder
and an important source of proteins as well as its marked adaptation to salinity and the aridity of
many Tunisian regions arid climate (Gandour et al. 2014; Neji et al. 2013), recent studies have
been recently carried out to unravel the potential of the Tunisian populations of this species to cope
with biotic and abiotic stresses (Gandour et al. 2014; Hidri et al. 2016; Jlassi et al. 2013). As a
complement to the previous work, the present study was devoted to analyze the responses of
selected H. carnosum ecotypes in response to iron deficiency. Despite the increasing number of
studies in this species, its genome reference is still unavailable. Thus, for our molecular analysis,
we used the genomic resources of the closely related species M. truncatula, which is also an
endemic Tunisian legume characterized by its high genetic variation (Friesen et al. 2014; Vu et al.
2015), adaption to wide ranges of environmental constraints and interestingly, the availability of
the complete sequence of its small genome (http://www.MedicagoGenome.org). In our study, the
physiological and molecular analyses showed that the three Hedysarum carnosum ecotypes,
Karkar, Thelja and Douiret were differently sensitive to iron deficiency linked to their natural soil
characteristics. Thelja and Douiret were found to be more tolerant to -Fe in terms of biomass and
leaf iron deficiency symptoms than Karkar which was the most susceptible. Contrary to the root
dry weight, the shoot dry weight was not significantly different among the three lines. In the other
hand, the main root length showed a significant difference among the ecotypes. The three isolates
induced Fe acquisition responses at -Fe by the development of a leaf chlorosis, acidification of the
plant medium and induced the expression of Hc/RTI. Under iron deficiency conditions, the slight
decline of the photon yield in PSII it could be explained by the changes in the electron transport
chain. Furthermore, (Dallali et al. 2012) noticed that H. carnosum, was able to grow better in
higher salinity levels during the adult stage than H. coronarium. So studying stress in the adult
stage with Hedysarum carnosum may lead to better understanding of the mechanism of iron
deficiency in this leguminous species. -Fe condition lead to a decrease in the metal content in
various plant species such as A. thaliana (Long et al. 2010), M. truncatula (Li et al. 2014) and
Oryza sativa cultivars (Silveira et al. 2007). Under -Fe conditions, Zn and Cu contents were

affected by -Fe in Karkar and Douiret but not in Thelja. Thelja may display a different mechanism
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in the roots and can use efficiently the metabolism contrary to Karkar and Douiret. Thus Thelja
and Douiret may grow in areas where Fe needs to be efficiently used and internally distributed
inside the plant as their environment is characterized by low bioavailable iron. The different
efficiencies of metal uptake observed between the ecotypes can be used like a trait for analyzing
the tolerance to iron deficiency in leguminous plants (Lin et al. 2007; Singh and Agrawal 2010).
Under stress conditions, ROS is harmful to the plants because of its potential toxicity and elevated
energetic demand (Choudhury et al. 2017). Likewise, (Rahoui et al. 2014) showed that oxidative
defense used efficiency by contrasting M. truncatula genotypes could be another mechanism to
the tolerance to stress. These lines can be used to improve the agriculture of North Africa. The
results of our physiological and gene expression analyses suggest that the individual lines have
distinct adaptation capacities to react to iron deficiency. They might involve mechanisms of iron

homeostasis and internal distribution.

Medicago truncatula is a model of leguminous plant the genome of which has been sequenced.
Databases and tools are available for screening and deep molecular work. Due to its being native
to Tunisia, it was important to study natural variations of Medicago truncatula from different
geographical sites. The seeds were obtained from the SARDI collection in Australia. From more
than 900 lines obtained we selected just eleven based in criteria mentioned before. In the field,
crops and different plants are routinely subjected to a blend of various abiotic stresses. In Tunisia,
a large area of land is affected by salinity and alkalinity and Medicago truncatula appeared to a
native plant species there. For this reason, we screened 11 Tunisian M. truncatula lines in order to
check their responses to combined stress. We could choose between the examined lines, two
tolerant and two sensitive in response to simultaneous alkaline and salt stress. Among these lines
we observed that they showed a different level of flavin production both in roots and in the nutrient
solution. This resulted in identifying two types of lines: one is tolerant and the other susceptible.
The previously mentioned differences justify the idea that these traits could be key mechanisms
contributing to stress tolerance. Differences in flavin distribution patterns, flavin concentrations in
the growth medium and root morphology support that these traits could be key mechanisms

contributing to stress tolerance.

The first mechanism is related to root structure. Single and double stress treatments always had a

negative effect on biomass and root dry weight. The even smaller reduction of the root DW in the
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tolerant vs. sensitive lines upon the combined stress was likely caused by the smaller decrease in
the number of lateral roots. Despite of the stress, tolerant lines, thus seemed better suited to sustain
root growth. Therefore, the previously reported arrest of root growth to alleviate stress periods
(Bailey-Serres and Voesenek 2010) does not seem to be the relevant adaptive mechanism in our
studied case. Future studies can be conducted to measure the impact of root architectural changes
on stress tolerance. Similarly, a localization of Flavin has been reported in many species such as,
Beta vulgaris (Lopez-Millan et al. 2000; Siso-Terraza et al. 2016), and cucumber (Pavlovic et al.
2013) where roots release flavins under iron deficiency conditions. A second key mechanism relies
on the allocation of flavins in root epidermal cells and flavin secretion to the growth medium, and
specifically the secretion of the Rbfl derivative 7 hydroxy-Rbfl. The total concentrations of flavins
in the root extracts did not allow differentiating between tolerant and sensitive lines. However, in
the two tolerant lines examined, flavin fluorescence was preferentially located in the epidermal
cells, the root contents of 7-hydroxy-Rbfl were undetectable, and 7-hydroxy-Rbfl was the major
flavin compound in the nutrient solution. In contrast, in the two sensitive lines examined flavin
fluorescence was preferentially allocated to inner parts of the root, 7-hydroxy-Rbfl was detected
in the root, and 7-hydroxy-Rbfl was either undetected or a minor flavin component of the nutrient
solution. These results are very interesting and match the previous observations that 7-hydroxy-
Rbfl can be a major flavin in the extracts, especially under low Fe conditions (Rodriguez-Celma
et al. 2011). This study justified that the secretion of Rbfl is different among the genotypes, and
that, interestingly, the presence of 7-hydroxy- Rbfl was higher inside the roots of tolerant lines.
Our findings support the fact that tolerance to alkalinity stress in M. truncatula needs the allocation
of Rbfl in epidermal cells and the secretion (extracellular allocation) of oxygenated Rbfl
derivatives. Moreover, this trait bears genetic diversity. The relevance for tolerance to stress of the
flavin allocation in the epidermal root cells and the secretion of 7-hydroxy-Rbfl by roots should
be validated using RNA sequencing technique in further studies with M. truncatula in aim to
explore the molecular basis for this mechanism in detail. These tolerant genotypes may be
cultivated on salt-affected soils prone to alkalinity-induced Fe deficiency. In this chapter, we
showed that M. truncatula secrete riboflavin in response to combined stress. Quite possibly this
production is involved in the tolerance mechanism under salt and alkaline stress. Other relevant

mechanisms for salt and alkaline stress includes, changes in root architecture and localization and
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secretion of Flavin in root epidermal cells in M. truncatula. Finally, the secretion of 7-hydroxy-

Rbfl by roots should be validated in further explored using M. truncatula.

Fe is a fundamental component in plants that is involved in numerous physiological processes,
however, that can also be dangerous when taken up in high amount (Becker and Asch 2005).
Excess in iron would lead to inhibiting the development and decreasing the yield. For instance,
rice is a very sensitive crop to high level of iron (Asch et al. 2005). This overload of iron stress
could be tolerated through the use of a genotype particular (Stein et al. 2014). In spite of the broad
investigations to analyze the responses of rice to salt stress (De Leon et al. 2017; Mishra et al.
2013; Takagi et al. 2015), but a couple of the latest studies have focused mainly on discovering
the mechanism through which researchers would differentiate the responses of rice plants to
moderate iron stress (Devi et al. 2016; Wu et al. 2017). Contrasting rice genotypes, Hacha and
Lachit which differing in their response to overload iron stress were used to explore physiological
and molecular mechanisms underlying the tolerance to high iron stress. Under overload iron stress
in rice, physiological and transcriptomic study in short and long term showed a genotype variation
(Bashir et al. 2014; Finatto et al. 2015; Quinet et al. 2012). Our results showed an intense leaf
chlorosis was in accordance with the study of (Frei et al. 2016), where visual symptoms of iron
excess in tissues were observed, with clear damage of the leaf tissues accompanied by the
development of brown spots along the veins. In our study, compared to Lachit genotype, more
brown spots were observed in the leaves of Hacha genotype which suggests that this latter was
more affected and seems to be more sensitive to iron stress. In addition, our result showed a
significant reduction of the root and shoot length at different time points. Clearly, such reduction
was found to be very different between the two genotypes which is in agreement with the results
reported by (Viana et al. 2017). The root retention mechanism was reported first by (Becker and
Asch 2005). Moreover, (Engel et al. 2012) showed that the tolerance to overload iron was
associated with few visual symptoms in leaves and low iron content related to exclusion
mechanism where the most part of iron was retained in the root and only a few part was transported
to the aerial part. On the other hand, excess iron can lead to a reduction of oxygen molecules which
occurs due to the involvement of iron in the Fenton reaction. As a result, higher amounts of reactive
oxygen species (ROS) are produced. Hydrogen peroxide is one such ROS which increases during

iron stress conditions (Tewari et al. 2013). In agreement, our results showed an evident increase
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in the level of hydrogen peroxide in Hacha leaves and roots under 15mM of Fe?" stress. This
finding confirms that Hacha is more sensitive to excess iron than Lachit. By using the DAB
indicator, Lachit leaves were found to be less stained than showed those of Hacha genotype which
confirms that peroxide content generated in Hacha was more than that of Lachit. Similar results
were obtained by (Wu et al. 2017) using contrasting rice genotypes. Abiotic stress generally leads
to the imbalance of cellular redox potential. As a result, plant tends to increase their synthesis of
antioxidants (glutathione and ascorbate) by the help of antioxidant enzymes to detoxify the plants
from the effects of reaction oxygen species (Briat and Lebrun 1999; Sytar et al. 2013). In our study,
the antioxidant content was found to be increased in the two studied genotypes under stress
condition. In case of Lachit, the plant shoot part showed significant increase of ascorbate content.
This implies that Lachit genotype generates detoxification than Hacha. However, it should be

noted that much higher antioxidant level was detected in Lachit compared to Hacha genotype.

For a deep understanding of the morphological physiological results, an RNA seq approach was
conducted in order to check the differential gene expression between the two analyzed genotypes.
Our data, showed a large number of genes significantly up or down-regulated in both leaves and
roots in both genotypes under the overload of iron. From our morphological physiological results,
we assume that the tolerance to iron stress is related to two mechanisms. The first mechanism is
related to the root, since roots presented the first defence line to excess iron. The precipitation of
Fe?" leads to the formation of a physical barrier named root plaque (Wu et al. 2012). The second
mechanism is the shoot based mechanism where we can compare with the recent work from (Wu
et al. 2017) among two rice cultivars. Our results showed that, more genes were found to be
upregulated in roots then in shoot in the condition of Fe excess. Annotation analysis, showed that
these genes included many transporter genes belonging to different families such us Zip
transporters, metal tolerance protein, phenolic efflux zerol protein which transports phenolic to
solubilize apoplasmic Fe (Ishimaru et al. 2011). In shoots, only 3696 upregulated genes were
observed in Fe excess. Interestingly, some genes related to phenylalanine was up-regulated, this
compound act as a secondary metabolite and included in the plant defence system. This compound
is present in both lines but more genes in the tolerant line (Lachit) then the sensitive one (Hacha).

GST (Glutathione-S-transferase) was also present, that catalyze the conjunction of xenobiotic
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metabolism (Sandermann 1992) since it is included in the protection of tissue from oxidative

damage.
Conclusions

Leguminous plants are often used in agriculture because of their ability to fix nitrogen, high protein
level and to increase the soil fertility. For decades leguminous plants have been transferred from
the Mediterranean basin into multitude farming systems. After testing Hedysarum ecotypes, we
conclude that they have not responded in the same manner under iron deficiency condition due to
their ability to solubilize iron. Therefore, Hedysarum ecotypes can be a promising project used in
the ministry of agriculture and innovation in Tunisia in order to further understand the internal iron
homeostasis regulation events. One of the recent powerful strategies for deep molecular analyses

is the RNA seq approach.

This approach could be used to investigate deep transcriptomic analyzes and gene expression
studies even in non-model species without the need to reference genome sequence. Thus, to
achieve our future aims, this approach will be used to analyze the differential gene expression of
the previously studied lines under different level of iron deficiency. Furthermore, we have shown
that contrasting Medicago lines differ in their responses to combined stress. The root architecture,
flavin root localization in epidermal cells and flavin secretion are relevant tolerance mechanisms.
Our data showed that Line 10 and 11 respond to simultaneous alkaline and salt stress in highly
contrasting ways compared to the line 7 and 9. The line 10 and 11 line can be used in a structured
farming system and growing in the field where salinity and iron deficiency occurs. These lines can
be checked by comparing the root specific transcript profiling among the tolerant and sensitive

lines to identify genes that are involved in plant salinity-alkalinity tolerance.

These lines can be checked by comparing the root specific transcript profiling among the tolerant
and sensitive lines to identify genes that are involved in plant salinity-alkalinity tolerance. There
are several candidate genes with expected differential regulation for single and combined stress in
Medicago truncatula. Firstly, we could check the known genes encoding enzymes involved in the
riboflavin biosynthesis pathways, some of them are upregulated under iron deficiency in Medicago
truncatula (Medtr2g009270, Medtrdgl119220, and Medtr7g080120) (Rodriguez-Celma et al.

2013). Second, iron deficiency stress, genes could be up regulated that are represented by iron
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regulated genes in Medicago truncatula, IRT1 (MTR4g083570) and FRO2 (MTR7g038180) (Li
et al. 2014). There is also salt stress which can be checked by the expression of Salt Overly
Sensitive (SOS) genes with the expression of SOSI (XP003595114), SOS2 and SOS3
(Medtr3g091440) genes (Liu et al. 2015). There is the possibility of some candidate genes encodes
MYB transcription factors such as MIMYBS1 (Medtr1g073170) which is induced in the tolerance

to salinity and many other abiotic stresses (Dong et al. 2017).

Due to the importance of rice as staple food in Asia, our study is one of the few that check
contrasting rice genotypes under iron excess. Our morphological and molecular results showed a
difference in the response to high iron among the contrasting rice genotypes. Further studies are
in progress to validate our RNA sequencing data in goal to accomplish the mechanism behind the
response of the tolerant and the sensitive genotypes. We are in the process of checking and
validating candidate genes that can be used for genetic improvement to produce stress-tolerant rice
genotypes. Further research is needed to tie the different mechanism in the roots and shoots of

contrasting Hedysarum, Medicago and rice genotypes.
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