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Abstract

Global energy demand has been under intense pressure over the last few years, thus many
research efforts have been made in many countries in order to evaluate and pose sustainable
strategies. Sustainable biomass production by bioenergy crop on non-arable lands can play a
crucial role not only in reducing global Greenhouse gas (GHGs) emission responsible for climate
change but also providing a significant contribution to satisfy the increasing demand of sustainable
energy production without any further risks on food security. The second generation of biofuels,
which comes from living organisms, called bioenergy crops, have been considered better biomass
producers than food crops, in fact they reach higher ethanol yields per unit of cultivated area.
Among them, Arundo donax L. is the most promising species for bioenergy production in the
Mediterranean basin due to its high yield, low input requirements and its capability to grow on
marginal land and in adverse environmental conditions. Although the capability of 4. donax to
withstand a wide range of abiotic stresses condition has been reported worldwide, the investigation
at molecular level is just at the beginning. Considering the impact of soil salinization on
agricultural areas situated in the Mediterranean basin as well as the lack of information about the
molecular mechanism involved in 4. donax response to salt stress, we de novo sequenced,
assembled and analysed the leaf transcriptome of two 4. donax clones (G2 and G34) subjected to
two levels of long-term salt stress treatment (namely, S3 severe and S4 extreme). The picture that
emerges from the identified genes related to salt stress response in G2 is consistent with a dose-
dependent response to salt, it also suggests a deep re-programming of the transcriptomic machinery
in the case of S4 extreme salt stress condition, whereby a dramatic switch from C3 to C4 Calvin
cycle likely occurred. Although 4. donax propagates itself vegetatively by rhizomes and stem
cutting nodes, variation in gene expression between G2 and G34 ecotypes occurred not only in salt
treated but also in untreated samples. Indeed, the severe salt treatment in G34 ecotype resulted in
a lower number of DEGs when compared to the same condition in G2 ecotype, indicating a lower
re-adjusting of the gene expression. Nevertheless, the comparative analysis between S4 (extreme
salt stress) G2 with S3 (severe salt stress) G34 conditions outlines a similar response and suggests
that G34 ecotype tries to deal with stress condition as soon as S3 salt dose is applied. Moreover,
given the ongoing increase of contaminated soils as well as the remarkable resistance of 4. donax
to heavy metals, we carried out a global de novo transcriptomic analysis in leaves and roots of G10
A. donax ecotype subjected to cadmium stress condition. By analysing the differential gene
expression data, clear organ-specific differences emerged leading to the identification of
specifically up-regulated genes in the Cd-treated roots compared to Cd-treated leaves. It is
worthwhile to note that the obtained transcriptomic data indicate that after Cd uptake by plant
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roots, it is likely that only a small portion reaches the upper arial plant parts, since a low number
of DEGs were retrieved in leaf tissue under cadmium treatment indicating a major role of roots in
Cd detoxification. Based on transcriptomic data, the long-term exposure to Cd induced the
expression of signaling molecules devoted to induce a downstream signal cascade activated by the
phytohormone ethylene. In addition, the results showed a strong regulation of oxidative-responsive
genes followed by the induction of transcripts involved in cell wall remodelling and lignification
in Cd-treated roots. The identification of candidate genes involved in salt- and cadmium stress
response constitute an important database resource towards the characterization of the molecular
basis for the high resistance of 4. donax to unfavourable environmental conditions. Many of the
unigenes identified have the potential to be used for improving several important traits and for
developing A. donax varieties with enhanced productivity and tolerance to different environmental
scenarios. In addition, the identified SSRs addressed many challenges to discover molecular
markers suitable for marked-assisted selection (MAS) in the breeding programs, to elucidate the
interspecific phenotypic variation within 4. donax ecotypes. Globally, these results support the
cultivation of 4. donax ecotypes in contaminated soils in order to only to avoid the competition

with food crops but mainly to fulfil the sustainable energy demand.

Keywords and abbreviation:

Bioenergy crops; Poaceae; Arundo donax L.; RNA-Seq; De novo assembly; Giant reed; leaf and
root transcriptome; Salt stress; SSR; Heavy metals; Cadmium.



Sintesi

La domanda globale di fonti di energia sostenibili ¢ fortemente aumentata nel corso degli
ultimi anni. La produzione di biomassa derivante da colture bioenergetiche in suoli non utilizzabili
per le coltivazioni puo giocare un ruolo importante non solo nel ridurre le emissioni di gas a effetto
serra (GHGs) responsabili del cambiamento climatico, ma anche nel soddisfare 1’incremento della
domanda di produzione di energia sostenibile, evitando ulteriori rischi sulla sicurezza alimentare.
I biocombustibili di seconda generazione, i quali derivano dagli organismi viventi noti come
colture bioenergetiche, sono stati considerati migliori produttori di biomassa rispetto alle colture
alimentari, in quanto consentono di ottenere elevate rese di etanolo per unita di area coltivata. Tra
le diverse colture bioenergetiche, Arundo donax L. ¢ la specie vegetale piu promettente nel bacino
del Mediterraneo grazie al suo elevato rendimento in biomassa, al basso fabbisogno nutritivo e
alla sua notevole capacita di crescere in suoli marginali, cosi come in condizioni ambientali
sfavorevoli. Sebbene, la capacita di Arundo donax di tollerare un’ampia varieta di stress abiotici
sia stata riportata in passato, lo studio a livello molecolare della risposta a condizioni ambientali
avverse ¢ in fase iniziale. Considerando I’impatto della salinizzazione dei suoli sulle aree agricole
localizzate nel bacino del Mediterraneo, congiuntamente alla mancanza di informazioni sul
meccanismo molecolare coinvolto nella risposta di A. donax allo stress salino, un’obiettivo di
questa tesi ¢ stato il sequenziamento del trascrittoma fogliare e 1’assemblaggio de novo del
trascrittoma di due ecotipi di 4. donax (G2 e G34) sottoposti a due livelli di stress salino prolungato
(S3, severo e S4, estremo). Il risultato che emerge dall’identificazione dei geni coinvolti nella
risposta allo stress salino nel clone G2 ¢ consistente con una risposta dipendente dalla
concentrazione salina, suggerendo che il trattamento salino estremo (S4) comporta una profonda
riprogrammazione del trascrittoma; in particolare si ¢ osservata una modifica dell’espressione
genica che testimonia la conversione dal ciclo fotosintetico C3 al C4. Sebbene A. donax si
moltiplichi per via vegetativa da rizomi o segmenti di culmi, ¢ stata osservata una differente
espressione genica tra i cloni G2 e G34 non solo in campioni trattati con lo stress salino, ma anche
nei campioni controllo. Difatti, il trattamento salino severo (S3) applicato sull’ecotipo G34 ha
indotto un numero minore di geni differenzialmente espressi rispetto a quelli ottenuti nell’ecotipo
G2 a parita di concentrazione salina. Inoltre, ’analisi comparativa condotta tra I’ecotipo G2
sottoposto al trattamento S4 (stress salino estremo) e I’ecotipo G34 sottoposto al trattamento S3
(stress salino severo) evidenzia una risposta simile, suggerendo che I’ecotipo G34 risponde a
concentrazioni piu basse di stress salino. Inoltre, visto I’incremento crescente di suoli contaminati
da metalli pesanti, ¢ stata effettuata un’analisi trascrittomica globale con assemblaggio de novo sia
in foglia che radice dell’ecotipo G10 sottoposto a trattamento con cadmio. L’analisi dei dati di
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espressione genica ha condotto all’identificazione di geni specificatamente sovra-regolati nelle
radici sottoposte al trattamento con il cadmio rispetto alle foglie. I dati di trascrittomica indicano
che le radici svolgono un ruolo primario nell’interazione con il cadmio anche in funzione del fatto
che solo un ridotto numero di geni differenzialmente espressi € stato riscontrato nel tessuto fogliare
sottoposto al trattamento del cadmio. Inoltre, I’esposizione prolungata al metallo pesamte ha
indotto nelle radici I’espressione di molecole segnale indirizzate ad attivare la via di segnalazione
a cascata dell’etilene, di geni coinvolti nello stress ossidativo e nel rimodellamento e lignificazione
della parte cellulare. L’identificazione di geni candidati coinvolti nella risposta allo stress salino
e da cadmio costituisce un importante risorsa per la caratterizzazione delle basi molecolari della
risposta di A. donax a condizioni ambientali sfavorevoli. Molti dei geni identificati potranno essere
utilizzati per lo sviluppo di varietd di A. donax caratterizzate da una maggiore produttivita e
tolleranza agli stress. Infine, i marcatori microsatelliti SSR identificati in questo lavoro di tesi sono
ideali per la selezione assistita da marcatori (MAS) in programmi di breeding e possono fare luce

sulla variabilita fenotipica intraspecifica all’interno degli ecotipi della specie 4. donax.

Parole chiave e abbreviazioni:

Colture bioenergetiche; Poaceae; Arundo donax L.; RNA-Seq, assemblaggio De novo,; Giant reed;

transcrittoma fogliare e radicale; stress salino; SSR; metalli pesanti; cadmio.



Affiliation:

- Department of Agriculture, Food and Environment, University of Catania, via Santa Sofia
98, 95123 Catania (Italy).

- Institute for Plant Molecular and Cell Biology (IBMCP), Consejo Superior de
Investigaciones Cientificas (CSIC), Universidad Politécnica de Valencia (UPV), Camino
de Vera s/n, 46022 Valencia (Spain).

A period of 7 months was conducted in IBMCP, Valencia, under the supervision of Doctor Diego
Vicente Orzaez Calatayud.

10



Thesis structure

The thesis was organized as follows:

- Firstly, a comprehensive scientific literature was thoroughly analysed and designed
so as to provide an appropriate background information (Introduction). In particular,
we focused on different topics related to the use of perennial grasses as biomass source
for bioenergy production, especially in salty and contaminated soil. Notably, a pertitent
knowledge of the molecular basis of the response to salinity and cadmium stress was
discussed, aimed at ensuring sustainable biomass production on marginal lands.
Afterwards, we covered the use of transcriptomic approaches, focusing mainly on RNA
Sequencing (RNA-Seq) tool, in order to enlace and characterize the mechanisms by
which plants growth and respond to environmental stresses.

- Secondly, the thesis was organised in three manuscripts (two already published and
one submitted to BMC Genomics): the first manuscript concerns the transcriptional
dynamics of G2 Arundo donax L. ecotype subjected to severe and extreme, long-term
salt treatments by unigene-based RNA- The second one reports the results of an
experiment conducted by using a dwarf G34 A. donax ecotype under severe salt stress
condition. The third manuscript relies on the global leaf and root transcriptomic
response to cadmium exposure.

- Finally, the main findings are reported in the “General conclusions”
section, pointing out how the identification of several genes differentially regulated in
both salt and cadmium conditions might be usefull markes for obtaining 4. donax
ecotypes with improved lignocellulosic biomass production and both salt and cadmium

tolerance.
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INTRODUCTION

1. Bioenergy as a new alternative renewable energy source

1.1  Global warming, energy crisis and new sustainable energy sources

During the past few centuries, climate change has become one of the most important
environmental problem, due to the ongoing Greenhouse Gas Emission (GHGs) into the
atmosphere. The use of fossil fuels and the rise of deforestation have increased the GHG
concentrations and all of these events are leading to a worldwide climate crisis (IPCC, 2020).
Moreover, both industrialization and demographic growth are intensifying the land use demand,
which in turn increases the GHG emissions. Recently, it was reported that human population may
grow to reach 9.7 billion of people by 2050 (ONU, 2019). Hence, a considerable increase in global
crop production is required to satisfy the human requirements along with the reduction of its
environmental impact (Hunter et al., 2017). Mitigation strategies are needed to reduce the negative
effects on environment as well as to ensure food security and energy demands. The energy demand
was partially met in the 20" century by using fossil fuels from organic origin, such as coal and a
natural gas, which represents a non-renewable energy source. Nevertheless, the large use of fossil
fuels has caused the major environmental threats, including air and water pollutions, acidification
of rainfalls and global warming. Global warming caused by GHG accumulation, is leading to the
melting of glaciers, desertification or flooding in many regions all over the world. Therefore, many
challenges must be planned to deal with the aforementioned issues in the next years (Brennan
and Owende, 2010; Castelli, 2011; Yusuf et al., 2011; Aguirre et al., 2013; Gupta and Verma,
2015). Because of the depletion of non-renewable sources, an increasing on the prices of the raw
materials is expected, posing a much more concerns on the security of raw material supplies. Since
the use of fossil fuels is becoming unsustainable from an environmental, economic, and political
point of view, new breakthroughs are focusing on the use of alternative energy sources. Over the
past few years, conferences on climate change have taken place to investigate the upcoming threats
in order to choose the best solutions to face these issues. Besides, the main subject covered during
these conferences relied on new ways for balancing the greenhouse gas concentrations into the
atmosphere, in order to forestall its negative consequences with the implementation of natural
tasks, addressed to enhance of the greenhouse gas sinks (Fawzy et al., 2020). At the beginning, the
Kyoto protocol was launched to encourage the developed countries to reduce the GHG emissions,
in a period between 2008 and to 2012, using clean development mechanisms (Ki-moon, 2008).
Unfortunately, the protocol did not achieve the undertaken commitments. Subsequently in 2016,

during the 21% conference of the parties (COP21), the Paris agreement has been accepted and
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ratified in the same year by all parties (United Nations, 2015), aimed on the restriction of the global
average temperature to 1.5°C. The Paris agreement has posed such obligations for the participating
country to enhance the investment on sustainable resources as well as to bring up suitable
measurements for vulnerable countries. Since then, many countries have begun to address new
energetic policies based on the use of alternative energetic sources which are sustainable from an
environmental and economic point of view. In particular, a wide range of different breakthroughs
has emerged, ranging from decarbonization techniques to renewable fuels (Ricke et al., 2017,
Victor et al., 2018; Bataille et al., 2018; Mathy et al., 2018; Bustreo et al., 2019). The most
prominent technologies are based on photovoltaic solar power, solar thermal power, onshore and
offshore wind power, hydropower, marine power, geothermal power, biomass power and biofuels
(Mathy et al., 2018; REN21, 2019; Hussain et al., 2017; Ostergaard et al., 2020; Shivakumar et
al., 2019; Gude and Martinez-Guerra, 2018; Akalin et al., 2017; Srivastava et al., 2017). According
to the last recorded data the renewable resources account for 26.2 % of the global energy
production, of which the hydropower energy represents 15.8 %, wind power 5.5 %, photovoltaic
solar power 2.4 %, biopower 2.2 %, whereas geothermal, concentrate solar power and marine
power represent about 0.4 % (REN21, 2019). Decarbonization based on the use of renewable
resources plays a fundamental role in overcoming the global climate change crisis and meet the
energy demand, as well. In this framework, the policy choice assumes an important aspect in
promote renewable energy technology innovation. Pitelis et al. (2020) evaluated the effect of each
policy instruments on technology innovation of the different renewable energy technologies (solar,
wind, biomass, geothermal and hydrothermal) for a period between 1994 - 2014. The study
reported that the policymaker’s programmes are more effective in promoting renewable energy
technologies compared to alternative policy types. European (EU) countries have just enhanced
the use of renewable energy in order to increase the bioenergy production (Marques et al., 2018).
Therefore, the Directive 2009/28/EC allowed the EU countries to coordinate the actions for
ensuring a self-sufficiency energy supply by enhancing the use of renewable energy resources
(European Commission, 2015; Scarlat et al., 2015). In addition, the Life Cycle Assessment (LCA)
has been launched as reference platform to assess the environmental contribution of several
renewable energy sources (Fazio and Monti, 2011; Buonocore et al., 2015; Roder and Thornley,
2018). According to LCA studies, many environmental benefits are based on the use of biomass
as bioenergy sources to reduce the GHG emissions and achieve a suitable energy balance (Muench
and Guenther, 2013; Roos and Ahlgren, 2018). Biomass is defined as any substance of organic
origin, derived from living organisms, plants or animals, which has not undergone any fossilization

process. Biomass has a ubiquitous applications (Castelli, 2011; Brennan and Owende, 2010; Ho
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et al., 2014; Guo et al., 2015; Gupta and Verma, 2015; Sarsekeyeva et al., 2015), since it can be
used to produce thermal and electrical energy by its direct combustion; other ways of energy
production concern the use of biomass to produce various kind of fuels, liquids, solids, and gases,
which in turn might be used to obtain heat, electricity, chemical substances, and biofuels in
transport sector. Furthermore, biomass and waste may be accounting for over 70 % of all
renewable energy which pull a significant contribution to the final energy production than coal
(IEA, 2017). The use of biomass as feedstock for energy production has been seen as an
opportunity to reach out the energy demand and promoting the rural development (Fernando A. L.
et al., 2015). According to European commission (European Commission, 2014), the raising use
of biomass as energy source enhances Europe’s energy supply as well as the development of new
jobs. The main biofuel producing country is the United States (46 % of global production) followed
by Brazil 46% and EU 26 % of global production. The bioenergy sources are mainly used on the
heat sector (27 % of global production), though the production of electricity and biofuels comes
from by biomass that are growing faster and faster (REN21, 2018). Biomass is a suitable energy
source dedicated to bioenergy production, because it does not rise the CO2 concentration in the
atmosphere (Pires, 2019; Dowling and Venki, 2018). The amount of CO> emitted upon its
combustion corresponds to that absorbed by photosynthetic activity during plant growth, which is
returned to the atmosphere, rendering it available again for photosynthesis processes. The
sustainability of bioenergy production and its widespread use are threated because of the
environmental, economic and social issues (Jin and Sutherland 2018). As regards the nature of
biomass used for energy production, we can classify biofuels as first, second, third and fourth
generation of biofuels which are based on the synthetic biology (Gressel, 2008; Baeyens et al.
2015; Aro, 2016). The first generation of biofuels is based on the use of crop species characterized
by high content of sugar and starch for bioethanol production, such as sugar cane, sugar beet, sweet
sorghum, or cereals, tubers and roots, and oilseeds like rapeseed and soybean for biodiesel
production (Ho et al., 2014). Taha (2016) reported that the production of first-generation of
biofuels does not satisfy the total energy demand required by the transport sector. Thereby, many
doubts have been arisen about their sustainability to substitute the use of fossil fuels, considering
also their impact in food supply and prices (Hill et al., 2006; Gressel, 2008; Deenanath et al., 2012;
Ho et al., 2014; Aro, 2016), Hence, a considerable amount of cereal and vegetable oils should be
used for biofuels production by sequestering lands for bioenergy scope. Thus, energy and food
production coming from first-generation of biofuels are in constant competition for soil destination
and resources, opening new questions about their effective sustainability usage (Hasegawa et al.,

2020). To avoid these competitions and guarantee an adequate food and energy security, second
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generation of biofuels derived from lignocellulosic crops has become a promising strategy in
sustainable energy production (Souza et al., 2017). Second generation of biofuels comes from
organic compounds, has not to be intended for food supply, in fact their use does not have any

effect on the agri-food field.
1.2 The use of bioenergy crops in marginal lands

Since cellulosic feedstocks cannot be produced on arable lands because of both
environmental and economic issues, a suitable strategy is to grow them on marginal lands,
overcoming competition with the cultivation of food crops. According to Tang et al. (2010),
various kinds of lands are unproductive or inadequate for food crop cultivation due to poor soil
proprieties, bad quality of underground water, drought undesired topology and unfavourable pedo-
climatic conditions. Marginal lands include brownfields (Smith et al., 2013), previously
contaminated lands, and/or affected by diffused contamination, fallow agricultural land because
of unfavourable crop cultivation conditions, degraded lands (Tilman et al., 2006), or landfills
previously used to dispose-off city waste (Nixon et al., 2001). The application of marginal lands
for cellulosic crops might potentially avoid many drawbacks associated with biofuel production
using cropland (Skevas et al., 2014). Moreover, benefits of using cellulosic biomass on marginal
lands rely on the less need of fertilizers and pesticides coupled with mitigation of water pollution
and GHG emissions (Hill et al., 2006; Robertson et al., 2008). The use of marginal lands can shed
new light on the cultivation of crop species, to produce biomass feedstock in order to reduce the
impacts on agri-food chain (Cai et al., 2011; Campbell et al., 2008; Liu et al., 2011; Skevas et al.,
2014). Therefore, the selection of suitable cellulosic crops produced on marginal lands (Lord,
2015) could be a viable choice, reducing negative competition between fuel and food as well as
environmental threats (Qin et al., 2011). Lignocellulosic crops have the peculiarity to grow and
produce high biomass yield on marginal land, owing their high capability to withstand in case of
low water and nutrients as well as their better water use efficiency (Hill et al., 2006; Heaton et al.,
2008; Fargione et al., 2010). Biogas is produced from dedicated lignocellulosic crops, manure, or
waste by the anaerobic digestion process (Weiland, 2010). Many studies outlined as the production
and combustion of biogas for heat and electricity production has a significant carbon mitigation
potential and can replace the use of fossil fuels (Lansche and Miiller, 2012; Rehl et al., 2012;
Wagner et al., 2019). In Germany, over 18 million tonnes of GHG emissions have not been emitted
due to the use of biogas derived from dedicate bioenergy crops (FNR, 2017). Perennial grasses are
lignocellulosic rhizomatous crops, which are suitable substitute of fossil fuels to produce paper

pulp, fibreboards, and composites as well (Alexopoulou et al., 2018). The Switchgrass (Panicum
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virgatum), Miscanthus (Miscanthus sinensis x giganteus) and giant reed (Arundo donax L.) are the
most promising candidate bioenergy crops in the United States and European Union (Ho et al.,
2014). For this purpose, the Optimization of Perennial Grasses for Biomass Production (OPTIMA)
project has been launched to assess the potential use of perennial grasses on marginal land in
Mediterranean basin (Monti and Cosentino, 2015). Growing perennial grasses on marginal lands
in Mediterranean basin has allowed to reduce the leaching of heavy metals into the groundwater,
enhancing carbon sequestration from soils and slow down the GHG concentration, providing a
potential benefits for climate change related-issues (Lal, 2006; Curley et al., 2009; Dabney et al.,
2009; Blanco-Canqui et al., 2010; Feng et al., 2015; Gessesse et al., 2015; Monti and Cosentino,
2015). The global energy analysis estimated that in year 2030 global energy demand will be
provided by the cultivation of bioenergy crops on non-arable lands (Metzger and Hiittermann,
2009; Skevas et al., 2014). It has been estimated that the bioenergy potentials by using marginal
lands ranging from ~30 to 1000 Extra-joule (EJ; 1 EJ = 1018 J) per year of primary energy (Haberl
etal., 2011; Hoogwijk et al., 2005; Smeets et al., 2007).

1.3 Giant reed (Arundo donax L.): a promising suitable bioenergy crop

Among the different crop species dedicated to energy production, Arundo donax L. also
known as giant reed or giant cane, is one of the most promising bioenergy crops along with
Phalaris arundinacea, Miscanthus and Switchgrass (Lewandowski et al., 2003; Soldatos, 2015).
Arundo donax L. is a plant that grows spontaneously in different kinds of environments and that it
is widespread in temperate and hot zones all over the world (Corno et al., 2014). A. donax belongs
to the Poaceae family, tribe of Arundinaceae as many other species, including Arundo plinii Turra,
Arundo collina Tenore, Arundo mediterranea Danin and other ornamental species (Mariani et al.
2010). A. donax is a hydrophyte plant able to grow in soil rich water, especially near channels,
rivers, lakes, ponds, and marshes, where it shows the maximum biomass yield. Arundo donax is
an octadecaploid perennial grass (2n = 18x = 108 — 110), with a C3 photosynthetic cycle, complete
sterility due to early failure of both male and female gametophytes during germination (Balogh et
al., 2012; Hardion et al., 2015). Despite to owing a C3 photosynthetic Calvin Cycle, its
photosynthetic efficiency is comparable to a C4 photosynthetic cycle (Castiglia et al., 2016;
Webster et al., 2016). Although, giant reed propagates itself vegetatively by rhizomes or stem
cutting nodes, such a genetic plasticity can occur to increase the likelihood of build-up
chromosomal mutations. A simple hypothesis to explain the formation of the 2n= 108 — 110 is
based on the fusion of reduced (n = 36) and unreduced (n = 72) gametes from fertile progenitors

(2n = 72), such as A. donax plinii (Bucci et al. 2013; Hardion et al. 2012). Several varieties of 4.
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donax has been well characterized, sometimes with putatively lower chromosome numbers, like
A. donax var. macrophylla (2n = 40), which having large glaucous leaves and shorter culms
(Lewandowski et al., 2003). The extraordinary vigour of 4. donax does not seem to be explained
along by its polyploid level, since several traits like plant height and rhizome size are only partially
correlated with chromosome numbers within the genus (Hardion et al., 2012). Even though there
was a debated about the origin of the giant reed species, and the latest evidences from genetic
studies indicates that 4. donax geographically originated in easter Asia, from where it spread all
around the world by human activities (Hardion et al., 2014). 4. donax propagates itself
vegetatively, and thus a low genetic diversity is expected. Nonetheless, hereditable phenotypic
differences among clones have been reported, which may be explored to improve several plant
traits, such as number of culms, culm diameter and height (Cosentino et al. 2006; Pilu et al. 2014).
Considering the aboveground part of plant, average biomass production is roughly 15.5 kg dry
matter (DM) m (Giessow et al., 2011). The adaptability of A. donax to grow in different kind of
environmental, soils and growing conditions confers to 4. donax many advantages compared to
other energy crops, making this plant suitable for marginal and abandoned lands (Lewandowski et
al., 2003). Initially, it was observed that 4. donax could withstand either soils characterized by the
lack of water or water-saturated soils (Lewandowski et al., 2003). Nevertheless, it was recently
demonstrated that 4. donax is very sensitive to water deficiency (Haworth et al. 2017a; Pompeiano
et al. 2017; Zegada et al., 2020) because of the physiological parameter reduction (Mann et al.
2013; Haworth et al. 2017b) and biomass yield under water stress. By contrast, a huge body of
evidences showed the ability of A. donax to tolerate high salt concentrations and to maintain high
yield in terms of biomass production (Williams et al., 2008; Sanchez et al., 2015; De Stefano et
al., 2017). The physiological responses to salinity (NaCl) has been evaluated across a range of
salinities (0-42 dS m™") (Nackley and Kim 2015) showing a 50 % reduction at 11 dS m™'salinity
concentration. A classic growth analysis showed > 80% reduction in overall growth at the highest
salt concentration, and the plants at 40 dS m™! grew without chlorosis, maintaining net assimilation
rates of 7-12 pmol m™ s™!, confirming that 4. donax is a halophyte plant (Williams et al. 2009;
Quinn et al. 2015). The capability of A. donax to grow in different environments has also been
verified in urban wastewater (Mandi and Abissy, 2000), aqueous solutions from industrial
processes (Zhang et al., 2008), and in wastewater containing organic wastes (Sudha and Vasudeva,
2009). Lately, A. donax has been proposed as species to be employed for phytoremediation
(Fernando et al. 2016) owing its ability to accumulate and tolerate high doses of heavy metals,
such as Ni, Cd and As (Papazoglou et al. 2005, 2007; Mirza et al. 2011; Sabeen et al. 2013). Given

that energy crops could be cultivated in marginal or degraded soils, so as not to compete with food

17



crops, the high yield in dry matter per hectare, low input requirements and its tolerance, render A.

donax a promising bioenergy crop on soil not suitable for conventional crop cultivation.

2 Plant and abiotic stress response

2.1  Salt stress: a huge threat for plant growth and crop productivity

Abiotic stress represents the main cause of losses in agricultural crop production, dipping
average yields for most major crops by more than 50 % (Bray et al., 2000; Wang et al., 2003; Wani
etal., 2016). In Mediterranean basin, the major abiotic stresses that affect crop production include
water scarcity, salt-contaminated soils, and polluted area. Salinity is one of the most important
global threat which negatively affects crop productivity worldwide (Flowers 2004; Munns and
Tester 2008; B. Gupta and Huang 2014). Salt affected soil depend mainly on the balance between
the evaporation and precipitation, leading to increase or decrease in salt content, respectively. Arid
and semi-arid areas are marked by high salinity because the rate of evaporation far exceeds the
rate of precipitation; in addition, these soils have been heavily irrigated by brackish water.
Therefore, a huge loss in terms of arable land and productivity occurred because most of the crop
species are very sensitive to soil salinity. The standard method used to established the salinity of
soil relies on the measurements of the electrical conductivity of saturated paste extracts (EC.)
(McGeorge 1954). The EC. indicator stimulates a naturally occurring state of the soil solution in
terms of the osmotic component of the water potential. According to the U.S. Salinity Lab.
Riverside guidelines, saline soils are those whose ECe value in the root zone is greater than 4 dS
m! at 25°C and having an exchangeable Na* level of 15% (Shrivastava & Kumar, 2014). Crops
like wheat and maize showed a 10% yield decrease at soil EC. of 2.5 or 7.2 dS m™!, whereas a
yield decrease of 50% occurs at EC. levels of 5.5 or 13 dS m™! (Panta et al., 2014). This reference
value was widely adopted because most often vegetable crops have a very low salinity threshold
equal to 2.5 dS m™! (Snapp et al., 1991). Salinity impairs plant growth and development via the
following mechanisms: firstly, excessive salinity reduces soil water potential, thus impacting on
plant water uptake and resulting in water deficiency and osmotic stress; subsequently, Na* and CI°
ions are toxic to plant cells, causing reduced photosynthesis, oxidative damage due to the
generation of reactive oxygen species, nutritional imbalance and metabolic changes (Tsugane et
al 1999; Hasegawa et al. 2000; Isayenkov, 2012; Negrao et al. 2017; Isayenkov and Maathius,
2019). Salinity affects plants by two main process: an ion-independent growth reduction, which
takes place within minutes to days, causes stomatal closure and inhibition of cell expansion
(Munns and Termaat, 1986; Rajendran et al., 2009); the second one takes place over days or weeks,

and pertains to the accumulation of cytotoxic ion levels, which in turn slow-down metabolic
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processes, causing a premature senescence, and finally cell death (Munns and Tester, 2008; Roy

etal., 2014).
2.2 Mechanisms of salt stress response in plants

Plants develop several physiological, biochemical, and molecular responses to overcome
and survive in salt-affected lands, including ion homeostasis and compartmentalization, ion
transport and uptake, biosynthesis of osmoprotectants and compatible solutes, activation of
antioxidant enzymes and synthesis of antioxidant compounds, synthesis of polyamines, generation
of nitric oxide (NO) and hormone modulation (B. Gupta and Huang 2014). Salinity tolerance is a
complex feature orchestrated by several genes involved in osmoregulation, exclusion of toxic ions
and tissue tolerance which are controlled by different pathways (DeRose-Wilson and Gaut, 2011).
Moreover, in leaf of sensitive plants, photosynthesis efficiency is inhibited which in turn the
photosynthetic electron transport turns over-reduced in the light and reactive oxygen species
(ROS) are accumulated (Miller et al., 2010). In addition, mitochondrial respiration is perturbed
thus further enhancing the ROS production in respiratory electron transport (Jacoby et al., 2010).
Moreover, rates of photorespiration increase due to stomatal closure and CO; concentration drops
which in turn increases ROS levels (Voss et al., 2013). Both salt tolerance and sensitivity of a
specific crop is based on its capability to extract water and nutrients from saline lands and to avoid
excessive tissue accumulation of salt ions (Ahmad et al., 2017; Kaleem et al., 2018). Osmotic
tolerance begins immediately and pertains a quickly decrease in stomatal conductance to regulate
the water status by long-distance root-to-shoot signalling transduction mechanisms (Ismail et al.
2007; Maischak et al. 2010; Roy et al. 2014). Early components of salt sensing could be related to
membrane depolarization and Ca" signals as immediate responses. Ca®" signals play a key role in
root-to-shoot signalling transduction processes in case of salt stress condition (Choi et al. 2014).
It has been demonstrated that the increasing of NaCl causes a rapid rise of Ca** content in the
cytosol (Knight et al., 1997), which subsequently regulates the upstream component of the
Reactive Oxygen Species (ROS). A key component of osmotic homeostasis and salinity tolerance
is the Salt Overly Sensitive (SOS) signaling pathway (Liu and Zhu 1998; Hasegawa et al. 2000;
Ishitani et al. 2000; Qiu et al., 2002; Yang et al., 2009; Gupta and Huang 2014). Under salt stress,
the protein kinases SOS2 and SOS3 activate a Ca’"-dependent signalling cascade, which promotes
Na" efflux from the cells by SOS1 (Na'/H" antiporter) as well as abscisic acid (ABA) signalling
involved in root to shoot communication of salinity stress (Munns and Tester 2008; Zhu, 2016).
Additionally, salt tolerance mechanism is mediated by high-affinity plasma membrane K* channel

(HKT), which alleviates Na" toxicity by promoting Na* efflux and K" uptake in the cytoplasm
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(Davenport et al. 2007; Kobayashi et al. 2017). Excessive Na" levels disturb the uptake of cationic
nutrients such as K™ (Wakeel et al., 2011; Zorb et al., 2014) or Ca*" (Ehret et al., 1990; Gardner,
2016), leading to nutrient imbalance. So as to avoid the negative consequences trigged by Na" ions
on cell metabolism, they are also directed to the cell vacuole by the tonoplast Na*/H" antiporter
(NHX), whose activity is positively regulated by SOS2 protein. Indeed, several members of NHX
family show specific role as H/K" exchangers, thus contributing to equilibrate higher level of
cytosolic K™ ions and to preserve K-dependent metabolic processes, including protein synthesis
(Moller et al, 2009). To ameliorate the detrimental effects of salinity, osmotic adjustment via the
accumulation of compatible solutes permits the maintenance of turgor, because it can counteract
the effects of a rapid decline in leaf water potential (Hussain Wani et al. 2013). Many plant species
accumulate significant amounts of proline (Poustini et al., 2017; Gharsallah et al., 2016), glycine
betaine (Khan and Stone 2007; Wang and Nii 2000), sugars (Kerepesi and Galiba 2000), and
polyols (Dopp et al., 1985; Saxena et al., 2013). To reinforce this state, it has been reported a
positively correlations between the accumulation of glycine betaine and proline with salinity
tolerance (Hare and Cress, 1997; Meloni et al., 2001). Proline accumulation is a well know strategy
adopted by plants to overcome salinity stress (Matysik et al. 2002; Saxena et al., 2013).
Intracellular proline accumulation during salinity stress exposure not only provides tolerance
towards stress but also serves as an organic nitrogen reserve during stress recovery. Accumulation
of soluble carbohydrates play an important role in maintaining an adequate osmotic regulation,
such as sugars (e.g., glucose, fructose and trehalose) and starch in case of salt stress condition
(Parida et al., 2004). Besides, stress signals activate ABA-dependent and ABA-independent
transcription factors (TFs), such as bZIP, WRKY, AP2, NAC, C2H2 zinc finger gene, and
Dehydration-Responsive Element Binding (DREB) families, which are well known to control the
expression of a broad range of target genes by binding to the specific cis-acting element in their
promoter regions (Golldack et al. 2014). These TFs assist the above-reported pathways and
orchestrate a signalling transduction cascade tightly linked to cell metabolism and strengthen the
tolerance to salinity because of the accumulation of antioxidant enzymes (Sairam and Tyagi, 2004;
Gill and Tuteja, 2010). Furthermore, salt stress leads to the accumulation of Reactive Oxygen
Species (ROS), such as Oz, *OH, *O;" and H,O; (Mittler, 2002), which cause cell integrity damage
and lipid peroxidation. To cope with these toxic compounds, plants have developed both a robust
antioxidant defences though enzymatic reactions, including superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPX), ascorbate peroxidase (APX) and glutathione reductase
(GR), and the accumulation of non-enzymatic compounds, such as ascorbic acid, glutathione

regenerated by glutathione reductase, and polyphenolic compounds (Gupta et al., 2005). Several
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results suggested the participation of polyamines in providing tolerance against several abiotic
stress conditions, including salinity through different mechanisms (Gupta et al., 2013; Groppa and
Benavides 2008). Intracellular polyamine level is regulated by polyamine catabolism by amine
oxidases which include copper binding diamine oxidases and FAD binding polyamine oxidases,
whose gene expression levels were associated to salinity tolerance (Cona et al. 2006; Takahashi
and Kakehi 2010) probably by stabilizing the photosynthetic apparatus (Shu et al., 2012). Because
salinity stress leads to water deprivation in soils, the osmotic stress increases the abscisic acid
(ABA) content to ameliorate the negative effect of salinity condition. The positive correlation
between high ABA levels and salinity tolerance has been partially assigned to the rises of K*, Ca*
and compatible solutes, such as proline and sugars in vacuole of roots, which compete with Na*
and CI" uptake (Chen et al. 2001a; Gurmani et al. 2011). Indeed, the participation of
brassinosteroids (Cui et al., 2012), salicylic acid and ethylene in tuning ion uptake, antioxidant
defence and concomitant gene expression (Jayakannan et al., 2015; Zhang et al., 2015) has been
associated to the reshaping of the plant response to salt condition. Moreover, salicylic acid
promotes plant resilience by improving photosynthesis, osmotic homeostasis, induction of
compatible osmolytes metabolism, and alleviating membrane damage (Mimouni et al. 2016).
Notably, brassinosteroids enhanced the activity of antioxidant enzymes (SOD, POX, APX and
GPX) and non-enzymatic antioxidant compounds (tocopherol, ascorbate, and reduced glutathione)

to mitigate the harmful effects of salt stress (EI-Mashad and Mohamed 2012).
2.3 Contaminated soil: traversing the effects of heavy metal stress on plant

Although heavy metals occur naturally as trace components of the earth’s crust at various
level (Frausto da Silva and Williams 2001), the problems arise when they are released in excess
into the environment due to natural and/or anthropogenic activities (Singh et al. 2016). Soil
contaminated by heavy metals (HMs) are growing worldwide due to the anthropic activities, such
as mining, motorized transport and industry (Nagajyoti et al, 2010; Tchounwou et al., 2012). Many
areas of lands have been contaminated with heavy metals because of the use of pesticides,
fertilizers, municipal and compost wastes coupled with the release from smelting industries and
metalliferous mines (Yang et al., 2015). Elements belonging to the d-block have been categorized
as “heavy metals” based on their density (>5 g/cm?) (Jarup, 2003). Some of these elements (e.g.,
Cu, Mn, Ni, Zn, Fe) are essential nutrients for the majority of organism, while others, such as Cd,
Hg, Pb and As, lack of any biological function and are toxic even at low concentrations
(Tchounwou et al., 2012). HMs at elevated concentration produce severe toxicity symptoms in

plants, including low biomass accumulation, chlorosis, inhibition of growth and photosynthesis,
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both altered water balance and nutrient assimilation, and senescence (Janicka-Russak et al., 2008;
2010; DalCorso et al., 2013; Farias et al., 2013; Fidalgo et al., 2013). The roots of plants represent
the first organ that encounter with heavy metals, and thus they have been widely studied to evaluate
the impact of these stressors. Firstly, a decrease in mitotic activity has been observed in several
plant species as soon as they were subjected to heavy metal exposure which resulted in an inhibited
root growth (Doncheva et al., 2005; Sundaramoorthy et al., 2010; Hossain et al., 2012).
Subsequently, HM stress alters water and nutrient absorption by roots thus affecting their transport
to the aboveground parts, affecting shoot growth and ultimately decreasing biomass accumulation
(Singh et al. 2016). At cellular and molecular levels, heavy metal toxicity affects plant in several
ways. For instance, it alters key physiological and biochemical processes, such as seed
germination, pigment synthesis, photosynthesis, gas exchanges, respiration, it causes inactivation
and denaturation of enzymes, it blocks functional groups of metabolically fundamental molecules,
hormonal balance, nutrient assimilation, protein synthesis, and DNA replication (Nagajyoti et a.,

2010; Yadav, 2010; Keunen et al., 2011; Hossain et al., 2012; Wani et al., 2012).
2.4 Physiological and molecular responses to cadmium stress

Due to the rapid industrialization and urbanization along with the extensive use of fertilizers
and pesticides in agriculture, the concentration of Cd**, one of the most toxic non-essential heavy
metals, increased in the soil (Huang et al. 2018). Cd represents one of the most studied HMs
because of the lack of any biological function, high toxicity even at low concentration and its
widespread in soils worldwide (Tchounwou et al. 2012; Mahar et al., 2020). Uptake of Cd*" from
the rhizosphere into the cells is derived by the activity of plasma membrane transporters necessary
for the transport of essential metal ions, especially Mn and Fe (Redjala et al., 2009; Sasaki et al.
2012; Uraguchi and Fujiwara 2013). Cd*" exerts toxicity by at least three mechanisms: (i)
displacing of fundamental bivalent cations (e.g. Zn**, and Fe*") from their binding sites or blocking
functional groups which leads to inactivation of biomolecules (Stohs and Bagchi 1995); (ii)
inducing a cascade of aberrant reactions triggered by the oxidative stress because of the production
of reactive oxygen species (ROS) (Vanhoudt et al. 2010); (iii) binding to protein with thiol group
which disrupts enzyme activity (Yadav 2010). Plants respond to Cd exposure via a different range
of mechanisms, including sensing of external stress stimuli, signal transduction and transmission
of a signal into the cell. They activate an appropriate measure to counterbalance the negative
consequences of stress stimuli by modulating the physiological, biochemical, and molecular status
of the cell as well as Cd accumulation. Considering metallophytes or hyperaccumulator plants,

roots allow the transportation of HMs to the aboveground part of the plant for sequestration into
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the vacuoles, rendering them inactive and thus non-reactive (Singh et al. 2016). Generally,
different genes are induced in response to stress, which can be broadly divided in early and late
induced genes. The early responsive genes are activated as soon as the stress signals are perceived
by plants, whilst late induced genes are activated more slowly, i.e., after hours of stress perception
showing a stable long-term expression level. Early genes encode for the transcription factors which
activate the delayed stress responsive genes (Mahajan and Tuteja 2005). In many crops, the early
signal of metal toxicity is known to be similar to other environmental stresses, like osmotic or
dehydration stress, oxidative stress and nutrient imbalance (Yadav, 2010; Rucinska-Sobkowiak,
2016). The genes that generally get regulated in the context of heavy metal stress include those
genes for metal chelators and transporters (Singh et al., 2015). Several signal transduction units
operate in response to Cd through different signaling pathways, acting in response to different
species and concentrations of metals. Mitogen-activated protein kinases (MAPKs) are well known
to be activated by perception of specific metal ligand, and by ROS molecules produced in response
to metal stress (Jonak et al., 2004; Smeets et al., 2013; Jalmi and Sinha, 2015). Since the
physiochemical proprieties of Cd ions are very similar to that of calcium (Choong et al., 2014), an
exchangeability of the two ions in Ca®" binding proteins might occur, indicating the possibility of
Cd uptake through receptor or voltage-gated Ca®>" channels. Plants exposed to cadmium show a
higher level of intracellular Ca®*, triggering adaptive mechanisms in order to mitigate the toxic
effects of the heavy metal (Yang and Poovaiah, 2003) by maintaining auxin homeostasis,
indicating a cross-talk between signaling pathways so as to cope with its exposure (Zhao et al.,
2015). Cd sensing occurs through several signals, such as plant hormone, ROS, nitric oxide and
hydrogen sulfide that are immediately transmitted to target TFs via signaling pathways
(Chmielowska-Bak et al. 2014; Islam et al., 2015). Various TF families, including WRKY, HSF,
AP2/ERF, C2H2, MYB, bZIP, DREB/CBF, NAC, bHLH and bZIP resulted regulated by Cd
treatment (Shim et al., 2009; Wu et al., 2012; Gao et al., 2013; Zhang et al., 2019), which in turn
can regulated stress-responsive genes networks, eliciting the response to heavy metal. Several
studies have showed that HMs enhance ROS accumulation, and hence, a considerable increase in
the activities of SOD, CAT, and APX was observed (Bharwana et al., 2013; Bashri and Prasad,
2015). Additionally, Cd accumulation-related molecules, including many transporters (e.g., IRT,
ZI1P, HMA, ABCC, YSL and NRAMP), chelators (e.g., GSH, PCs, MTs amino acids and organic
acids), and genes related to the biosynthesis of these molecules were putatively characterized in
Arabidopsis thaliana, Oryza sativa and other species (Luo et al. 2016; Fan et al. 2018). Pena et al.
(2012) have reported that Cd toxicity affects the cell cycle G1/S transition and progression through

S phase via decreased expression of a cyclin-dependent kinase (CDK). Furthermore, Cd stress
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decreases CO; assimilation by either diminishing the RUBP carboxylase activity as Cd ions affects
the reductant pool for reduction reactions, or by reacting with thiol group of Rubisco (Ferretti et
al., 1993; Siborova, 1988). Furthermore, Cd affects the permeability of plasma membrane, and
hence interferes with the nitrogen metabolism by inhibiting nitrate uptake and transport, nitrate
reductase, and glutamine synthase activity (Herndndez et al., 1997). Amino acids, particularly
proline and histidine, and their derivatives have been reported to chelate metal ions in cells as well
as in the xylem sap to enhance metal tolerance (Rai, 2002; Sharma and Dietz, 2006). Increased
activity of enzymes involved in the biosynthesis of phenolic compounds under Cd stress has been
correlated with the high tendency to chelate metals due to the presence of hydroxyl and carboxyl
groups which bind to metal ions (Jun et al., 2003). The stimulation of CHS (chalcone synthase)
and PAL (phenylalanine ammonia-lyase) activities has been reported in several plants exposed to
Cd ions (Sobkowiak and Deckert, 2006; Kovacik and Klejdus, 2008; Pawlak-Sprada et al., 2011).
Generally, plants respond to Cd stress by chelating and sequestering them in the vacuoles, serving
as temporary storage of essential as well as toxic metabolites (Verbruggen et al., 2009; Mendoza-
Cozatl et al., 2011). The transport of heavy metals inside the vacuole is performed by transporters
localized in the parenchyma cells of xylem and companion cells of phloem. Cys-rich metal binding
peptides like phytochelatins (PCs) and metallothionines, nicotinamide and glutathione are also
important players in HM tolerance by adsorbing, transporting and sequestering them into the
vacuoles (Jalmi et al. 2018). Prominent groups of transporters that maintain physiological
concentration of HMs are the following: zinc-iron permease (ZIP), heavy metal transport ATPase
(CPx- and PgB-ATPase), natural resistant associated macrophage protein (NRAMP), cation
diffusion facilitator (CDF), and ATP-binding cassette (ABC), which are localized at the plasma
membrane and on tonoplast membrane of cells (Park et al., 2012; Singh et al., 2015). The reshape
of root architecture in response to Cd ions is a further mechanism employed in order to escape
from polluted site by heavy metals. Roots activate several mechanisms to cope with Cd toxicity,
such as synthesis and deposition of callose to create a barrier for the entry of heavy metal,
enhancing plasticity of roots. Many studies report the involvement of phytohormones, such as
auxin, ethylene and cytokinin to modulate patterning (Vanstraelen and Benkova, 2012) and lateral
root formation (De Smet et al., 2015) in case of HM stress. Research in literature showed that Cd
interferes with the maintenance of auxin homeostasis either by increasing indole-3-acetic acid
(IAA) oxidase activity or altering the expression of several auxin biosynthetic and catabolic genes
(Hu et al., 2013). However, most key genes of auxin signalling, including YUCCA, PIN, ARG,
IAA, and cell cycle related genes resulted negatively regulated by Cd exposure (Zhao et al., 2015).
Cd ions may also participate in the regulation of ethylene synthetic genes, MAPK cascades, NO
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accumulation, and polyamine metabolism (Chmielowska-Bak et al., 2014; Schellingen et al.,
2015).

Therefore, salt and heavy metal stresses regulate a wide range of genes inducing the
generation of signalling molecules, including hormones, Ca**, ROS generation and so on. These
molecules interplay with others at different levels either synergistically or antagonistically to
activate or inhibit downstream effectors, such as TFs to regulate gene expression levels and

protein/enzyme activities in a specific way.

3 High throughput sequencing: the ability to interrogate the genetic and
transcriptional landscape in biological systems

3.1 Molecular screening and genetic improvement of Arundo donax L.

Marginal lands are growing worldwide, where salinization is going to affects 20% of
irrigated (Mayak et al., 2004), whereas in Europe the soil contaminated with heavy metals
represent 6.24% (137,000 km?) of the total agricultural land (Téth et al. 2016). During the last 20
years, many studies have analysed the genetic variability among A. donax populations not only for
taxonomic scope, but also for genetic improvement purposes. Fingerprinting of A. donax by
molecular markers showed low genetic differences even in populations with large area of spread.
The “European Giant Reed (Arundo donax L.) Network” showed a low percentage of
polymorphism among populations from Greece, Italy and southern France, clustered by their
respective origin by using RAPD (Random Amplification of Polymorphic DNA) markers
(Lewandowski et al. 2003). Subsequently, analysis by 10 SRAP (Sequence Related Amplified
Polymorphism) and 12 TE-based (Transposable element) primer combinations on 185 accessions
from a wider area in the United States clearly indicated the occurrence of low genetic diversity
because the G/N index was 0.011 (Ahmad et al. 2008). Furthermore, AFLP (Amplified Fragment
Length Polymorphism) fingerprinting scored the lowest genetic diversity among 16 accessions in
the Mediterranean basin, with Nei’s diversity index of 0.008 (Hardion et al. 2012). By contrast,
higher diversity has been reported in an Australian study, where the investigation on three river
system led to 31 unique genotypes among 58 plant samples, with a G/N ratio equal to 0.815
(Haddadchi, Gross, and Fatemi 2013). Limited genetic variability is unlikely to explain the
physiological variations among accessions, and thus epigenetic variations need to be considered
(Danelli et al. 2020). Recently, phenotypical differences among ecotypes due to genetic and
epigenetic differences were studied by analysing 96 accessions of A. donax collected from 14
different populations in Italy by a combination of AFLP and MSAP markers (Guarino et al. 2019).
Besides, pedo-climatic conditions may generate variations in DNA methylation status, which lead

to a different convergence and/or divergence of populations in response to stress; these contrasting
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behaviours may vary among each ecotype. Observing the rise of epigenetic variants as
consequence of environmental conditions, increment of genetic variability can be caused by
somaclonal variation and mutagenesis. Somaclonal variation can occur in such cytological
abnormalities and in frequent qualitative and quantitative phenotypic mutations, sequence
changes, and gene activation and silencing. Somatic variation could be the source of this
variability, though the frequency of mutations for A. donax has not yet been reported (Malone et
al. 2017). Being 4. donax a polyploid species, it is very difficult to genetically modify it and
overcome the redundancy of genetic information. Physical/chemical mutagenesis by gamma
radiation can drive modifications in biomass composition of 4. donax as the increase of cellulose
levels, to generate promising clones for second-generation bio-ethanol production, but also with
reduced Si/K ratio of biomass and so the ash melting point, which represent a detrimental trait for
thermochemical conversion (Zegada-Lizarazu et al., 2020). Clonal selection was already used at
the end of 1970s to improve the cane number trait (Janin et al., 1977). Literature data reported that
clonal selection is the best effective method up to now for selection towards yield (Pilu et al., 2013;
Cosentino et al., 2006), in vitro propagation efficiency (Danelli et al., 2019), salt tolerance (De
Stefano et al., 2014; Sanchez et al., 2015) and phytoremediation (Domokos-Szabolcsy et al., 2014;
Elhawat et al, 2014; Liu et al., 2019). So far, the data used for genetic improvement have been
obtained by agronomic studies with the aim of enhancing biomass production. As to render second
generation of biofuel a valid alternative to fossil fuels, genetic improvement coupled with breeding
programs would allow to enhance oil levels and biomass yields for biodiesel and ethanol
production, respectively. Furthermore, these outcomes will be conducted on marginal lands, using
little agronomical input and with less interventions by farmer. In order to reach out these goals,
the genetic improvements should implicate the increase of total leaf number or its leaf surface,
improvement of photosynthetic efficiency, better allocation and efficiency use of resources and

the resistance towards biotic and abiotic stresses.
3.2 Transcriptomics and RNA Sequencing analysis (RNA-Seq)

Over the last few years, thanks to the knowledges of molecular biology techniques along
with the traditional genetic improvement, it was possible to analyse each phenotypic trait derived
by a modified gene (Estrela and Cate, 2016). It has been established that this approach is pivotal
for either plants characterized by long life cycle (Allwright and Taylor, 2016) or lignocellulosic
species. For instance, the use of SNPs as molecular markers in Miscanthus genome allowed to
identify associated with cell wall composition and biomass yield markers (Slavov et al., 2014).

Another study conducted in Panicum virgatum analysed thousands of SNPs by the transcriptome
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sequencing (Serba et al. 2016). Therefore, it emerged that the use of new methods developed by
the synthetic biology (Lu and Kang, 2008) together with the availability of both transcriptome and
genomic data (Nguyen et al., 2013; Abdullah et al., 2016) allow to improve either agronomic yields
or the quality of the obtained oils. To achieve these goals, initially preliminary genetic,
transcriptome and epigenetic studies are requested in order to enlarge and characterize the
mechanisms by which plants growth and respond to environmental stresses, also coupled with the
detection of molecular markers associated with the desirable phenotype of crops. Regulation of
gene expression in case of abiotic stress conditions includes a wide range of mechanisms to
upregulate or downregulated the production of specific gene products (protein or RNA).
Transcriptional approach provides deep details about the gene expression levels to identify
candidate genes involved in stress response mechanisms. The transcription of a subset of genes
into RNA molecules specifies a cell’s identity and regulates the biological activities within the cell
in order to decode the functional elements of the genome and understanding the process of
development and disease (Kukurba et al., 2015). According to the central dogma of molecular
biology, RNA molecules act mainly as intermediate between genes and proteins; thus, RNA
molecules were the most frequently studied RNA species since they encoded proteins via genetic
code. In the first approaches, gene expression studies were based on low-throughput methods, such
as Northern blots and quantitative polymerase reaction (QRT-PCR), which are useful to measure
single transcripts. Over the last decades, methods have evolved to enable genome-wide
quantification of gene expression, leading to a new branch of molecular biology knows as
transcriptomics. The first transcriptomic studies were carried out by using hybridization-based
microarray technologies, which provide a high-throughput system at relatively low cost (Schena
et al., 1995). Nevertheless, these methods have reported some drawbacks: the requirement for a
priori knowledge of the sequences being interrogated, problematic cross-hybridization artefacts in
the analysis of highly similar sequences and limited ability to accurately determine the levels of
lowly expressed and very highly expressed genes (Casneuf et al., 2007; Shendure, 2008). Instead
of hybridization-based methods, sequence-based approaches have been developed to clarify the
transcriptome by directly determining the transcript’s sequences. The development of high-
throughput Next-Generation Sequencing (NGS) revolutionized transcriptomics by allowing RNA
analysis through the direct sequencing of complementary DNA (cDNA) (Wang et al., 2009). The
benchmark method, known as RNA-Sequencing (RNA-Seq) shows specific advantages over the
previous approaches, which has revolutionized our understanding of the complex and dynamic
nature of the transcriptome. RNA-Seq provides a more detailed and quantitative view of gene

expression, alternative splicing, and allele-specific expression. Advances in the RNA-Seq
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workflow, from sample preparation to bioinformatic data analysis enabled deep profiling of the
transcriptome as well as the opportunity to investigate the different physiological and pathological
conditions. Given that RNA-Seq experiments rely on the use of sequencing platforms to process
the sample data, several NGS platforms are commercially available, whilst others are under active
technological development (Metzker, 2010). The majority of high-throughput sequencing
platforms uses a sequencing-by-synthesis method to sequence tens of millions of sequence clusters
in parallel. In recent years, the sequencing industry has been dominated by Illumina, which applies
an ensemble-based sequencing-by-synthesis approach (Bentley et al., 2008). Using fluorescently
labelled reversible-terminator nucleotides, DNA molecules are clonally amplified while
immobilized on the surface of a glass flow-cell. Since, molecules are clonally amplified, this
approach provides the relative RNA expression levels of genes. One of the most benefit of
ensemble-based platforms is low sequencing error rates (<1%) dominated by a single mismatch.
The Illumina HiSeq platform is the most applied next-generation sequencing technology for RNA-
Seq and has set the reference for NGS approach. Additionally, an important consideration to take
into account for choosing a suitable sequencing platform is based on the transcriptome assembly
as to convert a collection of short sequencing reads into a set of full-length transcripts. Gene
expression profiling performed by RNA-Seq provides an unprecedented high-resolution view of
the global transcriptomic landscape. The conventional pipeline for RNA-Seq data include the
following three steps: (i) generation of FASTQ-format files contains sequenced from a NGS
platform reads; (i1) reads are assembled into transcripts by mapping each reads onto annotated
reference genome or de novo assembly of the transcriptome; (ii1) quantification of gene expression

of each gene by counting the number of reads that aligns to each exon or full-length transcript.

3.3 De novo assembly: a new breakthrough to uncover genetic information

De novo assembly is an alternative approach for reconstructing a reference transcriptome, in
which contiguous transcript sequences are assembled with the use of a reference genome or
annotations (Robertson G., et al. 2010; Grabherr et al. 2011; Schulz et al. 2012). To accurately
estimate gene expression, read counts must be normalized in order to correct the systematic
variability, including library fragment size, sequence composition bias, and read depth (Oshlack
and Wakefield 2009; Roberts et al. 2011). To cancel these sources of variability, the reads per
kilobase of transcripts per million mapped reads (RPKM) metric is used to normalize transcript’s
read count by using both the gene length and the total number of mapped reads in the sample. For
paired end-reads, a metric that normalizes the source of variances in transcript quantification is the

paired fragments per kilobase of transcript per million mapped reads (FPKM), which accounts for
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the dependency between paired-end reads in the RPKM estimation (Trapnell et al. 2011). A
principal aim of many gene expression trials is to assess whether transcripts show a differential
expression across various conditions. Next-generation high-throughput sequencing techniques
have become an increasingly useful tool for analysing the whole plant genome, proving a mean to
decipher the plant molecular regulatory mechanisms in case of specific stressful environments,
including heavy metal, herbicide and salt toxicity (Zhang et al. 2016c¢; Gu et al. 2017). De novo
assembly might be used to study the transcriptomes for those species for which the genome
sequencing is not available, like Arundo donax L. This approach would enable an almost
exhaustive survey of virtually all expressed genes in a plant tissue subjected to abiotic stress
condition. At the beginning, 4. donax genomic resources were provided by Sablok et al. (2014) by
using tissue-specific NGS for four different organs (leaf, culm, bud and root) of one A. donax
ecotype constituting a comprehensive reference catalogue of transcripts aimed at characterizing
and improving the spatial and temporal patterns of expression underlying the high productivity of
biomass. The transcriptional analysis revealed differences among each organ in terms of Gene
Ontology (GO) categories as well as different relative expression. About of 40-45% of transcripts
showed homologies with known sequences and functional annotations of Oryza sativa L., Triticum
aestivum L., and mostly with Setaria italica L. and Zea mays L., in particular for gene categories
related to flowering time, plant height and structure, carbohydrates composition and vernalization
response. Afterwards, another transcriptional approach was carried out by using shoot tissue of 4.
donax ecotype to establish a molecular dataset launched following studies on A. donax subjected
to abiotic stresses condition (Barrero et al. 2015). Furthermore, de novo transcriptome assembly
of leaf tissue was provided by Evangelistella et al. (2017) to have a more comprehensive gene
expression catalogues. In this study three different ecotypes of A. donax coming from distant
geographical locations, respectively Greece, Croatia and Portugal were grown under natural
condition to identify putative genes controlling important agronomic traits, such as stress-
associated genes (SAPs), lignin and stomatal development. Additionally, the analysis showed that
purine and thiamine metabolism, phenylpropanoid biosynthesis, starch and sucrose metabolism,
cellulose biosynthesis, carbon fixation and stomatal development and distribution pathways were
the most enriched pathways. Furthermore, simple sequence repeats (SSRs) were identified in the
leaf transcriptome to achieve the first genetic market catalogue for A. donax, which could be used
for population genetics studies. Recently, the first characterization of A. donax shoot and root
transcriptome in response to water stress induced by 10 and 20 % of polyethylene has been
reported by Fu et al. (2016). The data showed a total of 3034 differentially expressed genes (DEGs)

between stressed and control conditions in each organ. Notably, a great common genes resulted
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differentially expressed between control and severe water stress compared to the control and mild
water stress. Interestingly, most stress-related genes belong to “salt”, “osmotic”, “oxidative” and
“dehydration” categories. They further identified organ-specific differences in terms of drought-
related TFs, such as AP2-EREBP, AUX/IAA, MYB, bZIP, C2H2 and GRAS families. The higher
responsivity was found in roots, compared to shoots at the early stage of water stress condition.
This work led the fundamental discover and characterization of early responsive genes to water
stress which may constitute a basin of information for the improvement of giant reed productivity,
under water limitation. Recently, giant reed’s plasticity to salt stress has been investigated at the
transcriptional, metabolic and epigenetic level by using three 4. donax ecotypes characterized by
a different sensitivity to saline conditions (Docimo et al., 2019). The transcriptional analysis of
key genes related to salt tolerance showed an ecotype- and tissue-dependent response not only in
samples treated but also in control conditions, hence suggesting a distinct manner of
acclimatization to environmental conditions. Additionally, it was highlighted that each ecotypes
respond differently to environmental cues in function of their own genetic constitutive differences
and methylome plasticity, since each ecotype displayed differential methylome patterns upon
stress imposition, underpinning an inter-link between the salt resistance and epigenetic patterns.
Up to now, genomic resources of Arundo donax subjected to both salty and contaminated soil, are

still poorly understood, which might be useful to outline the whole response mechanisms to these

abiotic stresses, in order to establish its cultivation on marginal lands for bioenergy scope.
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Aim of the work

Global energy demand is growing rapidly due to the demographic explosion and to strong
worldwide urbanization. Additionally, the dwindling fossil energy reserves have posed many
challenges to scientific communities to find sustainable alternative resources of renewable energy.
The urge necessity of the increasing global energy demand and at the same time the struggle
against the climate change, lead the polices of many countries to invest in renewable energy as
alternative sources, instead of fossil resources. Among the different resource of renewable energy,
biomass gathered by plant species, dedicated to energy production, also known as bioenergy crops,
represent a promising alternative to fulfil the energy demand. Bioenergy crops can provide a
fundamental contribution for satisfying the demand of energy resources of our planet, due to its
high biomass yield, to low irrigation and nitrogen input requirements and biotic and abiotic stress
tolerance. Considering that cellulosic feedstock can grow in fields irrigated with waste or salty
water, a recommended strategy relies on their cultivation on marginal lands. The Mediterranean
basin is characterised by the frequent occurrence of soil salinity linked with the upcoming rapid
industrialization and urbanization which are leading to an increase in trace metal contamination in
soils. Therefore, a deep knowledge of the global physiological and transcriptomic response of
bioenergy crops in case of unfavourable environmental conditions is needed. Within the bioenergy
crops, Arundo donax L. has been assigned as one of the most promising lignocellulosic crops for
the Mediterranean area, in which its biomass feedstock can be readily converted to produce heat,
electricity, biofuels and biomaterials. Furthermore, transcriptomic information is still not available
about the 4. donax response to salt and cadmium stress. Our aim is to analyse the effect of long-
term period of two levels (severe and extreme) of salt stress upon the A. donax whole leaf
transcriptome. In fact, as well as the global transcriptome network, in both leaves and roots with
the cadmium treatment, using RNA-Seq approach in order to elucidate and characterize the
molecular and biological processes, emerge both the salt and cadmium tolerance. Although, A.
donax represents one of the most promising resources for bioenergy production, we do not know
on the molecular characterization of the genes involved in salt stress response and HM

detoxification in this bioenergy crop. Thus, the research activity is based on the following aims:

- Analysis the effect of two level of long-term salt and cadmium stress in different A4.
donax ecotypes in terms of their morpho-biometric and physiological parameters;
- De novo transcriptome assembly, functional annotation, and analysis of the giant cane

transcriptome by RNA-Seq approach;
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- Dissect the molecular and physiological bases of 4. donax resistance to both salt and
cadmium treatment;

- Identification of differentially expressed genes (DEGs) and molecular pathways
specifically regulated by salt and cadmium exposure;

- Co-expression network analysis and their different regulation in each clone;

- Look for molecular markers capable to genetically discriminates the different clones or

associated to specific phenotypes.

This study supplies the first reference transcriptome of 4. donax bioenergy crop in the
prolonged period of salt and cadmium stress condition, for mining and exploring the genetic
potential of this crop species. The dissect of the transcriptome reveals strong differences in the
enrichment of the Gene Ontology categories and in the relative expression among different
environmental conditions, which can drive future attempts for functional genomics or genetic
improvement. The functional annotation and characterization of the transcriptome explain into the
molecular mechanisms the extreme adaptability to grown in soil affected by salt and heavy metal
stress, especially in Mediterranean area. The identification of putative unigenes involved in
metabolic pathways offers a pipeline for undertake future efforts in genetic improvement of this
species. Furthermore, the identified SSR molecular marker will allow to decipher the interspecific
phenotypic diversity to abiotic stress condition among each A. donax clones. Therefore, these
genetic resources together with the recent knowledges of early transcriptional response to water
stress will be available to support future functional genomic and genetic studies to characterize
metabolic traits and to underline the high productivity of biofuel feedstock in this crop of

paramount economic importance.
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RESULTS

4 RNASeq analysis of giant cane reveals the leaf transcriptome dynamics
under long-term salt stress
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Abstract

Background: To compensate for the lack of information about the molecular mechanism involved in
Arundo donax L. response to salt stress, we de novo sequenced, assembled and analyzed the A. donax leaf

transcriptome subjected to two levels of long-term salt stress (namely, S3 severe and S4 extreme).

Results: The picture that emerges from the identification of differentially expressed genes is consistent
with a salt dose-dependent response. Hence, a deeper re-programming of the gene expression occurs in
those plants grew at extreme salt level than in those subjected to severe salt stress, probably representing
for them an “emergency” state. In particular, we analyzed clusters related to salt sensory and signaling,
transcription factors, hormone regulation, Reactive Oxygen Species (ROS) scavenging, osmolyte
biosynthesis and biomass production, all of them showing different regulation either versus untreated
plants or between the two treatments. Importantly, the photosynthesis is strongly impaired in samples
treated with both levels of salinity stress. However, in extreme salt conditions, a dramatic switch from C3
Calvin cycle to C4 photosynthesis is likely to occur, this probably being the more impressive finding of our

work.

Conclusions: Considered the distinct response to salt doses, genes either involved in severe or in extreme
salt response could constitute useful markers of the physiological status of A. donax to deepen our
understanding of its biology and productivity in salinized soil. Finally, many of the unigenes identified in
the present study have the potential to be used for the development of A. donax varieties with improved
productivity and stress tolerance, in particular the knock out of the GTL1 gene acting as negative regulator

of water use efficiency has been proposed as good target for genome editing.

Keywords: Bioenergy crops, De novo assembly, Giant reed, Leaf transcriptome, RNA-seq, Salt stress

33



4.1 Background

By 2050, human population may grow to 9.6 billion or about 2.0 people ha™' of cultivated
land, which calls for considerable increases in agricultural production (Bruinsma, 2009). To meet
growing world population and improvements in nutrition and food quality, the demand for energy,
particularly with respect to terrestrial and air transports, will also increase. Since petro-chemical
resources will become less available, an increase demand for alternative energy that substitutes for
fossil fuel transport energy will be met in significant measure by biofuels (Harvey and Pilgrim,
2011; Harvey, 2014). Therefore, the end use of land as a global resource is likely to become the
focus of intensified competition between food or feed function and biofuel cultivation. At present,
the main feedstock of biofuels all over the world is agricultural product such as sugarcane, cassava,
wheat, potato and other crops called first generation biofuels (Koizumi, 2015). Cellulosic crops
(traditionally called energy crops), referred to as second generation biofuels, cultivated with the
specific purpose of producing alternative fuels might represent a promising alternative considering
that they may satisfy at least part of the energy demand and at the same time mitigate greenhouse
gases emission (GHGs), in particular the carbon dioxide emission, by sequestering them into
biomass (Mehmood et al., 2017). As cellulosic feedstocks cannot be produced on arable lands due
to the aforementioned environmental and economic concerns, a recommended strategy is to grow
them on “marginal lands”, usually described as unproductive lands, due to poor soil properties,
bad quality of underground water, drought or unfavorable climatic conditions, subsequently with
no or little potential of profitability for conventional food crops (Tang et al., 2010). Salt affected
soils are also considered marginal due to high salinity and sodicity (Shahid and Al-Shankiti, 2013).
They may be practically suitable to grow perennial rhizomatous grasses, which are better adapted
to poor soils providing high cellulosic biomass without competition with food crops and
overcoming risks for food security. Perennial rhizomatous grasses also display several positive
attributes because of their low demand for nutrient inputs consequent to the recycling of nutrients
by their rhizomes, and resistance to biotic and abiotic stresses (Mariani et al., 2010). Several
studies have been conducted all over the world to evaluate the potential of marginal lands for
selected plant species for biomass—bioenergy production. The European project, Optimization of
Perennial Grasses for Biomass Production in the Mediterranean Area (OPTIMA) was launched
with the aim to establish new strategies for the sustainable use of the marginal land in
Mediterranean areas (Monti and Cosentino, 2015). In that project, Arundo donax L. (giant reed),
among others perennial grasses, was studied in sufficient depth, in terms of biomass production
potential in warm-temperate and semi-arid areas (Monti and Cosentino, 2015; Fernando et al.,

2015). The adaptability of the plants to different kinds of environments, soils and growing
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conditions, in combination with the high biomass production confers on 4. donax many advantages
when compared to other energy crops. A. donax requires low irrigation and nitrogen inputs and
salinity does not seem to affect plant growth, as it is possible to achieve acceptable biomass yields
under high salinity conditions due to its halophyte behavior (Sanchez et al., 2015). Arundo donax
L., common name “giant cane” or “giant reed”, is a polyploid perennial grass plant belonging to
the Poaceae family. The phylogenetic origin is unclear, although recent evidences obtained by
chloroplastic DNA sequencing suggest a middle-east origin (Hardion et al., 2014). 4. donax is a
sterile plant because of the defective development of male and female gametophytes (Balogh et
al., 2012). The reproduction only occurs by the vegetative growth of rhizomes and of stem nodes
of broken canes. Consequently, the genotypic diversity among clonal populations is expected to
be very low and the genetic improvement of this plant to ameliorate its performance as energy
crop in adverse environmental conditions is mainly based on clonal selection (Cosentino et al.,
2006; Pilu et al., 2014). As transformation and regeneration protocols are available (Dhir et al.,
2010; Takahashi et al., 2010), the genetic engineering could represent a feasible option for the
improvement of 4. donax and these approaches might greatly take advantage from the availability
of transcriptomic data sets. Next-generation high-throughput sequencing techniques have become
an increasingly useful tool for exploring whole plant genomes, providing a means for analyzing
plant molecular regulatory mechanisms in specific environments such as various abiotic stress
conditions, including heavy metal toxicity, herbicide toxicity and salt toxicity (Bahieldin et al.,
2009; Zhang et al., 2016b; Gu et al., 2017). Soil salinization is referred as the accumulation of
soluble salts in the soils (Bockheim and Gennadiyev, 2000). This takes place particularly in arid
and semi-arid areas characterized by both great amount of evaporation and minimal precipitation
volumes. Salinity affects all plant physiological responses and production by reducing the uptake
of water and nutrients and creating an ion imbalance and toxicity (Munns and Tester, 2008;
Deinlein et al., 2014; Hanin et al., 2016). Salt may affect plant growth indirectly by decreasing the
rate of photosynthesis and stomatal conductance. Stomatal closure is considered as the most
dramatic response that occurs in plants after exposure to salinity owing to the osmotic effect of
salt outside the roots. Moreover, the reduced rate of photosynthesis increases the formation of
reactive oxygen species (ROS) leading to oxidative stress (Munns and Tester, 2008; Deinlein et
al., 2014; Hanin et al., 2016; Hossain and Dietz, 2016). The hormone-mediated regulatory network
is a key molecular mechanism of salt tolerance in various plants, and transcriptome analysis has
indicated that abscisic acid (ABA) signaling plays an important role (Tsukagoshi et al., 2015).
After signal perception and transmission, plants respond to salinity by coordinating the regulation

of gene expression and triggering a series of physiological and biochemical changes to adapt to
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high-salt environments including the activation of specific transcription factors (TFs), and the
control of downstream structural genes (Deinlein et al., 2014; Liu et al., 2018). In addition, the
synthesis of osmolytes such as proline, betaine, mannitol, flavonoids, and organic acids in plants
increases, and related synthetic genes are up-regulated (Chakraborty et al., 2012; Zhang et al.,
2016a). Nevertheless, salt stress response mechanisms in plants remain poorly understood due to
the complexity of the response process and the genetic variability among plant species. Moreover,
our knowledge of the genetic bases of salt tolerance is largely based on genetic studies in model
or crop species (Hanin et al., 2016). De novo RNA sequencing (RNA-Seq) assembly might
facilitate the study of transcriptomes for non-model plant species for which the genome sequence
is not available by enabling an almost exhaustive survey of their transcriptomes and allowing the
discovery of virtually all expressed genes in a plant tissue under abiotic stress. Useful A. donax
genomic resources were provided by the work of Sablok et al. (2014), which used tissue-specific
NGS of four different organs (leaf, culm, bud and root) of one A. donax ecotype constituting a
comprehensive reference catalog of transcripts aimed at characterizing and improving the spatial
and temporal patterns of expression underlying the high productivity of biomass. Moreover, a
shoot transcriptome was obtained from an A. donax invasive ecotype (Barrero et al., 2015). To
provide a more complete gene expression catalogue and allow a comprehensive comparison
among various assemblies, a genomic resource was generated using three ecotypes originating
from distant geographical locations that, for this reason, could have accumulated heritable
phenotypic differences (Evangelistella et al., 2017). Recently, the characterization of 4. donax
transcriptome in response to drought has been reported leading to the identification of early-
responsive genes to water stress which might constitute a basin of information for the improvement
of giant reed productivity under water limitation (Fu et al., 2016). Considering the frequent
occurrence of soil salinity in the Mediterranean area and the potential use of marginal soil for
energy crop cultivation aimed to overcome the incoming food security risks, a deep knowledge of
the global transcriptomic response of giant reed to salt is needed seeing as it is not yet available.
In this study, we analyzed the effect of two levels of prolonged period of salt stress upon the 4.
donax whole leaf transcriptome by using an RNA-seq approach in order to elucidating the
biological processes underlying the salt tolerance in a non- model plant. This study lays the
foundation to select candidate genes for cis- but also trans-genesis with the aim to develop plants

with improved salt stress tolerance.
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4.2 Results

4.2.1 Effect of salt stress upon 4. donax morpho-biophysiological parameters

As described in the Methods section, A. donax G2, G18 and G20 morpho-biometric and
physiological parameters were measured at sampling date after being subjected to two levels of
prolonged salt stress imposition (S3, severe and S4, extreme), being both doses much higher than
that used to define a soil area as “salinized” (EC 4 dS m™). Considering the average values of the
three clones, we observed that both the leaf number per pot, the stem number and the main stem
height per pot, were significantly reduced by salt stress, and this effect was more pronounced in
correspondence of the S4 treated samples (Figure la, 1b and 1c). Similarly, physiological
parameters such as SPAD, leaf chlorophyll content, net photosynthesis and biomass yield per pot
decreased especially under extreme salt stress conditions (S4) compared with untreated SO samples
(Figure 1d, 1e and 1f). The ecotypes under investigation exhibited different phenotypes in response
to salt treatments, although they reproduce asexually and, for this reason, they should have low
levels of genetic diversity. In particular, the whole data analysis revealed that G20 clone did not
growth under extreme salt stress conditions, suggesting that it is highly sensitive to high salt
concentration (Figure 1). Although both G2 and G18 clone grew under severe (S3) and extreme
(S4) salt stress conditions, G2 clone showed higher stem and leaf number per pot, and higher
physiological parameters than those recorded in G18 clone in S4 conditions. Indeed, G2 clone
produced considerable higher biomass yield than that reported in G18 clone in extreme salt stress
conditions, in an environment in which likely none crops could have survived (Zorb et al., 2018)
(Figure 1f). Therefore, further transcriptomic analysis was conducted upon G2 clone subjected to
severe and extreme salt stress. The picture of giant reed phenotype under salt stress is shown in

Figure 2.
4.2.2 Transcript assembly and annotation

In this study, we carried out a comprehensive identification of transcriptional responses of
A. donax G2 clone to two different levels of prolonged salt stress by RNA-Seq (see experimental
design in Methods section). In Figure 3, a flow chart for de novo transcriptome assembly is
reported (see details in Figure 3 caption). Raw reads were filtered to remove reads containing
adapters or reads of low quality, so that the downstream analyses are based on a total of 643 million
clean reads with an average of ~ 71.5 million reads (~10.7 G) per sample, the average percentage
of Q30 and GC being 94.7 % and 53.3 %, respectively (Table 1). De novo assembly of clean reads
resulted in 255,809 transcripts and 186,740 unigenes with N50 length of 1,857 and 1,845,
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respectively (Table 1), in line with previous N50 reports (Sablock et al., 2014; Fu et al., 2016),

indicating that a good coverage of the transcriptome has been achieved.
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Figure 1. Effect of salt stress upon G2, G18 and G20 ecotype morpho-biometric and physiological parameters. A Leaf number per pot. B Stem
number per pot. C Main stem height. D SPAD. e Net photosynthesis. F Dry biomass.
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Figure 2. Picture of giant reed phenotype under salt stress.

To evaluate the assembly consistency, the filtered unique reads were mapped back to the final
assembled leaf transcriptome and the average read mapping rate using the alignment software
Bowtie2 was 71.85 %. (Table 1). Both transcript and Unigene length distribution is reported in Figure
4. These data showed that the throughput and sequencing quality were high enough to warrant further

analysis.

Table 1. Summary statistics of the RNA quality and sequencing results

Average RIN 8

Clean reads 634 million
N° of transcripts 255,809

N° of Unigenes 186,740
Average of read mapped rate 71.85%
Transcripts N50 (bp) 1857
Unigenes N50 (bp) 1845

Q30 (%) 94.7

GC content (%) 533

To achieve comprehensive gene functional annotation, all assembled unigenes were blasted
against public databases, including National Center for Biotechnology Information (NCBI), Protein
family (Pfam), Clusters of Orthologous Groups of proteins (KOG/COG), Swiss-Prot, Ortholog
database (KO) and Gene Ontology (GO) (Table 2). A total of 116,488 unigenes were annotated in at
least one searched database, accounting for 62.38 % of the obtained total unigenes. Among them,
35,630 (19.08%) and 41,101 (22.01%) assembled unigenes showed identity with sequences in the Nr
and Nt databases, respectively. The percentage of assembled unigenes homologous to sequences in
KO, Swiss-Prot, Pfam, GO and KOG databases were 20.63, 32.41, 26.96, 42.28 and 16.72%,
respectively (Table 2).
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Figure 3. Flowchart of de novo assembly and analysis of Arundo donax leaf transcriptome. After the
fully expanded leaf sampling, total RNA extraction and cDNA library preparation was carried out. The RNA
integrity and quality analysis were performed (blue) before the [llumina sequencing. The sequencing output
data were subjected to quality control of both reads and bases and data filtering (orange) in order to remove
containing adapter reads or reads of low quality. Clean data were used for the de novo assembly of
transcripts choosing the single k-mer approach (k = 25) (green), and the pre-assembled transcriptome
obtained was further processed with Corset for hierarchical clustering by removing transcripts redundancy
and by selecting the longest transcripts as unigenes (yellow). The quality of the assembly was assessed by
mapping back the reads onto the filtered transcriptome (grey). Finally, gene functional annotation, CDS/EST
prediction, differential expression analysis, phylogenetic analysis and GO and KEGG enrichment were

carried out.
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Figure 4. Length distribution of transcripts and Unigenes

Table 2. The number and percentage of successful annotated genes

Database N° of Unigenes %
Annotated in Nr 128,536 56.31
Annotated in Nt 116,575 51.07
Annotated in KO 45,516 19.94
Annotated in SwissProt 86,398 37.85
Annotated in Pfam 91,534 40.1
Annotated in GO 96,260 42.17
Annotated in KOG 36,454 15.97
Annotated in at least one database 148,190 64.92

4.2.3 Identification of differentially expressed genes (DEGs)

The characterization of 4. donax transcriptional response to salt stress was carried out by the
identification of the unigenes whose expression level changed upon NaCl treatments (Table 3).
According to the experimental design, a total of 38,559 differentially expressed genes (DEGs) were
identified from all the comparisons. In details, 2,086 up-regulated genes and 1,766 down-regulated
genes were detected in the G2-S3 vs G2-CK (severe salt stress samples versus control samples),
whereas in the G2-S4 vs G2-CK set (extreme salt samples versus control samples) 13,835 up-
regulated genes and 11,205 down-regulated genes were found, thus suggesting that G2 clone re-
adjusts the network of transcriptional machinery in order to deeply modify gene expression under salt

extreme stress conditions (S4) with respect to severe salt conditions (S3) (Table 3).
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Comparison Up-regulated Down-regulated Total DEGs

G2-S3 vs G2-CK 2,086 1,766 3,852
G2-S4 vs G2-CK 13,835 11,205 25,040
G2-S4 vs G2-S3 5,765 3,902 9,667
G34-S3 vs G34-CK 977 801 1,778
G34-S3 vs G2-S3 836 1311 2,147
Total DEGs 23,499 18,985 42,484

Table 3. DEG number of different comparisons under salt treatments

Venn diagram analysis showed that 2,702 common DEGs are in both G2-S3 vs G2-CK and
in G2-S4 vs G2-CK comparisons thus suggesting that their specific involvement in the response to
salt stress is not dependent by salt doses (Figure 5). A total of 1,150 genes are exclusively regulated
under severe salt stress condition (G2-S3 vs G2-CK data set), whereas a total of 22,338 genes are
specifically regulated during extreme salt stress condition (G2-S4 vs G2-CK data set). Among a total
of 9,667 observed DEGs, 1,554 genes were identified as specifically regulated in the G2-S4 vs G2-

S3 (extreme salt samples versus severe salt samples) comparison (Figure 5).

G2-53vsG2-CK G2-54vsG2-CK

G2-54vsG2-S3

Figure 5. Venn diagram of differently regulated genes. Comparison among G2-S3 vs G2-CK, G2-S4
vs G2-CK, G2-S4 vs G2-S3 sample set

Validation of expression levels for ten selected DEG candidates was carried out by
quantitative real-time PCR (qQRT-PCR) (Table 4). The results show high congruence between RNA-
Seq results and qRT-PCR (coefficient of determination R? = 0.91) indicating the reliability of RNA-
Seq quantification of gene expression (Figure 6). Therefore, the selected genes could also constitute

useful markers of salt stress in 4. donax.
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Table 4. List of DEGs and sequences primers used for Real Time qRT-PCR validation.

Pattern Cluster ID Annotation i(l)l%: Iljlfna i-(;_glil(?j(ljz
G2_S4vsG2_CK/Up 14027.257437 methyltransferase PMT26 47770 275
G2 _S3vsG2_CK/Up 14027.6881 anthocyanidin 3-O-glucosyltransferase 26,35 2,93
G2 _S4vsG2_CK/ Up 14027.62961  senescence-associated protein DH 14,488 2,59
G2 S4vsG2_CK/ Up 14027.99727  ACC oxidase 2,28 0,87
G2 _S4vsG2 CK/ Up 14027.51601  uncharacterized protein 65,81 6,82
G2_S4vsG2_CK/Down 14027.163842 proline dehydrogenase 2 -16,64  -0,23
G2_S4vsG2_S3/Down  14027.231635 palmitoyltransferase -13,73 0,56
G2_S4vsG2_S3 /Down  14027.159114 Ribulose bisphosphate carboxylase 27,5 -0,98
G2_S3vsG2_CK/Down 14027.226133 probable WRKY transcription factor 4 -54,44 22
G2_S3vsG2_CK/Down 14027.24929 NAC domain-containing protein 77 21,56 -047
All 14027.113435 26 S prote?some non-ATPase

regulatory subunit 11
Cluster ID Primer F 5°—3’ Primer R 5°—3’
14027.257437 GCCTCGACAATGAGAAGGCT GCTTGGTGTGAGGCACATTG
14027.6881 GTGAAGGGCGACCAGTACCT CCGCGAATATCCTCTGCACG
14027.62961 CGATCACCACCAACTCGACG GCAGCCGATGGAGTAGACGA
14027.99727 CAACGGCAGGTACAAGAGCG TCCTCGAACACGAACCTGGG
14027.51601 CCTCTCAGATCCAAGCTCCTCA TCGGAATCACCTTGTGCCG
14027.163842 GCGTGTTCGTCTCTTGTGTCC AACTCGAGCACCTTCCTCTCG
14027.231635 AGGTTCGTTTCTGCACAGGC GGGTCACTGGGAACGAACAC
14027.159114 CAGCAACGGTGGAAGGATCA TTCTCACGGAAGACGAAGCC
14027.226133 CCAGTGTCAGTCTCCTCCTG GTCGTCAGATAGCCCGTAGG
14027.24929 CATGCACGAGTATCGCCTCG GAAGTTTGGCGTTTCGGCAG

14027.113435

CACACGACTAGCAGCTTTCAAG TTCAAACGTCGGGAAGGTTG

Log2 lllumina vs quantitative Real Time PCR
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Figure 6. Validation of 4. donax DEGs by Real Time qRT-PCR
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4.2.4 Functional classification of DEGs

Gene Ontology (GO) terms, Clusters of Orthologous Groups of proteins (KOG) classification
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway functional enrichment were
performed to identify possible biological processes or pathways involved in salt stress response.
Considering the G2-S3 vs G2-CK sample set (Figure 7a), “oxidation-reduction process” (222 up- and
119 down-regulated genes), “transmembrane transport” (125 up- and 97 down-regulated genes) and
“carbohydrate metabolic process” (152 up- and 54 down-regulated genes) are the three most enriched
GO terms in the Biological Process (BP) ontology. “Oxidoreductase activity” (216 up- and 122 down-
regulated genes) is the most enriched GO terms in the Molecular Function (MF) category ontology
indicating that genes acting in this process may play crucial roles in the response to salt treatment.
Among the DEGs belonging to G2-S4 vs G2-CK data set, “metabolic process” (5,934 up- and 4,493
down-regulated genes), “single organism process” (4,834 up- and 3,404 down-regulated genes),
“single organism metabolic process” (2,988 up- and 2,090 down-regulated genes) and “oxidation-
reduction process” (1,355 up- and 831 down-regulated genes) are the most represented in the category
of BP. “Catalytic activity” is the main category in the MF group (5,380 up- and 3,836 down-regulated
genes) but also “oxidoreductase activity” and “transporter activity” are highly represented in this
group (Figure 7b). Interestingly, the same categories are represented in the G2-S4 vs G2-S3 sample

set (Fig. 7¢), although in this last comparison a lower number of genes are involved (Figure 7c).
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Figure 7a. GO enrichment analysis for the DEGs in 4. donax. G2-S3 vs G2-CK. The Y-axis

indicates the subcategories, and the X-axis indicates the numbers related to the total number of GO terms.

BP, biological processes; CC, cellular components; MF, molecular functions.
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Figure 7b. GO enrichment analysis for the DEGs in 4. donax. G2-S4 vs G2-CK. The Y-axis

indicates the subcategories, and the X-axis indicates the numbers related to the total number of GO terms.

BP, biological processes; CC, cellular components; MF, molecular functions
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Figure 7c. GO enrichment analysis for the DEGs in 4. donax. G2-S4 vs G2-S3. The Y-axis indicates
the subcategories, and the X-axis indicates the numbers related to the total number of GO terms. BP,

biological processes; CC, cellular components; MF, molecular functions.

To predict and classify possible functions, all unigenes (255,809) were aligned to the KOG
database and were assigned to the KOG categories (Figure 8). Among the KOG categories, the cluster
for “general function” (16%) represented the largest group, followed by “posttranslational
modification, protein turnover, chaperones” (13.4%) and “signal transduction mechanisms” (9.3%).
“Translation, ribosomal structure and biogenesis” (8%), “RNA processing and modification” (6.4%)
and “transcription” (5.6%) were the largest next categories, whereas, only a few unigenes were
assigned to “nuclear structure” and “extracellular structure”. In addition, a discrete number of
unigenes were assigned to “intracellular trafficking, secretion, and vesicular transport” (Figure 8).
The sets of DEGs originated from the above-described three comparisons were also mapped onto
KEGG pathways. Table 5 shows the main fifty KEGG pathway terms sorted by a decreasing order of

the gene number involved in the pathways in relation to all the comparison under investigation (G2-
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S3 vs G2-CK, G2-S4 vs G2-CK, G2-S4 vs G2-S3). Overall, the results show that the maximum
number of DEGs were observed in the “carbon metabolism” pathway, followed by the “biosynthesis
of amino acids” and ‘“carbon fixation in photosynthetic organisms” indicating that a deep
reprogramming of these metabolisms under salt treatments occurred. The reprogramming activity of
the metabolic pathways is supported by the involvement of other important pathways such as
“ribosome”, “RNA transport”, “mRNA surveillance pathway” and “aminoacyl-tRNA biosynthesis”
that gives support to an increased re-modulation of protein biosynthesis. “Plant hormone signal
transduction’, which comprises the transcripts of several hormone-responsive proteins involved in
regulation and signal transduction and two other important pathways, including ‘phenylalanine
metabolism’ and ‘plant-pathogen interaction’ were also found to be regulated by salt in our study
(Table 5). Other examples of relevant pathways, which are known to be involved in responses to
abiotic stresses, in general are ‘starch and sucrose metabolism’, ‘arginine and proline metabolism’

and “AMPK signaling pathway’ (Table 5) (Fu et al., 2016).
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Figure 8. Clusters of orthologous groups (KOG) classification. All unigenes were aligned to
KOG database to predict and classify possible functions. Out of 255809 unigenes, 49848 sequences were
assigned to 25 KOG classifications. (A) RNA processing and modification; (B) chromatin structure and
dynamics; (C) energy production and conversion; (D) cell cycle control, cell division, chromosome
partitioning; (E) amino acid transport and metabolism; (F) nucleotide transport and metabolism; (G)
carbohydrate transport and metabolism; (H) coenzyme transport and metabolism; (I) lipid transport and
metabolism; (J) transition, ribosomal structure and biogenesis; (K) transcription; (L) replication,
recombination and repair; (M) cell wall/membrane/envelope biogenesis; (N) cell motility; (O)
posttranslational modification, protein turnover, chaperones; (P) inorganic ion transport and metabolism; (Q)
secondary metabolites biosynthesis, transport and catabolism; (R) general function prediction only; (S)
function unknown; (T) signal transduction mechanisms; (U) intracellular trafficking, secretion, and vesicular
transport; (V) defense mechanisms; (W) extracellular structures; (X) unnamed protein; (Y) nuclear structure;

(Z) cytoskeleton.
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Table 5. Distribution of KEGG pathways for DEGs in the three sample sets. Data are sorted by
number of G2-S4 vs G2-CK DEGs mapping to KEGG pathways.

Enriched Pathway terms G2-S3 G2-54 G2-54 Total
\& \B \B
G2-CK G2-CK G2-S3
Carbon metabolism 55 548 273 876
Biosynthesis of amino acids 44 463 203 710
Carbon fixation in 37 259 149 445
photosynthetic organisms
Ribosome 7 252 148 407
Plant hormone signal 52 252 89 393
transduction
Starch and sucrose 41 249 102 392
metabolism
Phenylpropanoid 61 208 103 372
biosynthesis
Oxidative phosphorylation 20 257 85 362
Glycolysis / 26 237 83 346
Gluconeogenesis
Glyoxylate and dicarboxylate 18 189 129 336
metabolism
Pyruvate metabolism 30 204 101 335
Arginine and proline 31 186 99 316
metabolism
Cysteine and methionine 15 182 86 283
metabolism
Phenylalanine metabolism 41 161 77 279
Pantothenate and CoA 7 249 19 275
biosynthesis
Glycerophospholipid 22 154 78 254
metabolism
Peroxisome 16 158 79 253
Protein processing in 19 178 46 243
endoplasmic reticulum
Alanine, aspartate and 19 143 77 239
glutamate metabolism
Citrate cycle (TCA cycle) 23 137 67 227
Glutathione metabolism 11 155 59 225
Purine metabolism 20 156 49 225
Glycine, serine and threonine 17 132 70 219
metabolism
Cyanoamino acid 19 115 75 209
metabolism
Amino sugar and nucleotide 20 135 48 203
sugar metabolism
AMPK signaling pathway 20 119 54 193




Plant-pathogen interaction 14 135 43 192
2-Oxocarboxylic acid 12 128 52 192
metabolism
Lysosome 23 112 54 189
Tyrosine metabolism 7 114 59 180
Methane metabolism 9 120 48 177
Pentose phosphate pathway 5 114 53 172
RNA degradation 10 105 30 164
Endocytosis 12 111 38 161
Fatty acid metabolism 7 105 49 161
Phagosome 21 107 33 161
RNA transport 9 109 40 158
Photosynthesis - 113 93 156
Fructose and mannose 5 102 48 155
metabolism
Phenylalanine, tyrosine and 9 98 44 151
tryptophan biosynthesis
Ubiquinone and other 9 97 43 149
terpenoid-quinone
biosynthesis
Fatty acid degradation 3 88 49 140
Galactose metabolism 13 92 28 133
Spliceosome 11 79 22 112
alpha-Linolenic acid 3 63 43 109
metabolism
Carotenoid biosynthesis 14 58 31 103
mRNA surveillance pathway 5 70 26 101
Drug metabolism - 8 62 29 99
cytochrome P450
Aminoacyl-tRNA 3 78 14 95
biosynthesis
Porphyrin and chlorophyll 2 61 22 85
metabolism
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4.2.5 Identification of functional genes related to salt stress tolerance

To unravel the A. donax G2 salt stress response and to investigate the effect of salt dose, we
analyzed the RNA-Seq datasets from each of the aforementioned comparisons, focusing on genes
and pathways known to be related to soil salinity. In this further analysis, those clusters showing a
threshold of +/- 10.000 log>fold change have been considered as DEGs (up- or down-regulated) in
the A. donax transcriptome (Table 6-8). For each cluster, the alignment of 4. donax sequence has
been performed and the score of these alignments was reported (% identity and e value) thus providing
valuable indications of the cluster similarity with the reported genes (Table 6-8). Congruously, tables

report clusters whose % of identity was higher than 50 and the e value< 0.05.
4.2.6 Salt sensory and signaling mechanisms

The analysis of different expressed genes between G2-S3 and G2-CK revealed that
homologous to Oryza sativa (CBL-interacting protein kinases 1) CIPK1-SOS2-like protein and
homologous to Setaria italica HKT9 gene are up-regulated in the salt treated samples, whereas genes
homologous to the Arabidopsis NHX1 and NHX2 (Na'/H' antiporters) are down regulated in
response to severe S3 salt stress (Table 6). CIPK1-SOS2-like protein is a serine/threonine protein
kinase involved in the activation of plasma membrane Na'/H" antiporter (SOS1) which mediates the
exclusion of Na* excess out of the cells, whereas HKT9 gene encodes a probable cation transporter.
Consequently, the data suggest that the plant response to the S3 salt dose is likely either to increase
the activation upon the existing Na*/H" antiporter (SOS1) by the CIPK1-SOS2 like activity, or to
adjust the K" homeostasis by inducing the expression of HKT9. The down regulation of NHXs
indicates that the vacuolar sequestration of Na* excess seems to be impaired in the 4. donax subjected
to severe salt stress condition. Considering the G2-S4 vs G2-CK data set, a distinct response to
extreme salt stress has been detected (Table 7). Along with the up regulation of CIPK1-SOS2 like
and HKTO, the induction of CBL-interacting protein kinase 24 SOS2 (homologs of Oryza sativa
subsp. Japonica protein) is also specifically up regulated under extreme salt stress conditions (S4).
Morevover, the up regulation of NHXI1 expression (Arabidopsis thaliana sodium/hydrogen

exchanger 1) encoding the vacuolar Na*/H" antiporter is observed (Table 7).
4.2.7 Transcription factors

In our study, DEGs encoding TFs were identified and divided in 16 subfamilies, as showed in
Figure 9, which reports the transcription factor subfamilies sorted by the G2-S4 vs G2-CK DEG
number. The results showed that under S3 severe stress condition, an average of 12 TFs for each
family are differently regulated. In particular, 23 DEGs belong to auxin/indole acetic acid

(AUX/TAA), 21 to bHLH and 19 to NAC families, respectively, indicating that these are the most
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represented subfamilies and they probably play a key role in regulating the changes of transcriptional
regulation in response to salt (Figure 9). It worthwhile to mention that among the downregulated
genes belonging to G2-S3 vs G2-CK DEGs, a homolog of Setaria italica protein TIFY 10B-like
(LOC101761171) known to be a repressor of jasmonate (JA) responses, has been found (Table 6).
Moreover, a homolog of Setaria italica trihelix transcription factor GTL1 (LOC101762434), that acts
as negative regulator of water use efficiency (Yoo et al., 2010; Weng et al., 2012) has been found up-
regulated in G2-S3 vs G2-CK DEGs (Table 6). Finally, homologs of Setaria italica bZIP ABSCISIC
ACID-INSENSITIVE 5-like protein 7 functioning as transcriptional activator in the ABA-inducible
expression of rd29B have been also found among the up-regulated clusters. The role of these
differently regulated clusters will be discussed below.

In the G2-S4 vs G2-CK comparison, a deeper modification of the transcription regulation is
detected since an average of 53 TFs for each family resulted differently regulated in comparison with
untreated samples, being the bHLH (94 DEGs), AUX/IAA (109 DEGs), MYB (88 DEGs) and NAC
(91 DEGs) subfamilies the most represented (Figure 9). A comparative analysis performed using the
available database of rice transcription factors under salt stress led to the identification of 449 A.
donax unigenes, corresponding to high confidence rice TF homologs previously identified as salt or
salt/drought genes (Table 9) (Priya and Jain, 2013). Probably because of the altered water potential
under salt stress, the majority of these genes (434) are also responsive to drought. A total of 15 genes
are specifically responding to salt (Table 9), and among them, 9 (six up regulated and three
downregulated) belong to the AP2-EREBP family (Chen et al., 2016). Interestingly, 14 out of the 15
specific salt-related transcription factors are differently regulated exclusively in extreme salt stress

condition (G2-S4 vs G2-CK) (Table 9).
4.2.8 Hormone regulation of salt stress response

We focused our attention on the main plant hormones involved in salt stress response, such as
abscisic acid, brassinosteroid, ethylene, auxin/IAA and jasmonic acid (Golldack et al., 2014; Gupta
and Huang, 2014). The analysis of G2-S3 vs G2-CK data set revealed that the genes involved in
abscisic acid biosynthesis (NCED, zeathaxin oxidase and aldehyde oxidase) are not differently
regulated by the long term salt stress, otherwise homolog of Triticum urartu (Nr ID: EMS68885.1)
abscisic acid 8'-hydroxylase 1 (LOC101782596), involved in ABA catabolism, has been found among
the up-regulated genes (Table 6). Based on these differential expressions, it seems that circulating
ABA is channeled in a degradation pathway and the plant responds to prolonged severe stress by
lowering ABA levels. Among the up-regulated genes, homologs of Setaria italica abscisic acid

receptor PYLS (LOC101768693), of Setaria italica ABSCISIC ACID-INSENSITIVE 5-like protein
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7 (LOC101778442), Setaria italica abscisic acid receptor PYR1-like (LOC101776342), Oryza sativa
serine/threonine-protein kinase SnRK (SnRK) and to Setaria italica probable protein phosphatase 2C
30 (LOC101766228) were discovered. According to these results, although ABA levels seems to be
lowered, as the up regulation of abscisic acid 8'-hydroxylase homolog suggests, ABA signal is
probably persisting since ABA nucleoplasmatic receptors are up-regulated as well as the SnRK2
which active many downstream ABA-responsive processes (Golldack et al., 2014). As regards G2-
S4 vs G2-CK and G2-S4 vs G2-S3 sample data, Setaria italica abscisic acid 8'-hydroxylase 3
(LOC101760218) and Setaria italica abscisic acid receptor PYL8 (LOC101768693) are up-regulated
(Table 7 and 8). Moreover, the downregulation of homolog to Oryza sativa 9-cis-epoxycarotenoid
dioxygenase (NCED) in the G2-S4 vs G2-S3 comparison, which is not detected in the G2-S3 vs G2-
CK, is observed and it might more clearly indicate that ABA synthesis is not induced in samples
subjected to long-term extreme salt stress. As regards brassinosteroid, in the G2-S3 vs G2-CK data
set, homolog of Setaria italica cytochrome P450 734A6-like BAS1 (LOC101760518), a
brassinosteroid inactivator, is up-regulated indicating that brassinosteroid signaling is likely
interrupted in response to S3 severe salt treatment (Table 6). Conversely, by the analysis of the G2-
S4 vs G2-CK data set (Table 7), confirmed by the G2-S4 vs G2-S3 comparison (Table 8), we
discovered that homolog of Setaria italica cytochrome P450 85A1 (LOC101770408) encoding
brassinosteroid-6-oxidase 2, that is implicated in brassinosteroid biosynthesis, is up- regulated under
extreme salt stress (Table 7). Transcripts encoding ACC oxidase, namely the ethylene-forming
enzyme, have been found up-regulated both under severe (homolog of Saccharum arundinaceum 1-
aminocyclopropane-1-carboxylate oxidase) and extreme salt stress (homolog of Oryza brachyantha
I-aminocyclopropane-1-carboxylate oxidase (LOC102702913). However, in G2-S3 vs G2-CK
sample data, none of the ethylene downstream acting genes have been found, neither among the up-
regulated nor among the down-regulated clusters (Table 6). Conversely, the analysis of the G2-S4 vs
G2-CK revealed that homolog of Arabidopsis thaliana receptor ethylene response 1 (ETR 1) is
downregulated, whereas clusters related to CTR1 (Zea mays serine/threonine-protein kinase CTRI1-
like) and EIN3 (Setaria italica ETHYLENE INSENSITIVE 3-like 3 protein), both implicated in
quenching the ethylene signal, are up-regulated (Table 7). Sharp differences between the response of
A. donax to salt dose have been detected once we considered the role of auxin/IAA as signal molecule.
In this respect, the genes encoding the main biosynthetic enzyme, such as indole-3-pyruvate
monooxygenase YUCCA2-like (LOC101757189) (Woodward and Bartel, 2005), is downregulated
in G2-S3 vs G2-CK comparison indicating that severe salt stress seems not to implicate an increase
in IAA levels. Analyzing the response to extreme salt stress upon 4. donax leaves, we found a strong

induction of different clusters relative to YUCCA-like indole-3-pyruvate monooxygenases, which
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have been described as a high redundant gene family (Woodward, 2005). Unfortunely, several
clusters are also found among the downregulated genes thus rendering difficult to make general
conclusions (data not shown). However, a homolog of Zea mays indole-3-acetaldehyde oxidase
(AAO), involved in the biosynthesis of auxin, is upregulated in S4 samples and also in the G2-S4 vs
G2-S3 comparison suggesting that IAA might be synthesized in S4 extreme conditions (Table 8).
Moreover, exclusively under extreme stress condition a homolog of auxin responsive GH3 gene
family, regulating levels of biologically active auxin, is also up-regulated (Table 7). Finally, homolog
of Oryza sativa subsp. japonica jasmonic acid-amido synthetase JAR1 is down regulated in G2-S4
vs G2-CK comparison (Table 7) but not in the G2-S3 vs G2-CK samples indicating that under

extreme salt stress conditions jasmonic acid biosynthesis might be impaired.
4.2.9 ROS scavenging regulatory mechanisms

The analysis of G2-S3 vs G2-CK revealed that, among the antioxidant enzymes, ascorbate
peroxidase (APX) expression is up-regulated suggesting that H>O» could be the main ROS the 4.
donax cells have to cope with under severe salt stress (Table 6). Many GSTs are also up-regulated
concordantly with their role in salt stress relief (Puglisi et al., 2013; Lo Cicero et al., 2015). Also the
plastid NADP-malic dehydrogenase, reducing oxalacetate to malate, thus regenerating the NADP™,
is among the up-regulated genes of the G2-S3 vs G2-CK data set, this result being consistent with the
electron drainage from an over-reduced photosynthetic chain to other cellular compartments, in
particular towards the mitochondria. Indeed, homolog of the mitochondrial malate dehydrogenase
(MHD) are also induced by salinity (Table 6). As concerns either the G2-S4 vs G2-CK or G2-S4 vs
G2-S3 comparisons (Table 7 and 8), the plastid NADP-malic dehydrogenase and alternative oxidase
(AOX), that transfers electrons towards the respiratory electron chain for energy dissipation, are

unequivocally up regulated under extreme salt stress conditions.
4.2.10 Osmolyte biosynthesis

The accumulation of compatible osmolytes, such as proline, glycine betaine, polyamines and
sugar alcohols plays a key role in maintaining the low intracellular osmotic potential of plants and in
preventing the harmful effects of salinity stress (Deinlein et al., 2014; Gupta and Huang, 2014; Hoque
et al., 2008). In our study, l-delta-pyrroline-5-carboxylate synthase (P5CS), the key enzyme of
proline biosynthesis, was found up regulated in all comparisons (G2-S3 vs G2-CK, G2-54 vs G2-CK
and G2-S4 vs G2-S3) (Table 6-8) suggesting that proline accumulation might represent a pivotal
mechanism to overcome the hypersaline conditions and adjust the osmotic status in 4. donax.
Consistent with its catabolic role, proline dehydrogenase (PDH) expression is down regulated in G2-
S3 vs G2-CK data set suggesting that the mitochondrial degradation of proline is prevented (Table
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6). Conversely, PDH and 1-delta-pyrroline-5-carboxylate dehydrogenase (PSCSDH), both involved
in proline catabolism, resulted up regulated in both G2-S4 vs G2-CK and G2-S4 vs G2-S3 data sets
(Table 7 and 8). Biosynthesis pathway of betaine comprises a two steps oxidation of choline in which
betaine aldehyde dehydrogenase (BADH) synthesizes betaine from betaine aldehyde. BADH
expression is up regulated in G2-S4 vs G2-CK and G2-S4 vs G2-S3 comparisons indicating that
betaine might play a crucial role under S4 extreme stress conditions (Table 7 and 8). Due to their
cationic nature, polyamines can interact with proteins, nucleic acids, membrane phospholipids and
cell wall constituents, either activating or stabilizing these molecules. Considering all the comparison
data set, clusters encoding arginine decarboxylase (ADC, polyamine biosynthetic enzyme) are up-
regulated suggesting that polyamines biosynthesis is induced during long term salt stress in 4.donax,
having most likely a role in the salt tolerance mechanism, both under severe and extreme stress
condition (Table 6-8). In addition, clusters homolog to ornithine decarboxylase (ODC) and to
spermine synthase (SPMS) are exclusively up-regulated in G2-S4 vs G2-CK comparison, indicating
that a stronger activation of the polyamine biosynthesis occurs under extreme salt stress, also
involving the polyamine biosynthetic pathway starting from ornithine by the action of ODC (Table
7). Sugar alcohols are compatible solutes classified into two major types cyclic (e.g., pinitol) and
acyclic (e.g., mannitol) (Gupta and Huang, 2014). In our study, neither mannitol-1-phosphate
dehydrogenase (mldh) nor inositol methyl transferase (imf) transcripts, respectively involved in
mannitol and pinitol biosynthesis, were in the all the comparisons under investigation, indicating that

the synthesis of these compounds might be not crucial for salt stress overcoming in 4. donax.
4.2.11 Photosynthesis and photorespiration

The analysis of G2-S3 vs G2-CK DEGs reveals that homologs of both small and large subunits
of ribulose-1,5-bisphoshate carboxylase/oxygenase (Rubisco) are not represented neither in the up-
regulated or in the down regulated clusters (Table 6). However, homologs of Pisum sativum Rubisco
large subunit-binding protein subunit alpha, required for the correct assembly of Rubisco, have been
discovered among the down-regulated genes, indicating that the process of Rubisco assembly could
be strongly affected under S3 salt stress (Table 6). Moreover, clusters encoding glycolate oxidase
(Setaria italica peroxisomal (S)-2-hydroxy-acid oxidase, LOC101764130), which is a key enzyme of
the glycolate recovery pathway induced by photorespiration, is up-regulated in G2-S3 vs G2-CK
comparison suggesting that CO» assimilation via the C3 Calvin cycle might be impaired in favor of
oxygen fixation through the photorespiration pathway (Table 6). This result is consistent with the
decrease of net photosynthesis showed in Figure 1. Conversely, a surprising scenario takes place in

the case of A. donax samples subjected to extreme salt stress conditions (Table 7). Mainly, clusters
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encoding both the small and the large Rubisco subunits (homologs of Oryza sativa ribulose
bisphosphate carboxylase small chain), clusters encoding Arundo donax Rubisco large subunit-
binding proteins (involved in Rubisco assembly) and Setaria italica ribulose bisphosphate
carboxylase/oxygenase activase, are among the down-regulated genes. Rubisco activase plays an
important role adjusting the conformation of the active center of Rubisco by removing tightly bound
inhibitors thus contributing to the enzyme rapid carboxylation (Carmo-Silva and Salvucci, 2013).
These findings indicate that extreme salt treatment induce a strong slowdown if not even a dramatic
stop of the C3 Calvin cycle (Table 7 and 8). However, specifically under S4 extreme salt stress,
among the up-regulated DEGs, homologs of Flaveria trinervia phosphoenolpyruvate carboxylase
(PEPC) and of Oryza sativa chloroplastic pyruvate phosphate dikinase 1 (PPDK1) have been
identified, both involved in C4 photosynthesis, in which the spatial separation of the initial fixation
of atmospheric CO; from the Calvin cycle occurs. Concordantly, homologs of Setaria italica
phosphoenolpyruvate carboxylase kinase 2-like (LOC101779241), the PEPC inactivating enzyme by
decreasing of maximal reaction rate, were found down-regulated, suggesting that giant reed response

to extreme salt stress tends to maximize the catalytic efficiency of PEPC (Table 7 and 8).
4.2.12 Biomass digestibility and biofuel production

Considering the economical relevance that bioenergy crops assume as source of bioethanol,
we analyzed the regulation of several genes involved in the improvement of lignocellulosic biomass.
In the A. donax transcriptome subjected to both severe and extreme salt stress, several homologs of
phenylpropanoid biosynthetic genes were highly expressed (Table 6-8). In particular, homologs of
Setaria italica cinnamoyl-CoA reductase 2-like and Zea mays caffeoyl CoA 3-O-methyltransferase
are among the up-regulated clusters in G2-S3 vs G2-CK samples, being both specifically involved in
lignin biosynthesis (Table 7 and 8) (Xie et al., 2018). Similarly, homolog of Setaria italica cinnamyl
alcohol dehydrogenase was observed among the up-regulated clusters in the G2-S4 vs G2- CK but
also in G2-S4 vs G2-S3 sample indicating that lignin biosynthesis is induced under extreme salt stress
condition. Besides the homologs of the phenylpropanoid pathway discussed above, we identified
transcripts homologous to sucrose synthase (Setaria italica sucrose synthase) in the G2-S3 vs G2-CK
comparison, a key enzyme in cellulose biosynthesis. Considered that also lipids can participate to
biomass yield, we focused our attention on genes encoding key enzymes such as triacylglycerol lipase

and diacylglycerol kinase that were found to be up regulated under severe salt stress (Table 6).
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Table 6 — List of DEGs related to salt stress response identified in G2-S3 vs G2-CK comparison

Cluster ID Database description Percent Evalue log:fold
identity change

Salt sensory and signaling mechanisms

14027.182899  Oryza sativa subsp. japonica Group CBL-interacting 93.33% 4e-23 +39.581
protein kinase 1 (CIPK1-SOS2 like),
(XM _015766590.1)

14027.54233  Setaria italica probable cation transporter HKT9 86.32% le-132 +18.352
(XM _004967183.2)

14027.155903  Phragmites australis pcnhx] mRNA for putative 93.40% 3e-54 -21.136
Na+/H+ antiporter (NHX1), (Nt ID: AB211145.1)

14027.181583  Arabidopsis thaliana Sodium/hydrogen exchanger 2 77.78% 8e-79 -19.411
(NHX2), (Swissprot ID: Q56XP4)

Transcription factors

14027.152638  Setaria italica protein TIFY 10B-like 84.77% 2e-131 -25.354
(Nr ID: XP_004958300.1)

14027.159286  Setaria italica trihelix transcription factor GTL1 88.89% 2e-101 + 14.963
(NtID: XM _012842882.1)

14027.107730  Setaria  italica  bZIP  ABSCISIC  ACID- 45.04% 2e-18 +15.107
INSENSITIVE ~ 5-like  protein 7 (Nr ID:
XP 004954029.1)

Hormone regulation of salt stress response

14027.74861  Triticum urartu Abscisic acid 8'-hydroxylase 1 85.54% 4e-112 +47.347
(Nr ID: EMS68885.1)

14027.144393  Setaria italica abscisic acid receptor PYLS 77.85% 4e-80 +11.825
(NtID: XM 004951229.2).

14027.137264  Setaria italica abscisic acid receptor PYR1-like 85.34% le-104 +12.624
(Nr ID: XP_004983564.1)

14027.173535 Oryza sativa serine/threonine-protein kinase SnRK  79.69% 8e-32 +14.238
(SnRK), (Swissprot ID: Q75H77)

14027.235757  Setaria italica probable protein phosphatase 2C 30 87.80% 6e-170 +27.333
(Nt ID: XM_004984868.2)

14027.228612  Setaria italica cytochrome P450 734A1 89.90% 2e-58 +16.547
(Nr ID: XP_004962129.1)

14027.99729  Saccharum arundinaceum 1-aminocyclopropane-1- 91.46% le-122 + 15.804
carboxylate oxidase (ACC oxidase)
(Nr ID: ABM74187.1)

14027.265476 Setaria italica indole-3-pyruvate monooxygenase 75.33% le-107 - 40.837
YUCCA2-like (Nr ID: XP 004967465.1)

ROS scavenging regulatory mechanisms

14027.179813  Setaria italica L-ascorbate peroxidase 92.70% 2e-67 +17.074
(Nt ID: XM_004984762.3)

14027.36507  Zea mays glutathione transferase 23 (GST) 86.94% le-142 + 14.004
(Swissprot ID: Q9FQA3)

14027.206288  Setaria italica NADP-dependent malic enzyme, 99.50% 4e-152 + 15.008
chloroplastic (Nr ID: XP_004960887.1)

14027.147540  Setaria italica malate dehydrogenase, mitochondrial 84.14% 2e-167 +12.416
(MDH), (Nt ID: XM 004961089.3)

Osmolyte biosynthesis

14027.146844  Setaria  italica  delta-1-pyrroline-5-carboxylate 91.92% 6e-168 +40.924
synthase (P5CS), (Nt ID: XM _004961829.3)

14027.163839  Setaria italica proline dehydrogenase (PDH) 89.55% 3e-114 -28.271
(Nt ID: XM_004983669.2)

14027.196396  Setaria italica arginine decarboxylase (ADC) 47.70% 3e-179 +46.553
(Nt ID: XM 004964376.3)

Photosynthesis and photorespiration

14027.153819  Pisum sativum RuBisCO large subunit-binding 74.89% 4e-110 -35.119

protein subunit alpha, chloroplastic
(Swissprot ID: P08926)
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14027.193818  Setaria italica peroxisomal (S)-2-hydroxy-acid 92.51% Se-156 +22.634
oxidase
(Nt ID: XM _004958250.2)

Biomass digestibility and biofuel production

14027.274380 Setaria italica cinnamoyl-CoA reductase 2-like 67.31% 3e-149 +39.522
(Nt ID: XP_004956337.1)

14027.178971  Zea mays caffeoyl CoA 3-O-methyltransferase 91.10% 6e-163 + 13.644
(Nr ID: AAP33129.1)

14027.116333  Setaria italica sucrose synthase 70.19% 2e-136 +11.104
(Nr ID: XP 004984440.1)

14027.238308  Setaria italica triacylglycerol lipase SDP1-like 78.83% 6e-112 +10.393
(Nr ID: XP 004970049.1)

14027.166055  Setaria italica diacylglycerol kinase 1-like 45.50% 6¢-94 - 15.699

(Nt ID: XM _004983930.1)

Table 7 — List of DEGs related to salt stress response identified in G2-S4 vs G2-CK comparison

Cluster ID Database description Identity Identity E log: fold
score value change

Salt sensory and signaling mechanisms

14027.85357  Setaria italica CBL-interacting protein kinase 1 92.31% 8e-73 Inf*
(CIPK1-SOS2-like)
(NtID: XM 004967556.3)

14027.198243  Oryza sativa subsp. japonica CBL-interacting 87.88% 8e-126 +11.098
protein kinase 24 (SOS2)
(Swissprot ID: Q69Q47)

14027.54233  Setaria italica probable cation transporter HKT9  86.32% le-132 +35.667
(Nr ID: XP_004967240.1)
14027.155893  Arabidopsis thaliana Sodium/hydrogen 68.46% 6e-177 +14.324

exchanger 1 (NHX1)
(Swissprot ID: Q68K14)

Transcription factors

14027.159287  Setaria italica trihelix transcription factor GTL1, 81.72% 6e-45 +29.044
(NtID: XM _012842882.1)

14027.82197  Setaria italica bZIP ABSCISIC ACID- 79.96% 9e-82 +17.106

INSENSITIVE 5-like protein 7
(Swissprot ID: Q9IM7Q2)

Hormone regulation of salt stress response

14027.234361  Setaria italica abscisic acid 8'-hydroxylase 3 83.43% 0.0 +41.107
(Nr ID: XP_004957014.1)

14027.144393  Setaria italica abscisic acid receptor PYLS 77.85% 4e-80 +12.599
(Nt ID: XM 004951229.2)

14027.36786  Setaria italica brassinosteroid-6-oxidase 2  93.36% 4e-141 +19.415

cytochrome P450 85A1
(KO ID: K12640)
14027.99735  Oryza brachyantha 1-amino cyclopropane-1- 72.38% 2e-149 +22.325
carboxylate oxidase (ACC oxidase)
(NtID: XM _006647913.2)

14027.89434  Arabidopsis thaliana ethylene receptor 1 (ETR1), 31.67% le-15 - 18.141
(KO: K14509)

14027.182197  Arabidopsis thaliana serine/threonine-protein ~ 87.50% 3e-145 +11.918
kinase CTR1, (Swissprot ID: Q05609)

14027.226694  Setaria italica ETHYLENE INSENSITIVE 3-like  61.43% le-113 + 14.849

3 protein (EIN3)
(Nr ID: XP_004973869.1)

14027.190058 Zea mays Indole-3-acetaldehyde oxidase (AAO)  67.55% 4e-175 +13.436
(Swissprot ID: 023887)
14027.58358  Setaria italica probable indole-3-acetic acid- 69.87% 2e-133 Inf*

amido synthetase GH3.8
(Nr ID: XP_004958192.1)



14027.189947 Oryza sativa subsp. japonica Jasmonic acid-
amido synthetase JARI
(Swissprot ID: Q61581)

60.65%

2e-167

-28.213

ROS scavenging regulatory mechanisms

14027.42850  Flaveria pringlei NADP-dependent malic
enzyme, chloroplastic
(Swissprot ID: P36444)

14027.184286 Setaria  italica  ubiquinol  oxidase 2,
mitochondrial-like (AOX)
(Nr ID: XP 004976683.1)

14027.154629  Setaria italica superoxide dismutase [Cu-Zn]
(NtID: XM 004958551.3)

14027.237926  Setaria italica superoxide dismutase [Fe] 2,
chloroplastic-like
(NtID: XM 004964461.2)

55.29%

93.02%

89.43%

98.26%

6e-111

le-64

2e-74

2e-68

Inf*

+20.525

+36.275

- 11.661

Osmolyte biosynthesis

14027.146844  Setaria italica delta-1-pyrroline-5-carboxylate
synthase (P5CS)
(NtID: XM _004961829.3)

14027.197137  Brachypodium distachyon delta-1-pyrroline-5-
carboxylate dehydrogenase 12A1, mitochondrial
(P5CSDH)
(Nr ID: XP 010231104.1)

14027.163909  Oryza sativa subsp. indica Betaine aldehyde
dehydrogenase (BADH)
(Swissprot ID: B3VMCO0)

5159.0 Zea mays ornithine decarboxylase-like (ODC)
(Nr ID: XP_008653000.1)

14027.196396  Oryza sativa subsp. japonica Group arginine
decarboxylase 1 (ADC)
(Swissprot ID: QISNNO)

14027.211822  Setaria italica spermine synthase-like (SPMS)
(Nr ID: XP _004951294.1)

91.92%

92.46%

92.96%

52.96%

47.70%

89.78%

6e-168

5e-138

le-41

le-112

3e-179

2e-175

+68.438

+17.285

+15.021

+51.866

+65.072

+10.003

Photosynthesis and photorespiration

14027.158740 Oryza sativa, subsp. japonica Group Ribulose
bisphosphate carboxylase small chain A
(Swissprot ID: P18566)

14027.70509  Arundo donax ribulose-bisphosphate carboxylase
large subunit (rbcL)
(Nt ID: KJ880079.1)

14027.158959  Setaria italica ruBisCO large subunit-binding
protein subunit beta
(Nr ID: XP_004975721.1)

14027.168331  Setaria italica ribulose bisphosphate
carboxylase/oxygenase activase
(Nt ID: XM 004960085.2)

14027.198015 Oryza brachyantha phosphoenolpyruvate
carboxylase (PEPC) (Nr ID: XP_006644735)

14027.153211 Oryza sativa chloroplastic pyruvate phosphate
dikinase 1 (PPDK1)
(Swissprot ID: Q6AVAS)

14027.158029  Setaria italica phosphoenolpyruvate carboxylase
kinase (PEPC kinase)
(Nr ID: XP 004976235.1)

88.96%

100.00%

95.45%

84.71%

93,85%

88.41%

84.05%

3e-100

le-104

2e-19

le-46

le-174

le-163

2e-127

-24.091

-17.789

- 14.938

- 15.647

+11.496

+29.711

-40.627

Biomass digestibility and biofuel production

14027.150588  Setaria italica putative cinnamyl alcohol
dehydrogenase
(NtID: XM 004972526.2)

79.53%

6e-116

+14.463
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Table 8 — List of DEG related to salt stress response identified in G2-S4 vs G2-S3 comparison

Cluster Database description Identity Identity log: fold
score Evalue change

Salt sensory and signaling mechanisms

14027.81324  Setaria italica probable cation transporter HKT9  65.10% Se-142 +25.926
(Nr ID: XP 004967240.1)

Transcription factors

14027.184776  Setaria italica trihelix transcription factor GTL1 ~ 80.41% 2e-69 +29.515
(NtID: XM 012842882.1)

Hormone regulation of salt stress response

14027.238560 Zea mays 9-cis-epoxycarotenoid dioxygenase 1, 85.48% 6e-177 - 18.703
chloroplastic (Swissprot ID: 024592)

14027.234358  Setaria italica abscisic acid 8'-hydroxylase 3 70.33% 4e-163 +23.595
(Nr ID: XP_004957014.1)

14027.36785  Setaria italica  brassinosteroid-6-oxidase 2 93.12% 2e-105 +24.019
cytochrome P450 85A1 (KO ID: K12640)

ROS scavenging regulatory mechanisms

14027.104252  Flaveria  pringlei NADP-dependent malic 70.49% Se-135 Inf*
enzyme, chloroplastic
(Swissprot ID: P36444)

14027.141579  Setaria  italica  ubiquinol  oxidase 2, 80.65% 4e-87 +13.511
mitochondrial-like (AOX)
(Nr ID: XP 004953576.1)

14027.159513  Zea Mays superoxide dismutase [Cu-Zn] 89.67% 2e-164 +11.777
(Swissprot ID: P23345)

14027.172733  Setaria italica superoxide dismutase [Fe] 1, 72.96% le-165 -11.799
chloroplastic-like
(Nt ID: XM 004981985.2)

Osmolyte biosynthesis

14027.166473  Setaria italica delta-1-pyrroline-5-carboxylate  95.94% 8e-175 +44.106
synthase (P5CS)
(Nt ID: XM _004970516.2)

14027.197137  Brachypodium distachyon delta-1-pyrroline-5- 92.46% Se-138 +17.324
carboxylate dehydrogenase 12A1, mitochondrial
(P5CSDH)
(Nr ID: XP_010231104.1)

14027.116788 Oryza sativa subsp. japonica Betaine aldehyde 85.80% 2e-94 +16.655
dehydrogenase 1 (BADH)
(Swissprot ID: 024174)

14027.196396  Oryza sativa subsp. japonica Group arginine 48.64% 2¢-180 + 18.455
decarboxylase 1 (ADC)
(Swissprot ID: Q9SNNO)

Photosynthesis and photorespiration

14027.157747 Oryza sativa subsp. japonica Group Ribulose 94.59% 3e-20 -13.548
bisphosphate carboxylase small chain A
(Swissprot ID: QOINY7)

14027.70510  Adiantum capillus-veneris ribulose-bisphosphate  94.33% 9e-180 -13.342
carboxylase large subunit (rbcL)
(Swissprot ID: P36476)

14027.168328  Setaria italica ribulose bisphosphate  80.30% 4e-66 -10.404
carboxylase/oxygenase activase
(Nt ID: XM _004960085.2)

14027.153211 Oryza sativa subsp. japonica chloroplastic 88.41% le-163 +28.312
pyruvate phosphate dikinase 1 (PPDK1)
(Swissprot ID: Q6AVASR)

14027.170986  Setaria italica phosphoenolpyruvate carboxylase 83.33% 7e-05 -17.751

kinase (PEPC kinase)
(Nt ID: XM 004953094.3)
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Biomass digestibility and biofuel production

14027.76193

14027.238308  Setaria italica triacylglycerol lipase SDP1-like

Setaria italica cinnamyl alcohol dehydrogenase

(Nt ID: XM_004951572.2)

(Nr ID: XP_004970049.1)

82.35%

75.07%

2e-132

4e-168

-11.287

+10.139

Table 9. Transcription factors responsive to salt in A. donax, resulted by a comparative analysis with the
available database of rice transcription factors.

% G2-S4 G2-S3 G2-S4 Diff

A. donax ID  Rice ID . (;en it E value Family vs \& A Regulation E r
identty G2-CK G2-CK G2-S3 xpr-
AP2- -

14027.146299 0s09g20350 91.67 1,00E-38 EREBP 1 0 0 Up Salinity
AP2- -

14027.156597 0s09g20350 81.82 5,00E-08 EREBP 1 0 0 Down Salinity
AP2- -

14027.157270  0s09g20350 95.77 3,00E-25 EREBP 1 0 0 Up Salinity
AP2- -

14027.171527 0s04g55560 92.73 2,00E-36 EREBP 1 0 0 Up Salinity
AP2- -

14027.180316 0Os04g55560 85.48 3,00E-33 EREBP 1 0 0 Up Salinity

14027.186619 0s02g57790 85.71 4,00E-31  C2H2 1 0 0 Up Salinity

14027.192028 0s07g39480 85.49 1,00E-131 WRKY 1 0 0 Up Salinity

14027.248285 0s06g40330 88.71 1,00E-70 MYB 1 0 0 Up Salinity
AP2- _

14027.250058 Os06g44750 91.49 7,00E-27 EREBP 1 0 0 Up Salinity
AP2- -

14027.250059 0Os06g44750 91.49 4,00E-27 EREBP 1 0 1 Down Salinity
AP2- -

14027.4111 0s07g22770 89.39 2,00E-35 EREBP 1 1 0 Down Salinity

14027.61430  Os03g54170 94.37 1,00E-22 MADS 1 0 0 Down Salinity

14027.64311  Os01g13030 84.55 6,00E-43 ﬁ:;x 1 0 0 Down Salinity

14027.84501  Os11g45950 89.06 1,00OE-11  NAC 1 0 0 Down Salinity
AP2- -

9227.0 Os06g44750 93.55 4,00E-31 EREBP 1 0 0 Up Salinity

100

G2_S3vs G2_CK
W G2_S4vs G2_CK
®G2_S4vs G2_S3

Figure 9. Distribution of transcription factors responsive to salt stress. Data are sorted by number of G2-S4

vs G2 CK DEGs. Only categories with more than 3 DEGs identified as transcription factors are shown.
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4.2.13 Retrieval and analysis of genes targeted as “salt stress responsive”

The GO terms were further analyzed in order to retrieve clusters specifically involved in the
salt stress response, thus excluding all transcripts also regulated by different abiotic stress, such as
water deprivation, cold, heavy metals and oxidative stresses (geneontology.org/). All the retrieved
clusters are also found to be involved in salt-induced osmotic stress according to the finding that
levels of NaCl higher than 100—150 mM cause osmotic stress, that normally arises up at salinity levels
ranging between 50 and 100 mM NaCl (Shavrukov, 2012). The results shown in Table 10 reveal that
among 9 clusters specifically regulated by salt, 7 are up regulated and 2 are down regulated in the
G2-S3 vs G2-CK comparison. Among the up regulated genes, the CBL-interacting protein kinase 1
(CIPK1-SOS2 like) has been found (Table 10) thus suggesting that it induces specific signal
transduction pathways under severe salt stress conditions. Instead, clusters related to plasma
membrane Na'/K" transporter are down regulated by severe salt stress treatment (Table 10), both
results being already highlighted in Table 6. A higher number of up and down regulated genes have
been found among the G2-S4 vs G2-CK data set, they are being 29 and 7, respectively, for a total of
36 clusters (Table 11). Similarly, to G2-S3 vs G2-CK comparison, clusters encoding the CBL-
interacting protein kinase 1 (CIPK1-SOS2 like) have been found up regulated under extreme salt
stress S4 (Table 11, Table 7). Moreover, CBL-interacting protein kinase 24 SOS2 (homolog of Oryza
sativa subsp. Japonica protein, Table 7) is specifically up regulated under extreme salt stress
conditions (S4). Interestingly, clusters encoding homologs of the mitochondrial persulfide
dioxygenase ETHE1 (ETHYLMALONIC ENCEPHALOPATHY PROTEIN1), that catalyzes the
oxidation of persulfides derived from either cysteine or hydrogen sulfide to thiosulfate and sulfate
(Hofler, 2016) have been found up regulated in S4 conditions. Finally, clusters mainly related to a
probable Oryza sativa subsp. Japonica cation transporter HKT6 are down regulated under extreme
salt conditions (Table 11). In order to support the relationship among the main specific salt responsive
genes (CIPK1-SOS2 like, cation transporter HKT9, NHX1, NHX2, SOS2 and ETHE 1, Tab. 7, Table
11) and their orthologues, each A.donax cluster was aligned with fifteen orthologues from different
plant sources and phylogenetic trees were constructed (Figure 10a, 10b, 10c, 10d, 10e and 10f). The
sequence alignments allowed to classify the proteins within the respective protein family and, in the
case of CIPK1-SOS2 like, of persulfide dioxygenase ETHEI1 and CBL-interacting protein kinase 24
(SOS2) sequence alignment revealed the presence of specific protein functional domains (Table 10).
The findings of the phylogenetic trees depicted that all the genes from different plant sources can be
subcategorized into subgroups (Figure 10a, 10b, 10c, 10d, 10e and 10f) and that, all the giant reed

genes were clustered into one of these subgroups.
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Table 10. Salt stress related genes in G2-S3 vs G2-CK (GO:0009651 Response to salt stress)

Gene_ID log:FoldChange Swissprot Description

14027.266446  Inf* CBL-interacting protein kinase 21 (Oryza sativa subsp. japonica)
14027.182899  39.581 CBL-interacting protein kinase 1 (Oryza sativa subsp. japonica)
14027.196826  35.123 CBL-interacting protein kinase 1 (Oryza sativa subsp. japonica)
14027.182901  33.766 CBL-interacting protein kinase 1 (Oryza sativa subsp. japonica)
14027.190185  25.043 CBL-interacting protein kinase 1 (Oryza sativa subsp. japonica)
14027.194848  0,93616 Ankyrin repeat-containing protein NPR4 (Oryza sativa subsp. Japonica)
14027.149173  0,78963 V-type proton ATPase catalytic subunit A (Daucus carota)
14027.230649  -22.658 Probable cation transporter HKT6 (Oryza sativa subsp. japonica)
14027.230650  -26.106 Probable cation transporter HKT6 (Oryza sativa subsp. japonica)

*it means that the read count value of CK samples is zero

Table 11. Salt stress related genes in G2-S4 vs G2-CK (GO:0009651 Response to salt stress)

Gene_ID log:FoldChange Swissprot Description
14027.231692 54.475 NAD-dependent malic enzyme 62 kDa isoform (Solanum tuberosum)
14027.231386 49.507 Persulfide dioxygenase ETHE1 homolog (4Arabidopsis thaliana)
14027.196826 42.577 CBL-interacting protein kinase 1 (Oryza sativa subsp. Japonica)
14027.190185 34.055 CBL-interacting protein kinase 1 (Oryza sativa subsp. Japonica)
14027.130203 25.169 Persulfide dioxygenase ETHE1 homolog (4rabidopsis thaliana)
14027.209414 24.094 Calcium-dependent protein kinase 1 (Oryza sativa subsp. Japonica)
14027.189242 16.044 Persulfide dioxygenase ETHE1 homolog (4rabidopsis thaliana)
14027.90003 14.432 Ankyrin repeat-containing protein NPR4 (Oryza sativa subsp. Japonica)
14027.190184 13.951 CBL-interacting protein kinase 1 (Oryza sativa subsp. Japonica)
14027.149173 13.206 V-type proton ATPase catalytic subunit A (Daucus carota)
14027.146671 12.089 NAD-dependent malic enzyme 62 kDa isoform (Solanum tuberosum)
14027.198243 11.098 CBL-interacting protein kinase 24 (Oryza sativa subsp. Japonica)
14027.190190 3.837 CBL-interacting protein kinase 1 (Oryza sativa subsp. Japonica)
14027.211592 1,94 COBRA-like protein 1 (Oryza sativa subsp. Japonica)
14027.158801 0,93 V-type proton ATPase catalytic subunit A (Daucus carota)
14027.176822 0,92 CBL-interacting protein kinase 24 (Oryza sativa subsp. Japonica)
14027.129089 0,82 3-isopropylmalate dehydratase small subunit 3 (4rabidopsis thaliana)
14027.163583 0,81 --
14027.176826 0,77 CBL-interacting protein kinase 1 (Oryza sativa subsp. Japonica)
14027.169731 0,76 Gamma carbonic anhydrase 2 (Arabidopsis thaliana)
14027.181983 0,74 Mitochondrial-processing peptidase subunit alpha (Solanum tuberosum)
14027.180575 0,71 CBL-interacting protein kinase 24 (Oryza sativa subsp. Japonica)
14027.195126 0,68 3-isopropylmalate dehydratase small subunit 3 (Arabidopsis thaliana)
14027.110430 0,67 ATP synthase subunit d (4rabidopsis thaliana)
14027.135632 0,63 ATP synthase subunit d (4rabidopsis thaliana)
14027.189399 0,59 Mitochondrial-processing peptidase subunit alpha (Solanum tuberosum)
14027.219001 0.55 Nascent polypeptide-associated complex subunit alpha-like protein 1

(Arabidopsis thaliana)
14027.173498 0,53 Kynurenine formamidase (Bacillus weihenstephanensis) (strain KBAB4)
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 9

14027.139505 0,52 (Arabidopsis thaliana)

14027.172033 -0,74 Interferon-related developmental regulator 2 (Homo sapiens)
14027.230649 -4.392 Probable cation transporter HKT6 (Oryza sativa subsp. Japonica)
14027.162962 -11.339 Interferon-related developmental regulator 2 (Homo sapiens)
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14027.225205
14027.142581
14027.230647
14027.180958
14027.230650

-25.336
-28.631
-43.229
-45.185
-55.502

Interferon-related developmental regulator 1 (Sus scrofa)
Probable cation transporter HKT6 (Oryza sativa subsp. Japonica)
CBL-interacting protein kinase 1 (Oryza sativa subsp. Japonica)
Probable cation transporter HKT6 (Oryza sativa subsp. Japonica)

HKT24 transporter Oryza sativa f. spontanea
probable cation transporter HKT8 Oryza sativa Japonica Group
HKT24 transporter Oryza rufipogon

HKTZ23 transporter Oryza sativa f. spontanea
HKT23 transporter Oryza sativa Indica Group

HKT23 transporter Oryza rufipogon
probable cation transporter HKTS Brachypodium distachyon

4|:group Il HKT transporter Triticum aestivum

high afinity K+ transporter Aegilops tauschii subsp. strangulata
[Cluster-14027.54233 Cation transporter HKTS |
probable cation transporter HKT8 Panicum hallii

putative cation transporter HKT9 Panicum miliaceum

probable cation transporter HKT9 Zea mays
putative cation transporter HKT9 Dichanthelium oligosanthes

cation transporter HKT1 Brachypodium distachyon

NHX1 sodium/proton antiporter Hordeum vulgare
Na+/H+ antiparter Thinopyrum elongatum
Na+/H+ exchanger Puccinellia tenuiflora

Na+/H+ antiporter Agrostis stolonifera

pustem 4027155903 pcnhx1 mRNA for putative Na+/H+ antiporter (NH)(1}|

[ Na+/H+ antiporter NHX1 Panicum virgatum

Na+/H+ antiporter Zoysia japonica

4’7 PREDICTED: nhx1 antiporter isoform X1 Vitis vinifera

nhx1 antiporter isoform X1 Cinnamomum micranthum f. kanehirae

4,—

sodium/hydragen exchanger 1-like Prosaopis alba
Na+/H+ antiporter Nhx1 Salicornia europaea

[ Na/H antiporter Nhx1 Atriplex dimorphostegia
Na+/H+ antiporter 1 Atriplex patens

sodium/hydrogen exchanger 1-like isoform X1 Ananas comosus

0.05

sodium/hydrogen exchanger 1-like Panicum halli
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[sodiuma‘hydrogen exchanger 2 Panicum miliaceum
sodium/hydrogen exchanger 2 Panicum hallii

-Na+/H+ antiporter NHX1 Panicum virgatum

Sodium/hydrogen exchanger 2 Dichanthelium oligosanthes
sodium/hydrogen exchanger 2 Setaria italica

sodium/hydrogen exchanger 2-like Zea mays

sodium/proton antiporter Hordeum vulgare

_,— MNa+/H+ exchanger Phyllostachys edulis

sodium/hydrogen exchanger 2 Oryza sativa Japonica Group

putative Na+/H+ antiporter Phragmites australis

[Cluster 14027.181583 Sodium/hydrogen exchanger 2 (NHX2) |

— Na/H antiporter Diplachne fusca

Ma+/H+ antiporter Zoysia japonica

[putative vacuolar Ma+/H+ antiporter Aeluropus lagopoides
Na+/H+ antiporter Aeluropus littoralis

0.m

-CBL-interacting serine/threonine-protein kinase 1 Zea mays
rPREDICTED: CBL-interacting protein kinase 1 Oryza brachyantha
FCBL-interacting protein kinase 1 Dichanthelium oligosanthes
+CBL-interacting protein kinase 1 Zea mays

-CBL-interacting protein kinase 1 Sorghum bicolor

CBL-interacting protein kinase 1 Setaria italica
rCBL-interacting protein kinase 1 Panicum miliaceum
CBL-interacting protein kinase 17 Triticum urartu

{CBL-interacting protein kinase 17 Hordeum vulgare subsp. spontaneum
CBL-interacting protein kinase 17-like Aegilops tauschii subsp. tauschii

-CBL-interacting protein kinase 1 Panicum miliaceum(2)

CBL-interacting protein kinase 1 Panicum halli

ICIuster-1 4027182899 CBL-interacting protein kinase 1 (CIPK1-5052 |i|<e)|
rPREDICTED: CBL-interacting protein kinase 1 Musa acuminata subsp. malaccensis

L CBL-interacting protein kinase 1-like Phoenix dactylifera

005
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e persulfide dioxygenase ETHE1 homolog mitochondrial Sorghum bicolor
Persuffide dioxygenase ETHE1 mitochondrial Zea mays
persulfide dioxygenase ETHE1 homolog mitochondrial Setaria italica
Persuffide dioxygenase ETHE1-like protein mitochondrial Dichanthelium cligosanthes
{7l0luster-1 4027231386 Persuffide dioxygenase E THET |
persuffide dioxygenase ETHE1 homolog mitochondrial Qryza sativa Japonica Group
persulfide dioxygenase ETHE1 homolog mitochondrial Brachypodium distachyon
—|_— persulfide dioxygenase ETHE1 homolog mitochondrial Aegilops tauschii subsp. tauschii
[persulfide dioxygenase ETHE1 homolog mitochondrial Ananas comosus
Persulfide dioxygenase ETHE mitochondrial Ananas comosus
persulfide dioxygenase ETHE1 homolog mitochondrial Dendrobium catenatum
persulfide dioxygenase ETHE1 homolog mitochondrial Elaeis guineensis
— PREDICTED: persuffide dioxygenase ETHE1 homolog mitochondrial-like Pyrus x bretschneideri(2)
persulfide dioxygenase ETHE1 homolog mitochondrial-like isoform X2 Malus domestica
—[persulfide dioxygenase ETHE1 homolog mitochondrial-like isoform X1 Malus domestica
I —
0.05
f CBL-interacting protein kinase 24 Zea mays(3)
CBL-interacting protein kinase 24 Zea mays(2)
CBL-interacting protein kinase 24 Dichanthelium oligosanthes
CBL-interacting protein kinase 24 Sorghum bicolor
CBL-interacting protein kinase 24 Zea mays
CBL-interacting protein kinase 24 Panicum miliaceum
CBL-interacting protein kinase 24 Panicum hallii
CBL-interacting protein kinase 24 isoform X2 Setaria italica
CBL-interacting protein kinase 24 isoform X1 Setaria italica
|Cluster-14027.198243 CBL-interacting protein kinase 24 (SOS2)|
PREDICTED: CBL-interacting protein kinase 24 Oryza brachyantha
CBL-interacting protein kinase 24 Hordeum vulgare subsp. spontaneum
T [CBL-interacting protein kinase 24 isoform X1 Brachypodium distachyon
CBL-interacting protein kinase 24 isoform X2 Brachypodium distachyon
CBL-interacting protein kinase 09-like protein Ornithogalum longebracteatum
[
0.05

Figure 10. Phylogenetic relationship among A4. donax salt responsive clusters and orthologues belonging to
different plant sources. a cluster 14,027-155,903 homolog of Phramites australis Na'/H" antiporter
(NHXT1). b cluster 14,027—-181,583 homolog of Arabidopsis thaliana Na*/H' exchanger 2 (NHX2). ¢ cluster
14,027-182,899 homolog of Oryza sativa CBL-interacting protein kinase 1 (CIPK1-SOS2-like). d cluster
14,027-182,899 homolog of Oryza sativa CBL-interacting protein kinase 24 (SOS2). e cluster 14,027—
54,233 homolog of Setaria italica cation transporter (HKT9). f cluster 14,027-231,386 homolog
of Arabidopsis thaliana persulfide dioxygenase (ETHE1).
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Table 10. Protein family and domain description

Cluster ID

Cluster description

Family Name - Descritpion

Domain Name- Descritpion

14027.182899

14027.54233

14027.181583

14027.231386

14027.198243

14027.155903

Oryza sativa subsp. japonica
Group CBL-interacting
protein kinase 1 (CIPKI1-
SOS2 like)

Setaria italica probable
cation transporter HKT9
Arabidopsis thaliana
Sodium/hydrogen
exchanger 2 (NHX2)
Arabidopsis thaliana
Persulfide dioxygenase
ETHE1

Oryza sativa subsp.
Japonica CBL-interacting
protein kinase 24 (SOS2)

Phragmites australis
pecnhxl mRNA for putative
Na+/H+ antiporter (NHX1)

PKc like superfamily - Protein
kinase family

2a38euk superfamily - Potassium
uptake protein, Trk family

b cpal superfamily; PRK05326 -
Sodium/hydrogen exchanger
family; potassium/proton antiporter
Glyoxylase or a related metal-
dependent hydrolase, beta-
lactamase superfamily 11
AMPKA C like superfamily - C-
terminal regulatory domain of 5'-
AMP-activated  protein  kinase
(AMPK) alpha subunit and similar
domains family

b cpal superfamily; PRK05326 -
Sodium/hydrogen exchanger
family; potassium/proton antiporter

STKe SnRK3 - Catalytic
domain of the
Serine/Threonine Kinases,
Sucrose nonfermenting 1-
related protein

POD-like MBL-fold -
ETHE1 (PDO type ),
persulfide dioxygenase A

CIPK C - C-terminal
regulatory domain of
Calcineurin B-Like (CBL)-
interacting protein kinases

4.3 Discussion

Plants generate high yields if the growth demands are properly supplied as well as light and
temperature fit to their optimum requirements. Yield-associated traits are inversely related to abiotic
stress conditions such as salt during plant development. Under conditions of moderate salinity (EC
4-8 dS m™), all important glycophytic crops reduce average yields by 50-80% (Panta et al., 2014).
Plants have developed the ability to sense both the hyperosmotic component and the toxic ionic Na*
component of salt stress (Deinlein et al., 2014). To date the molecular identities of plant hyperosmotic
sensors and Na' sensors present at the plasma membrane have remained unknown. Recently, Choi et
al. (Choi et al., 2014) suggested that Ca®'-dependent signaling plays a role in the systemic
transmission of signaling as a Ca?" wave propagates preferentially through cortical and endodermal
cells from roots to distal shoots. In salt tolerant plants, the cytosolic calcium perturbation actives the
Salt Overly Sensitive (SOS) pathway (Liu and Zhu, 1998; Martinez-Atienza et al., 2007). The
components of this pathway are the Ca*" sensor (SOS3) which accordingly changes its conformation
in a Ca’"-dependent manner and interacts with SOS2, a serine/threonine protein kinase, forming the
active SOS2-SOS3 complex. This interaction results in the activation through its phosphorylation of
SOS1 (plasma membrane Na'/H" antiporter) which mediates the exclusion of Na" excess out of the
cells. In addition, the SOS2-SOS3 complex activates NHX, the vacuolar Na'/H" exchanger resulting
in the vacuolar sequestration of Na* excess thus further contributing to the restore of ion homeostasis

(Zhu, 2002; Barragan et al., 2012). Consequently, the data suggest that the SOS pathway is only
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partially activated under severe salt stress (up-regulation of CIPK1-SOS2-like protein and HKT9)
and the down regulation of NHX indicates that the vacuolar sequestration of Na* excess seems to be
impaired (Table 6). A specific response to extreme salt stress has been detected (Table 7), since the
up regulation of CIPK1-SOS2 like and HKT9 (Setaria italica probable cation transporter HKT9) was
accompanied by the up-regulation of NHX1 (Arabidopsis thaliana sodium/hydrogen exchanger 1)
encoding the vacuolar Na“/H" antiporter. Moreover, CBL-interacting protein kinase 24 (homologs of
Oryza sativa subsp. Japonica protein, Table 7), involved in the regulatory pathway for the control of
intracellular Na" and K homeostasis and salt tolerance, is specifically up regulated under extreme
salt stress conditions (S4). It activates the vacuolar H/Ca*" antiporter and operates in synergy with
CBL4/SOS3 to activate the plasma membrane Na'/H+ antiporter SOS1 (Cheng et al., 2004). As
expected, the components of the SOS response are among the salt induced specific genes, indicating
their key role in salt detoxification. In addition to that, several transcripts homologous to Arabidopsis
NHX5 and NHX6 encoding endosomal Na'/H" antiporters are also up-regulated (data not shown).
Although the relative log, fold changes of these clusters are below the +10.000 threshold we
established at the beginning of the analysis, these results anyway suggest that the cellular components
devoted to Na" excess expulsion, located in the tonoplast and in the endosomal membranes all
together might participate in reducing the Na" cytoplasmic concentrations. The importance of these
genes in salt stress relief is supported by the finding that Arabidopsis nhx5 nhx6 double knockout
showed reduced growth and increased sensitivity to salinity (Bassi et al., 2011). Downstream of
aforementioned activation of Ca®" alteration induced by salinity, kinases become activated and may
transduce the hyperosmotic signal to induce protein activities and gene transcription. The activation
of transcription factors can occur by the direct binding with calmodulin-binding transcriptional
activators (CAMTAs), GT-element binding proteins and MY Bs (Mahajan and Tuteja, 2005; Deinlein
et al., 2014). Transcription factors (TFs) are considered as the most important regulators controlling
the expression of a broad range of target genes ultimately influencing the level of salt tolerance in
plants. It is well documented that TFs belonging to the DREB, NAC, MYB, MYC, C2H2 zinc finger,
bZIP, AP2/ERF (Ethylene Responsive Factor) and WRKY families are relevant in salt stress response
(Golldack et al., 2014). In most cases, the overexpression of these transcription factors successfully
enhanced salinity tolerance in many crops (Hanin et al., 2016). By comparing our results with those
obtained in 4. donax subjected to water deficit (Fu et al., 2016), slight differences can be observed in
terms of TF subfamilies involved in salt and water stresses, but a greater number of all TFs for each
family resulted differently regulated under both severe and extreme salt stress. Interestingly, a major
involvement of AUX/IAA TFs is detected under salt stress with respect to 4. donax plants subjected

to drought thus indicating that a different regulation network is induced. Moreover, a total of 449 A.
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donax unigenes correspond to high confidence rice homologs previously identified as salt or
salt/drought responsive genes (Priya and Jain, 2013). Most of them (434) resulted also responsive to
drought, indicating that the plant responses to these stresses probably overlap each other and that the
downstream metabolic pathways can crosstalk. Significantly, few genes (15) specifically respond to
salt treatments and they have been found especially (14 out of 15) among the G2-S4 vs G2-CK DEGs
(Table 9), suggesting they might have a crucial role in the response to extreme salt conditions. Among
these clusters, 9 (six up regulated and three downregulated) belong to the AP2-EREBP family (Chen
et al., 2016). They have been implicated in various hormones-related signal transduction pathway
including abscisic acid (ABA), ethylene and jasmonates (JAs) (Chen et al., 2016), which seem to be
strongly involved in 4. donax extreme salt stress response.

In our study, among the downregulated genes belonging to G2-S3 vs G2-CK DEGs, a
homolog of Setaria italica protein TIFY 10B-like (LOC101761171) known to be a repressor of
jasmonate (JA) responses, has been found (Table 5). As detailed below, an important attribute of JA
is its ability to act both as a potent inhibitor of vegetative growth and as a positive regulator of
reproductive and defensive processes (Pauwels et al., 2008). These antagonistic JA activities suggest
that, in 4. donax subjected to severe salt stress, the dilemma of plant “to grow or defend itself” seems
to be resolved trying to growth in an unfavorable environment. A homolog of Setaria italica trihelix
transcription factor GTL1 (LOC101762434) that acts as negative regulator of water use efficiency
via the promotion of stomatal density and distribution (Yoo et al., 2010; Weng et al., 2012) has been
found up-regulated in G2-S3 vs G2-CK DEGs (Table 5). It has been reported that GTL1 is expressed
when Arabidopsis plants have sufficient available water but is downregulated by water deficit.
Arabidopsis thaliana GTL1 loss-of-function mutations result in increased water deficit tolerance and
higher integrated water use efficiency by reducing daytime transpiration without a demonstrable
reduction in biomass accumulation. Moreover, GTL1 does not regulate ABA responsiveness, and the
lower transpiration rates of gt/ defective plants are not caused by differences in stomatal aperture or
ABA-induced stomatal closure (Yoo et al., 2010). The observed up-regulation of GTL1 under S3
severe salt stress reveals the susceptibility of 4. donax plants to salt-induced water deficit and that it
might be a target for gene knockout in order to genetically improve the 4. donax performance in salty
soil. Finally, homologs of Setaria italica bZIP ABSCISIC ACID-INSENSITIVE 5-like protein 7
functioning as transcriptional activator in the ABA-inducible expression of rd29B have been also
found among the up-regulated clusters. Although their role is still unknown, rd29B proteins has
potential to confer abiotic stress resistance in crop species grown in arid and semi-arid regions

(Msanne et al., 2011).
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The synthesis, sequestration, transportation, and turnover of hormones generate a net of
signals that correlates plant growth in dependence on internal and external cues. Among these
hormones, abscisic acid regulates important abiotic stress responses, in particular water balance and
osmotic stress tolerance under drought and salt stress (Kuromori et al., 2018). ABA levels depend on
the equilibrium between synthesis and degradation pathways. Several ABA biosynthetic genes have
been isolated from different sources including zeathanxin epoxidase (ABA1), 9-cis-epoxycarotenoid
dioxygenase (NCED), ABA aldehyde oxidase (AOX) and ABA3/LOS5 (Xiong et al., 2001). The
hydroxylation at the 8’-position of ABA is known as the key step of ABA catabolism, and this
reaction is catalyzed by ABA 8’-hydroxylase, a cytochrome P450 (Saito et al., 2004). ABA signals
are perceived by different cellular receptors operating in distinct cellular compartments (Figure 11a).
The PYR/PYL/RCARs receptors bind ABA and inhibit type 2C protein phosphatases (PP2C)
(Golldack et al., 2014). The PP2C inactivation leads to the accumulation of the active form of SNF1-
RELATED PROTEIN KINASE (SnRK2) which in turn positively regulates ABA-responsive
transcription factor as well the downstream ABA-responsive metabolic pathways. In this context, the
analysis of G2-S3 vs G2-CK means to propose that plant responds to prolonged severe stress by
lowering ABA levels (Table 5). However, ABA signal is probably persisting since ABA
nucleoplasmatic receptors are up-regulated as well as the PP2C and SnRK2 which, as detailed before,
active many downstream ABA-responsive processes (Golldack et al., 2014) (Figure 11a). Recently,
the increase of leaf tissue ABA concentrations at two hours after plants were exposed to 50 mM of
the ions was observed in maize indicating that ABA synthesis and accumulation are part of the early
response to salt (Geilfus et al., 2018). Interestingly, the putative ortholog of AT1G78390, nine-cis-
epoxycarotenoid dioxygenase 9 (NCED), is strongly upregulated in both Arundo shoots and roots
during the early responses to water stress (Fu et al., 2016), this finding being in line with our
suggestion that ABA might be not strictly involved in the response to a prolonged salt stress treatment.
Brassinosteroids are growth-promoting plant hormones that act to enhance cell expansion and
increase tolerance to stresses, including salinity, by mediating the synthesis of enzymatic or non-
enzymatic antioxidant systems, proline, or lectins (Bajguz and Hayat, 2009). The specific induction
under extreme salt stress (S4) but not in severe (S3) conditions of cytochrome P450 85A1
(LOC101770408) encoding brassinosteroid-6-oxidase 2, involved in active brassinosteroid
biosynthesis might suggest a key role of these hormones in the case extreme environmental conditions
are reached. Ethylene is biosynthesized by the plant in response to life-cycle events or environmental
cues including among other diseases, mechanical stress, drought or flood. The phenotypes that can
be observed with respect to ethylene signaling typically relate to the inhibition of plant growth and

seasonal changes in a plant’s life cycle. Ethylene is efficiently biosynthesized from 1-
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aminocyclopropane-1-carboxylic acid (ACC) (Zhou et al., 2002). The mechanism of ethylene action,
from perception to function, has been referred to as the “cleave and shuttle model” (Li et al., 2015)
(Figure 11b). The most studied of the receptors is ethylene response 1 (ETR1) and downstream of
ETRI1 in A. thaliana is the kinase constitutive triple response 1 protein (CTR1) (Light et al., 2016).
In absence of ethylene, this protein directly interacts with the ethylene receptors and it is required to
be localized to the endoplasmic reticulum and be kinase active to be signaling active. CTR1
phosphorylates the putative metal transporter ethylene insensitive 2 (EIN2) that triggers its
degradation by the Ub/26S proteasome (Light et al., 2015). In the presence of ethylene, CTR1 is
inactivated by the interaction with ETR1 and the EIN2 dephosphorylated form is proteolytically
cleaved to generate a C-terminal fragment called CEND EIN2. The CEND fragment localizes to the
nucleus and initiates transcriptional regulation involving ethylene insensitive 3 (EIN3) and EIN3 like
proteins (EIL1) (Figure 11b). Interestingly, transcripts encoding ACC oxidase have been found up-
regulated both under severe and extreme salt stress, whereas homolog of Arabidopsis thaliana ETR
is downregulated and clusters related to CTR1 and EIN3 are exclusively up-regulated in G2-S4 vs
G2-CK samples (Table 7). In our opinion, this condition might describe a situation in which a low
perception of emitted ethylene is attempted under extreme salt stress (down regulation of ETR1
expression), concomitantly to an increased expression of CTR1, of EIN2 and EIN3 with the aim to
minimize the negative effect of ethylene upon plant growth. Salt also alters the expression of auxin
responsive genes and auxin/IAA pathways in different plants (Wang et al., 2010) conferring higher
tolerance to NaCl treatment (Bianco and Defez, 2009). Auxin is assumed to activate the proton pump
of the plasma membrane pumping protons from the cytosol into the apoplast, resulting in wall
loosening and an increase in wall extensibility (Bianco and Defez, 2009). In this respect, a homolog
of Zea mays indole-3-acetaldehyde oxidase (AAO), involved in the biosynthesis of auxin, is
upregulated in S4 samples and also in the G2-S4 vs G2-S3 comparison suggesting that IAA is
synthesized in S4 extreme conditions (Table 8). Moreover, exclusively under extreme stress condition
(Table 7) a homolog of auxin responsive GH3 gene family is also up-regulated. All the results,
considering the role of GH3 genes in regulating levels of biologically active auxin through amino
acid conjugation, thereby targeting them for degradation (Khan and Stone., 2007), indicate that auxin
level might be finely tuned under S4 extreme stress condition. Globally, the high number of
AUX/IAA transcription factors differently regulated in extreme salt environment accounts for a key
role of auxins during long-term salt treatment (Figure 9). Finally, jasmonic acid-amido synthetase
JARI1 is exclusively down regulated under extreme salt stress (Table 7), indicating that jasmonic acid
signaling is likely impaired. The relationship between the salt stress response and the JA pathway is

not well understood at molecular and cellular levels. However, large-scale transcriptomic studies have
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shown JA signaling pathway is activated by salt stress leading to root growth inhibition in Arabidopsis
(Valenzuela et al., 2016). The observed down regulation of JAR1 (Table 7) indicates that the pathway
involved in the inhibition of root elongation might be not activated in A. donax, likely to address the

plant demand to explore soil in the attempt of avoiding stress.
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Figure 11. Abscisic acid and ethylene signal pathways. a abscisic acid receptor (PYLS), abscisic acid
receptor (PYR1-like), serine/threonine-protein kinase (SnRK); protein phosphatase 2C (PP2C). The
PYR/PYL/RCARs receptors bind ABA and inhibit type 2C protein phosphatases (PP2C). The active form of
SnRK?2 accumulates and positively regulates ABA-responsive metabolic pathways. b ethylene response 1
(ETR1), kinase constitutive triple response 1 protein (CTR1), putative metal transporter ethylene insensitive
2 (EIN2), EIN2 C-terminal fragment (CEND EIN2), ethylene insensitive 3 (EIN3) and EIN3 like proteins
(EIL1). In absence of ethylene, CTR1 directly interacts with ETR1 and phosphorylates EIN2 that is in turn
degraded. In the presence of ethylene, CTR1 is inactivated and the EIN2 dephosphorylated form is
proteolytically cleaved to generate the CEND EIN2, initiating transcriptional regulation involving ethylene
insensitive 3 (EIN3) and EIN3 like proteins (EIL1). See the text for details.

A consequence of high salt in the soil is the generation of a low water potential zone around
the roots area making extremely difficult for the plants to obtain water and nutrients. Stomatal closure
occurs in order to low water loss by transpiration, but it is at the same time responsible of sharp

decrease in CO; availability for Calvin cycle and a depletion of oxidized NADP". The overproduced
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electrons are transferred to O» to generate O>* and a series of dangerous oxygen reactive species
(ROSs) causing unrestricted oxidation of various cellular components such as membrane lipids,
proteins, and nucleic acid (Scandalios, 2005). Therefore, salinity tolerance is positively correlated
with the induction of ROS scavenging enzymes such as superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPX), ascorbate peroxidase (APX), monodehydroascorbate reductase
(MDHAR), dehydroascorbate reductase (DHAR) and glutathione transferases (GSTs) (Gupta and
Huang, 2014). Moreover, under stress conditions, the activation of malate-oxalacetate (OAA) shuttle
permits the transfer of reducing equivalents among compartments. In particular, the plastid NADP-
malate dehydrogenase reduces oxalacetate to malate, thus regenerating the NADP'. Malate is then
translocated into the cytoplasm where is converted back in oxaloacetate, generating NADH by the
cytosolic malate dehydrogenase. This called malate-valve appears to play a primary role under
salinity constituting an important mechanism in salt acclimation (Gawronska et al., 2013). Drainage
of electron flow towards the AOX oxidase pathway increases under salt stress (Zhang et al., 2016c¢)
and prevents over-reduction of ubiquinone thus lowering excessive ROS generations. The malate-
valve seems to be activated under S3 severe salt stress conditions (up-regulation of plastid NADP-
malic dehydrogenase encoding gene), this result being consistent with a putative electron drainage
from the over-reduced photosynthetic chain to other cellular compartments, in particular towards the
mitochondria as homolog of the mitochondrial malate dehydrogenase (MHD) are also induced by
salinity (Table 6). Under extreme salt stress, the unequivocal up regulation of the NADP-malic
dehydrogenase and AOX oxidase is probably aimed to move the excess of reducing power from
plastids to the cytosol and to avoid over-reduction of the mitochondrial respiratory chain. However,
most of the other considered clusters related with the cellular antioxidant machinery have been found
between both the down and up-regulated clusters. In our opinion, this is because under extreme stress
conditions, which is certainly an emergency condition, a discerning regulation is needed both among
and inside the cell compartments. To support our hypothesis, the SOD plastid pool comprising Cu/Zn
SOD and Fe/SOD results differently regulated, with Cu/Zn SOD up regulated and Fe/SOD down
regulated (Table 7 and 8). As multifunctional amino acid, proline seems to have diverse roles under
stress conditions, such as stabilization of proteins, membranes, and subcellular structures, and
protecting cellular functions by scavenging ROSs. Biosynthesis of proline occurs in the chloroplast
or cytosol via glutamate pathway in which 1-delta-pyrroline-5-carboxylate synthase (P5CS) catalyzes
the key regulatory and rate limiting reaction (Kaur and Asthir, 2015). During proline synthesis, 2 mol
of NADPH per mole are consumed thus draining electrons from chloroplasts and contributing to the
stabilization of redox balance and maintenance of cellular homeostasis when electron transport chain

is saturated because of adverse conditions. Proline catabolism occurs predominantly in the
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mitochondria involving proline dehydrogenase (PDH) or proline oxidase (POX) and 1-delta-
pyrroline-5-carboxylate dehydrogenase (PSCSDH). The PDH and PSCSDH use NAD and FAD as
electron acceptor, respectively, that deliver electrons to the respiratory chain to gain energy and
resume growth after stress (Kaur and Asthir, 2015). The up-regulation of PSCS found in all
comparisons suggests that that proline biosynthesis represents a pivotal mechanism to overcome the
hypersaline conditions and adjust the osmotic status in 4. donax. However, since PDH and PSCSDH
resulted up regulated in extreme salt stress conditions (Table 7 and 8), we propose that S4 salt dose
triggers a specific response that is not related to the mere proline synthesis to cope with osmotic stress.
Regarding this aspect, it has been shown that proline catabolism is enhanced during stress recovery
attempts. During this phase, it might function as signaling molecule proposed to regulate the
expression of stress recovery genes (Szabados and Savoure, 2010). Therefore, under extreme salt
stress, proline levels might be accurately regulated in order to accommodate the whole cell demand
in terms of both osmotic potential and redox homeostasis adjustments. Polyamines play a crucial role
in abiotic stress tolerance including salinity and increases in the level of polyamines are correlated
with stress tolerance in plants (Yang et al., 2007; Zapata et al., 2008). The comparison of all data sets
indicates that polyamines biosynthesis is induced during long term salt stress in 4.donax having most
likely a role in salt tolerance mechanism, especially under extreme stress condition (Table 6-8).
Photosynthesis is the primary processes to be affected by salinity (Munns and Tester, 2008; Wang
and Nii, 2000). Stomata close in response to leaf turgor declines, therefore supply of CO> to Rubisco
(EC 4.1.1.39) is impaired thus inducing sharp alterations of photosynthetic metabolism. In A. donax
under severe salt stress condition, CO; assimilation via the C3 Calvin cycle seems to be impaired in
favor of oxygen fixation through the photorespiration pathway. Moreover, the findings indicate that
extreme salt treatment induces a down regulation of all C3 Calvin cycle enzymes and a concomitant
switch on of C4 photosynthesis. The induction of PEPC activity and its expression following salt
stress is documented in the facultative CAM plant Mesembryanthemum crystallinum and it is
involved in the change from C3 to CAM photosynthesis (Cushman and Bohnert, 1992). In 4. donax
leaves, the activation of C4 pathway associated to a down-regulation of Rubisco biosynthesis,
assembly and activation could be construed as an ultimate rescue attempt to overcome the long-term
extreme conditions.

As concern metabolic pathways related to bioenergy production, it has been shown that lignin
content in cell wall is inversely related to yield and conversion efficiency of polysaccharides into
ethanol (Xie et al., 2018). Unfortunately, in the 4. donax transcriptome subjected to both severe and
extreme salt stress, several clusters involved in lignin biosynthesis are induced and this unwanted

consequence of soil salinization might negatively affect biomass digestibility. This unfavorable
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circumstance could be compensated by the fact that, after biomass saccharification, lignin residue can
be used to produce biodegradable plastic and chemicals (Ragauskas, 2016). Furthermore, the
induction of transcripts homologous to sucrose synthase (Setaria italica sucrose synthase) in the G2-
S3 vs G2-CK comparison accounts for a probable increase in cellulose content that it has been shown
to be without negative effects on growth (Coleman et al., 2009). Recently, the lipid fraction has been
proposed as pivotal component of green biomass since it stores twice as much energy than cellulose
per unit of weight (Ohlrogge et al., 2009). The up-regulation of key enzymes, such as triacylglycerol
lipase and diacylglycerol kinase under severe salt stress supports the hypothesis that 4. donax G2
response is trying to cope stress by inducing gene expression of pathways involved in biomass yield.
The further analysis performed to identify genes which are regulated uniquely under salt stress
conditions highlighted that a very small subset of clusters are up or down regulated by salt and not
by other abiotic stress thus suggesting that the response pathways to different environmental cues
often cross-talk and overlap each other in plants. As expected, the main salt-specific pathways are
related to the SOS response (Liu and Zhu, 1998; Martinez-Atienza, 2007) and to the activation of
ETHE1 (Kriilel, 2014) (Table S4). In Arabidopsis leaves, ETHE1 sulfur dioxygenase has a key
function in the degradation of sulfur-containing amino acids and strongly affects the oxidation of
branched-chain aminoacids as alternative respiratory substrates in situations of carbohydrate
starvation (KriiBel, 2014). Therefore, ETHE1 could be relevant for stress tolerance against soil

salinity in giant reed.
4.4 Conclusions

The possibility to assign marginal land to bioenergy crop cultivation represents the main
strategy to overcome the forthcoming conflict between land demand for feeding the world population
and the request of new energy sources to sustain it. Salt affected soils are a widespread agricultural
problem limiting crop production due to ionic, osmotic and oxidative stresses with negative impact
on plant growth. In this work, the bioenergy crop 4. donax, known to be able to growth in unfavorable
environments, was subjected to two levels of long-term salt stress both doses being much higher than
that used to define a soil area as ““salinized”. To cultivate bioenergy crops in such soils might represent
the unique possibility of their utilization, releasing suitable soil for crop cultivation. Moreover,
considering that in S4 extreme salt treatment, the Na" is very close to that of seawater, we propose,
as water-saving strategy, to irrigate the soil allocated to 4. donax cultivation with opportune seawater
dilutions. To fill the lack of information about the molecular mechanism involved in A.donax
response to salt stress, we de novo sequenced, assembled and analyzed the A. donax G2 leaf

transcriptome in response to the above detailed salt stresses. The response to salt and other
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environmental constrains such as drought share similar attributes. However, we found that most of
the A. donax annotated DEGs are homologs of genes belonging also to other species (Setaria italica
and Zea mays) thus suggesting that long term salt stress regulates a specific set of genes providing a
general overview of the prolonged salt stress transcriptional responses in A. donax (Table 6-8). The
picture that emerges from the identification of functional genes related to salt stress is consistent with
a dose-dependent response to salt. The number of DEGs under extreme salt stress is much higher than
that observed in severe salt stress suggesting that a deep re-programming of the gene expression must
occur in S4 samples, which, during the experiment, certainly grew in an “emergency” state. As
concerns hormone regulation, the response to S3 severe salt stress seems not to be dependent by ABA
levels as gene involved in its biosynthesis are not differently regulated whereas the clusters encoding
the main catabolic enzyme are strongly up-regulated. Moreover, once 4. donax plants were subjected
to S4 extreme salt stress a clear down regulation of ABA biosynthetic genes is registered suggesting
that ABA synthesis might have a key role during the onset of stressful conditions as demonstrated in
other species (Geilfus et al., 2018) and in the case of water stress (Fu et al., 2016) but not in the case
of long-term stress. Another distinct trait of the A. donax response to S4 extreme salt stress is the
induction of clusters involved in brassinosteroid and IAA/AUX biosynthesis which probably have a
key role in those more unfavorable conditions. Similarly, the down-regulation of gene involved in
jasmonic acid biosynthesis suggests that JA signaling, leading to root growth inhibition, is repressed
likely in the attempt to let the roots explore the surrounding soil more efficiently. The analysis of
clusters related to ethylene biosynthesis and signaling indicated that, exclusively under S4 extreme
salt stress, the gene transcription is modulated towards the minimization of ethylene negative effects
upon plant growth. The 4. donax leaves subjected to S3 severe salt stress respond to salt-induced
oxidative stress by the induction of genes involved in ROS scavenging (APX) and in redistributing
the reducing power excess among cell compartments (malate valve). Along with the clusters
implicated in the malate valve, under S4 extreme salt stress, also gene encoding the alternative
oxidase (AOX) have been found up regulated, highlighting once more that the induction of some
pathways occurs in the case of more stringent environmental conditions. A clear involvement of
proline and polyamines in coping the salt-induced osmotic stress can be suggested whereas sugars
seem not to be involved as osmolytes protecting cell homeostasis. Certainly, the photosynthesis and
photorespiration processes are strongly affected since under S3 severe salt treatment, genes involved
in Rubisco assembly are down-regulated, and the fact that 4. donax leaf are impeded to operate CO»
fixation via C3 Calvin cycle is also supported by the up-regulation of genes involved in
photorespiration (glycolate oxidase). Conversely, in S4 extreme salt treated samples, a dramatic

change from C3 Calvin cycle to C4 photosynthesis is likely to occur as all gene regulation is addressed
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to repress Rubisco synthesis and assembly, and to activate the primary CO> fixation to PEP in
mesophyll cells (C4 pathway), this probably being the main finding of our work. Considered the
distinct response to salt dose, either genes involved in S3 severe or in S4 extreme salt response could
constitute useful markers of the physiological status of 4. donax in salinized soil. Moreover, many of
the unigenes identified in the present study have the potential to be used for the development of novel
A. donax varieties with improved productivity and stress tolerance, in particular the knock out of the
GTL1 gene acting as negative regulator of water use efficiency has been proposed as good target for

genome editing experiments.

4.5 Methods

4.5.1 Plant material and application of salt stress

The experiment was conducted at the Department of Agriculture, Food and Environment
(Di3A) of the University of Catania, initially using three different giant reed clones, namely G2, G18
and G20 ecotypes, originated from Caltagirone (Italy), (latitude 37°14°, longitude 14°31°),

Biancavilla (Italy) (latitude 37°38’, longitude 14°52°) and Capo D' Orlando (Italy) (latitude
38°08’, longitude 14°43”), respectively, and collected for the Giant reed Network project (Cosentino
et al., 2006). The trial started on July 7%, 2017, by transplanting A. donax rhizomes into 25 1 pots (40
cm diameter and 30 cm height) containing a sandy soil as substrate. Before transplantation, the
rhizomes were weighed using a laboratory scale and the number of buds was counted. For each
ecotype, samples showing homogeneous rhizome weight and same bud number were used for
transplanting. The individual rhizomes were then placed at 15 cm depth, one for each pot. The pots
were arranged according to a randomized block factor scheme, performing three biological replicates
for treatments. During the experiment, the irrigation was performed on a weekly basis, and until the
first sprouts have been released, tap water (5 | per pot) has been used. Irrigation was carried out
manually using a watering can, avoiding possible leaks by leaching. The first irrigation with saline
water was carried out on August 37, 2017. Salt stress was imposed by adding different concentrations
of NaCl to the irrigation water. In particular, SO samples (no salt added), S3 (severe salt stress, 256.67
mM NaCl corresponding to 32 dS m! electric conducibility, EC), S4 (extreme salt stress, 419.23 mM
NaCl corresponding to 50 dS m™! electric conducibility, EC), this last concentration being very close
to the seawater NaCl concentration (3%), where Na" molarity is about 460 mM and CI" is around 540
mM (Mahajan and Tuteja, 2005). Before leaf harvest, the following morpho-biometric and
physiological parameters were measured: number of culms, height of the main culm, number of green
and senescent leaves, net photosynthesis and chlorophyll content measured in SPAD units (SPAD
502, Konica Minolta). Moreover, the measurement of the yielded biomass was also carried out

(Cosentino et al., 2006). The collected data were submitted to ANOVA analysis, using CoStat 6.003
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software. The averages were separated by the Student Newman Keuls (SNK) test when P <0.05. On
the basis of the aforementioned parameters suggesting contrasting behavior under salinity stress (S3
and S4 salt levels) among the clones under investigation, G2 was selected to perform the global

transcriptomic analysis.
4.5.2 Sample collection and RNA extraction

In November 17", 2017, fully expanded, no senescing G2 leaves (the 3™ leaf from the top)
were harvested and immediately frozen with liquid nitrogen. Then, plant material, kept frozen by
continuously liquid nitrogen adding, was ground using precooled mortar and pestle followed by RNA
isolation using the Spectrum Plant Total RNA Extraction Kit (Sigma-Aldrich, St. Louis, MO, USA)
according to the manufacturer’s instructions. RNA degradation and contamination were monitored
on 1% agarose gels. RNA purity and concentration were assayed using the NanoDrop
spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA). RNA integrity was assessed
using the Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). Before
to be sequenced, the RNA samples were subjected to quality parameter evaluation. The average RNA
Integrity Number (RIN) was of 8.0 and there was very slight genomic DNA contamination confirming

that all the samples have such high quality level to be processed (Table 1).
4.5.3 Library preparation for transcriptome sequencing

A total amount of 1.5 pg RNA per sample was used as input material for the RNA sample
preparations. Sequencing libraries were generated using NEBNext® Ultra™ RNA Library Prep Kit
for Illumina® (New England Biolabs, Ipswich, MA, USA) following manufacturer’s
recommendations. Briefly, mRNA was purified from total RNA using poly-T oligo-attached
magnetic beads. Fragmentation was carried out using divalent cations under elevated temperature in
NEBNext First Strand Synthesis Reaction Buffer (5X). First strand cDNA was synthesized using
random hexamer primer and M-MuLV Reverse Transcriptase (RNase H-). Second strand cDNA
synthesis was subsequently performed using DNA Polymerase [ and RNase H. Remaining overhangs
were converted into blunt ends via exonuclease/polymerase activities. After adenylation of 3° ends
of DNA fragments, NEBNext Adaptor with hairpin loop structure were ligated to prepare for
hybridization. In order to select cDNA fragments of preferentially 150~200 bp in length, the library
fragments were purified with AMPure XP system (Beckman Coulter, Beverly, MA, USA). Then 3 pl
USER Enzyme by NEB was used with size-selected, adaptor-ligated cDNA at 37°C for 15 min
followed by 5 min at 95 °C before PCR. Then PCR was performed with Phusion High-Fidelity DNA
polymerase, Universal PCR primers and Index (X) Primer. At last, PCR products were purified
(AMPure XP system) and library quality was assessed on the Agilent Bioanalyzer 2100 system.
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4.5.4 Clustering and next generation RNA sequencing

Cluster generation and sequencing were performed by Novogene Bioinformatics Technology
Co., Ltd. (Beijing, China). The clustering of the index-coded samples was performed on a cBot
Cluster Generation System using a PE Cluster kit cBot-HS (Illumina). After cluster generation, the
library preparations were sequenced on Illumina HiSeq2000 platform to generate pair-end reads. Raw
data (raw reads) of fastq format were firstly processed through in-house perl scripts. In this step, clean
data were obtained by removing reads containing adapter, reads containing ploy-N and low-quality
reads. At the same time, Q20, Q30, GC-content and sequence duplication level of the clean data were

calculated. All the downstream analyses were based on clean data with high quality (Table 1).
4.5.5 De novo transcriptome assembling and gene functional annotation

De novo transcriptome assembly was accomplished using Trinity (r20140413p1 version) with
min_kmer cov:5 parameters (k=25). Then Hierarchical Clustering was performed by Corset (v1.05
version) to remove redundancy (parameter -m 10). Afterwards the longest transcripts of each cluster
were selected as Unigenes. Gene function was annotated based on the following databases: National
Center for Biotechnology Information (NCBI) non-redundant protein sequences (Nr), NCBI non-
redundant nucleotide sequences (Nt), Protein family (Pfam), Clusters of Orthologous Groups of
proteins (KOG/COG), Swiss-Prot, Kyoto Encyclopedia of Genes and Genomes (KEGG), Ortholog
database (KO) and Gene Ontology (GO) (Table 2).

4.5.6 Identification of clusters specifically involved in the salt stress response

In order to discriminate among clusters specifically regulated by salt treatment from those
also involved in the response to other abiotic stress (oxidative, water deprivation stress, cold, heavy
metals), the GO term lists relative to each comparison (G2 _S3 vs G2 _CK and G2 _S4 vs G2 _CK)
were filtered and exclusively salt-regulated clusters were extrapolated. For the identification of
transcription factors responsive to salt stress in 4. donax, we mined the available salt stress-responsive
transcription factor database of rice (SRTFDB) (Yoo et al., 2010) by Blastn searches with an e value
cutoff of 1e—5.

4.5.7 Multiple sequence alignment and phylogenetic analysis

Multiple alignment analysis of fifteen amino acid sequences of selected proteins (CIPK1-
SOS2 like, cation transporter HKT9, NHX1, NHX2, SOS2 and ETHE 1) was carried out by MUSCLE
by executing MEGA X 10.0.5 (https://www.megasoftware.net/). The phylogenetic tree was created
using MEGA X 10.0.5 by the ML (maximum likelithood) method following the Jones, Taylor and
Thornton (JTT) substitution model and 1000 bootstrap replicate with other default parameters.
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4.5.8 Quantification of gene expression and differential expression analysis

Gene expression levels were estimated by RSEM (v1.2.26 version) with bowtie2 mismatch 0
parameters in order to map to Corset filtered transcriptome. For each sample, clean data were mapped
back onto the assembled transcriptome and readcount for each gene was then obtained from the
mapping results. Differential expression analysis between control and salt stressed samples was
performed using the DESeq R package (1.12.0 version, padj<0.05). The resulting p-values were
adjusted using the Benjamini and Hochberg’s approach for controlling the false discovery rate. Genes
with an adjusted p-value <0.05 found by DESeq were assigned as differentially expressed. The GO
enrichment analysis of the differentially expressed genes (DEGs) was implemented by the GOseq R
packages (1.10.0, 2.10.0 version, corrected P-Value<0.05 based) Wallenius non-central hyper-
geometric distribution (Young et al., 2010). Furthermore, to analyze the Arundo donax transcriptome
all of the unigenes were submitted to the KEGG pathway database for the systematic analysis of gene
functions. KOBAS software (v2.0.12 version, corrected P-Value<0.05) was used to test the statistical

enrichment of differential expression genes in KEGG pathways.
4.5.9 Real-time validation of selected DEG candidates using qRT-PCR

Total RNA (2.5 pg) extracted from sample leaves as described above, was reversed
transcribed using the SuperScript™ Vilo™ c¢DNA synthesis kit by ThermoFisher Scientific,
according to the manufacturer’s instructions. Real-time qRT-PCR was performed for a total of ten
DEGs with PowerUp SYBR Green Master mix by ThermoFisher Scientific and carried out in the
Bio-Rad 1Q5 Thermal Cycler detection system. All the genes were normalized with 4. donax 26 S
proteasome non-ATPase regulatory subunit 11 gene (RPN6) that was reported to be a suitable
housekeeping gene in abiotic stress conditions (Poli et al., 2017). All reactions were performed in
triplicate and fold change measurements calculated with the 22T method. Sequences of primers

used for real-time PCR are provided in Table 4.
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Abstract

The giant reed is a fast growing herbaceous non-food crop considered as eligible alternative energy source to
reduce the usage of fossil fuels. Tolerance of this plant to abiotic stress has been demonstrated across a range
of stressful conditions, thus allowing cultivation in marginal or poorly cultivated land in order not to
compromise food security and to overcome land use controversies. In this work, we de novo sequenced,
assembled and analyzed the A. donax low G34 ecotype leaf transcriptome (RNAseq analysis) subjected to
severe long-term salt stress (256.67 mM NaCl corresponding to 32 dS m™! electric conductibility). In order to
shed light upon the response to high salinity of this non model plant, we analyzed clusters related to salt sensory
and signaling transduction, transcription factors, hormone regulation, Reactive Oxygen Species (ROS)
scavenging and osmolyte biosynthesis, all of them showing different regulation compared to untreated plants.
The analysis of clusters related to ethylene biosynthesis and signaling indicated that gene transcription is
modulated towards the minimization of ethylene negative effects upon plant growth. Certainly, the
photosynthesis is strongly affected since genes involved in Rubisco biosynthesis and assembly are down-
regulated. However, a shift towards C4 photosynthesis is likely to occur as gene regulation is aimed to activate
the primary CO, fixation to PEP (phosphoenolpyruvate). The analysis of “carbon metabolism” category
revealed that G34 ecotype under salt stress induces the expression of glycolysis and Krebs cycle related genes,
this being consistent with the hypothesis that some sort of salt avoidance might be occurred in 4. donax G34
low ecotype. By comparing our results with findings obtained with other giant reed ecotype, we identified
several differences in the response to salt that are in accordance with the possibility that heritable phenotypic
differences among clones of 4. donax might be accumulated especially in ecotypes originating from distant
geographical areas, despite their asexual reproduction modality. Additionally, 26,838 simple sequence repeat
(SSR) markers were identified and validated. This SSR dataset definitely expands the marker catalogue of 4.

donax facilitating the genotypic characterization of this species

Keywords: Arundo donax, Poaceae, RNA-Seq, de novo assembly, Giant reed, Bioenergy crops, Salt stress,

Low ecotype, SSR.
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5.1 Introduction

The energy issue has become of fundamental importance in the last few decades and it represents
an extremely complex problem to deal with due to a combination of different causes. Phenomena
such as the demographic explosion recorded in the last century followed by a strong urbanization, as
well as the improvement of the economic conditions of ever-wider groups of population led to a
significant increase in global energy demand. The use of fossil fuels of organic origin and non-
renewable energy sources became increasingly unsustainable from an environmental, political and
economic point of view. For these reasons, many countries in the world, including the United States
(US) and the European Union (EU), have begun to develop new energy policies with the aim of using
alternative and sustainable energy sources (REN21, 2016). Among the various renewable energy
sources, the production of energy from biomass (bioenergy) is becoming increasingly important since
it is one of the most widely available renewable sources on our planet. Second generation biofuels
are produced from organic materials not intended for food use including perennial herbaceous plants
and fast-growing trees. As cellulosic feedstocks cannot be produced on arable lands due to their
competition with the cultivation of food crops, a recommended strategy is to grow them on “marginal
lands”, overcoming risks for food security. The marginal lands are usually described as unproductive
or unsuitable for crop production due to poor soil properties, bad quality underground water, drought,
undesired topology and unfavorable climatic conditions (Tang et al. 2010). Salt affected soils are also
considered marginal due to high salinity and sodicity (Shahid and Al-Shankiti 2013). Arundo donax
L. (Poaceae), common name “giant cane” or “giant reed”, grows in soil rich in water, especially near
channels, rivers, lakes, ponds and marshes, where it shows the maximum biomass yields. Arundo
donax L. was studied in sufficient depth, in terms of biomass production potential in warm-temperate
and semi-arid areas (Monti and Cosentino 2015; Fernando et al. 2015). The adaptability of the plants
to different kinds of environments, soils and growing conditions, in combination with the high
biomass production confers on 4. donax many advantages when compared to other energy crops. The
desirable traits include aspects of crop phenology, canopy and leaf photosynthesis, biomass
partitioning, nutrient and water use efficiency and heat, cold and salt tolerance (Jones et al. 2015). In
particular, the growth and physiological responses of giant cane to salinity (NaCl) have been
evaluated across a range of salinities (042 dS m™') (Nackley and Kim 2015). Classic growth analysis
showed >80% reduction in overall growth at the highest salt concentration, and the plants at 40 dS
m™! grew without chlorosis, maintaining net assimilation rates 7-12 pmol m™ s™!, confirming that 4.
donax is a halophyte plant (Williams et al. 2009; Quinn et al. 2015). Salinity is one of the most brutal
environmental stresses that hamper crop productivity worldwide (Flowers 2004; Munns and Tester

2008; Gupta and Huang 2014). It impairs plant growth and development via water stress, cytotoxicity
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due to excessive uptake of ions such as sodium (Na") and chloride (C1"), and nutritional imbalance
(Isayenkov and Maathuis 2019). Additionally, salinity is typically accompanied by oxidative stress
due to the generation of reactive oxygen species (ROS) (Tsugane et al. 1999; Isayenkov 2012). Plants
develop various physiological and biochemical mechanisms in order to survive in soils with high salt
concentration. Principle mechanisms include ion homeostasis and compartmentalization, ion
transport and uptake, biosynthesis of osmoprotectants and compatible solutes, activation of
antioxidant enzymes and synthesis of antioxidant compounds, synthesis of polyamines, generation of
nitric oxide (NO), and hormone modulation (Gupta and Huang 2014). Nevertheless, decoding of salt
stress response mechanisms in plants remains restricted due to the complexity of the response process
and the genetic variability among plant species. Moreover, our knowledge of the genetic bases of salt
tolerance is largely based on genetic studies in model or crop species (Hanin et al. 2016). De novo
RNA sequencing (RNA-Seq) assembly facilitates the study of transcriptomes for non-model plant
species for which the genome sequence is not available by enabling an almost exhaustive survey of
their transcriptomes and allowing the discovery of virtually all expressed genes in a plant tissue under
abiotic stress. In 2019, the first transcriptome of G2 A. donax ecotype subjected to two levels (S3,
severe and S4, extreme) of long-term salt stress has been reported (Sicilia et al. 2019). A deeper re-
programming of the gene expression has been found in those plants grew at extreme salt level than
in those subjected to severe salt stress, probably representing for them an “emergency” state,
considering that in the highest salt treatment, the Na* concentration was very close to that of seawater.
That study allowed identifying several expressed genes that could be preferential targets for
functional studies, for metabolic engineering or for tailoring growth habit/development of the giant
reed to higher bioenergy yield (Sicilia et al. 2019). Because of its sterility, 4. donax has developed
asexual vegetative reproduction, allowing its rapid spread throughout the world. New plants can be
generated every year directly from rhizomes and for this reason, genetic diversity has been very low,
as expected for an agamic-reproducing plant (Balogh et al. 2012). Regarding the genotypic diversity
among clonal populations sampled in different regions, data reveal moderate differences (Haddadchi
et al. 2013; Khudamrongsawat et al. 2004; Ahmad et al. 2008). A likely explanation for different
levels of variation reported in different regions could be the use of particular type of molecular
markers to detect genotypic variation, e.g., ISSRs detect more polymorphic bands per primer than
RAPDs (Esselman et al. 1999; Behera et al. 2008), and the fact that ploidy levels may vary among
regions. Pilu and co-workers (2014) conducted a genetic analysis on 100 Italian clones using SSR
markers with the aim of characterizing the population of A. donax on Italian territory. They observed
quite a low genetic diversity among the clones although suggested the presence of three distinct

populations. All these studies suggest that, despite the expected and reported low genetic diversity,
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genetic and phenotypic differences might be accumulated among ecotypes due to their different
geographic origin and distribution. Heritable phenotypic differences among clones of 4. donax have
been reported that could be explored to improve several plant characteristics such as number of culms,
culm diameter and height (Cosentino et al. 2006). For these reasons, the genetic improvement of this
plant, aiming to obtain better performance as an energy crop in several conditions, needs to be mainly
based on clonal selection. For the same reasons a deep knowledge of the global transcriptomic
response of different giant reed ecotypes to salt is needed that might lead to the discovery of still
unidentified candidate genes to employ in genome editing experiments. In this work, considering the
frequent occurrence of soil salinity in the Mediterranean area and the potential use of marginal soil
for energy crop cultivation, we de novo sequenced, assembled and analyzed the A. donax low G34
ecotype leaf transcriptome (RNAseq analysis) subjected to severe long-term salt stress (32 dS m-1).
G34 ecotype was chosen because it is normally lower than other ecotypes, this phenotypic
characteristic probably being caused by genetic and epigenetic marks it has accumulated from its

origin on.

5.2 Results

5.2.1 Effect of salt stress upon 4. donax morpho-biophysiological parameters

As described in the Methods section, A. donax G34 ecotype morpho-biometric and
physiological parameters were measured at sampling date after being subjected to prolonged salt
stress imposition (S3 samples). The results showed that both the leaf number per pot, the stem number
and the main stem height per pot were reduced by salt stress (Figure 12a, 12b and 12c). Similarly,
physiological parameters such as SPAD unit, net photosynthesis and biomass yield per pot
significantly decreased under salt stress conditions (S3) compared with untreated SO samples (Figure
12a, 12b and 12c) thus indicating the effectiveness of the treatment to induce gene expression

reprogramming.
5.2.2 Transcript assembly and annotation

In this study, we carried out a comprehensive identification of transcriptional responses of A.
donax G34 clone to prolonged severe salt stress by RNA-Seq (see experimental design in Materials
and Methods). Raw reads were filtered to remove reads containing adapters or reads of low quality,
so that the downstream analyses are based on a total of 430 million clean reads with an average of ~
71.5 million reads (~10.7 G) per sample, the average percentage of Q30 and GC being 94.3 % and
54.3 %, respectively (Table 12).
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Figure 12. Effect of salt stress upon G34 ecotype morpho-biometric and physiological parameters. a
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De novo assembly of clean reads resulted in 273,717 transcripts and 193,070 unigenes with
N50 length of 1957 and 1858, respectively (Table 12), in line with previous N50 reports (Sablok et
al. 2014; Fu et al. 2016; Sicilia et al. 2019), indicating that a good coverage of the transcriptome has
been achieved. To evaluate the assembly consistency, the filtered unique reads were mapped back to
the final assembled leaf transcriptome and the average read mapping rate using the alignment

software Bowtie2 was 66.0%. (Table 12).

Table 12. Summary statistics of the RNA quality and sequencing results

Average RIN 7.6

Clean reads 430 million
N° of transcripts 273,717

N° of Unigenes 193,070
Average of read mapping rate 66,0
Transcripts N50 (bp) 1957
Unigenes N50 (bp) 1858

Q30 (%) 94.3

GC content (%) 54.3

Both transcript and Unigene length distributions are reported in Supplementary Figure 13.
These data showed that the throughput and sequencing quality were high enough to warrant further

analysis.
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Figure 13. Overview of the number of transcripts and unigenes in different length intervals
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To achieve comprehensive gene functional annotation, all assembled unigenes were blasted
against public databases, including National Center for Biotechnology Information (NCBI), Protein
family (Pfam), Clusters of Orthologous Groups of proteins (KOG/COG), Swiss-Prot, Ortholog
database (KO) and Gene Ontology (GO) (Table 13). A total of 105,782 unigenes were annotated in
at least one searched database, accounting for 54.78 % of the obtained total unigenes. Among them,
28,524 (14.77%) and 35,773 (18.53%) assembled unigenes showed identity with sequences in the Nr
and Nt databases, respectively. The percentage of assembled unigenes homologous to sequences in
KO, Swiss-Prot, Pfam, GO and KOG databases were 19.99, 30.17, 13.75, 38.76 and 16.25%,
respectively (Table 13).

Table 13. The number and percentage of successful annotated genes

Database Number of unigenes Percentage %
Annotated in Nr 28,524 14.77
Annotated in Nt 35,773 18.53
Annotated in KO 38,604 19.99
Annotated in SwissProt 58,260 30.17
Annotated in Pfam 26,543 13.75
Annotated in GO 74,840 38.76
Annotated in KOG 31,378 16.25
Annotated in at least one Database 105,782 54.78

5.2.3 Identification of differentially expressed genes (DEGs)

The characterization of A. donax transcriptional response to salt stress was carried out by the
identification of the unigenes whose expression level changed upon NaCl treatment. A total of 1778
differentially expressed genes (DEGs) were identified from the G34-S3 vs G34-CK comparison, 977
up-regulated genes and 801 down-regulated genes (Figure 14). Validation of expression levels for ten
selected DEG candidates was carried out by quantitative real-time PCR (qQRT-PCR) and reported in
Sicilia et al. (2019) being part of the same sequencing project. The results show high congruence
between RNA-Seq results and qRT-PCR (coefficient of determination R? = 0.91) indicating the
reliability of RNA-Seq quantification of gene expression (Figure 6).
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Figure 14. Volcano plot showing the DEGs of G34-S3 vs G34-CK comparison. The up-regulated
genes with statistically significance are represented by blue dots, the green dots represent the down-regulated
genes and the red dots are DEGs with -logjopadj <1.3, adopting log,FoldChange threshold of 0.58 (1.5 fold

change). The X-axis is the gene expression change, and the Y-axis is the pvalue adjusted after normalization
5.2.4 Functional classification of DEGs

Gene Ontology (GO) terms, Clusters of Orthologous Groups of proteins (KOG) classification
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway functional enrichment was
performed to identify possible biological processes or pathways involved in salt stress response.
Considering the G34-S3 vs G34-CK sample set (Figure 15), “oxidation-reduction process” (100 up-
and 42 down-regulated genes), “transmembrane transport” (59 up- and 31 down-regulated genes) and
“carbohydrate metabolic process” (33 up- and 20 down-regulated genes) are the three most enriched
GO terms in the Biological Process (BP) ontology. “Oxidoreductase activity” (78 up- and 19 down-
regulated genes) is the most enriched GO terms in the Molecular Function (MF) category indicating
that genes acting in this process might play crucial roles in the response to salt treatment (Figure 15).
“Chloroplast” (9 up- and 3 down-regulated genes), “chloroplast part” ( 5 up- and 5 down-regulated
genes), “chloroplast stroma” ( 2 up- and 11 down-regulated genes) and “chloroplast thylakoid” ( 1
up- and 7 down-regulated genes) are the most enriched GO terms in the Cellular Component ontology
clearly indicating that this organelle is mainly involved under salt stress condition (Figure 15). To
predict and classify possible functions, all unigenes were aligned to the KOG database and were
assigned to the KOG categories. Among the KOG categories, the cluster for “general function” (16%)
represented the largest group, followed by “posttranslational modification, protein turnover,

chaperones” (13.4%) and “signal transduction mechanisms” (9.3%). “Translation, ribosomal
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structure and biogenesis” (8%), “RNA processing and modification” (6.4%) and “transcription”

(5.6%) were the largest next categories (data not shown).
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Figure 15. GO enrichment analysis for the DEGs in 4. donax (G34-S3 vs G34-CK) The X-axis
indicates the numbers related to the total number of GO terms, and the Y-axis indicates the subcategories.

BP, biological processes; CC, cellular components; MF, molecular functions

The set of DEGs originated from G34-S3 vs G34-CK comparison was also mapped onto
KEGG pathways. Table 14 shows the main forty KEGG pathway terms sorted by a decreasing gene

number involved in the pathway.
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Table 14. Distribution of KEGG pathways for DEGs in G34-S3 vs G34-CK data sample set.

Enriched Pathway terms G34-S3 vs G34-CK
Carbon metabolism 25
Starch and sucrose metabolism 20
Biosynthesis of amino acids 15
Citrate cycle (TCA cycle) 14
Carbon fixation in photosynthetic organisms 13
Protein processing in endoplasmic reticulum 13
Glycolysis / Gluconeogenesis 12
Cysteine and methionine metabolism 11

=)

Glycerophospholipid metabolism

Oxidative phosphorylation

Pyruvate metabolism

Ribosome

Plant-pathogen interaction

Peroxisome

Amino sugar and nucleotide sugar metabolism
Glyoxylate and dicarboxylate metabolism
Plant hormone signal transduction
Glutathione metabolism

Arginine and proline metabolism
Ubiquinone and other terpenoid-quinone biosynthesis
RNA degradation

Phagosome

Cyanoamino acid metabolism

Lysosome

Phenylpropanoid biosynthesis
Aminoacyl-tRNA biosynthesis
2-Oxocarboxylic acid metabolism
Carotenoid biosynthesis

alpha-Linolenic acid metabolism
Phenylalanine metabolism

Purine metabolism

Tyrosine metabolism

Drug metabolism - cytochrome P450
Photosynthesis

Phenylalanine, tyrosine and tryptophan biosynthesis
Glycine, serine and threonine metabolism
Porphyrin and chlorophyll metabolism
Fructose and mannose metabolism

RNA transport

Alanine, aspartate and glutamate metabolism
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Overall, the results show that the maximum number of DEGs were observed in the “carbon
metabolism” pathway, followed by the “starch and sucrose metabolism” and “biosynthesis of amino
acids” indicating that a deep reprogramming of these metabolisms under severe salt treatment
occurred as also suggested by the involvement of other related pathways such as “citrate cycle”,

29 ¢

“carbon fixation”, “glycolysis / gluconeogenesis” and “pyruvate metabolism”. “Plant hormone signal
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transduction”, which comprises the transcripts of several hormone-responsive proteins involved in
regulation and signal transduction and two other important pathways, including ‘phenylalanine
metabolism’ and ‘plant-pathogen interaction” were also found to be regulated by salt in our study
(Table 14). Other examples of relevant pathways, which are known to be involved in responses to
abiotic stresses in giant reed (Fu et al. 2016), are “protein processing in endoplasmic reticulum”,

“arginine and proline metabolism” and “oxidative phosphorylation” (Table 14).
5.2.5 Identification of functional genes related to salt stress tolerance

To unravel the A. donax G34 salt stress response, we analyzed the RNA-Seq datasets from the
G34-S3 vs G34-CK comparison, focusing on genes known to be related to soil salinity, from salt
sensory and signal to the main downstream metabolisms that might be affected by salt (Gupta and
Huang 2014). Those clusters showing a threshold of +/- 10.000 log>fold change have been considered
as DEGs (up- or down-regulated) in the A. donax transcriptome (Table 15). Table 15 also shows that
the majority of the 4. donax sequences aligned with high level of homology with those from related
species S. italica, confirming a high level of global sequence similarity within the Poaceae family as

indicated by Evangelistella and coworkers (2017).
5.2.6 Salt sensory and signaling mechanisms

The analysis of different expressed genes between G34-S3 and G34-CK revealed that
homologous to Oryza sativa (CBL-interacting protein kinases 1) CIPK1-SOS2-like is up-regulated
in the salt treated samples, whereas genes homologous to the Phragmites australis NHX1 and
Arabidopsis NHX2 (Na'/H" antiporters) are down regulated in response to severe S3 salt stress (Table
15). CIPK1-SOS2-like protein is a serine/threonine protein kinase involved in the activation of
plasma membrane Na'/H" antiporter (SOS1) which mediates the exclusion of Na* excess out of the
cells. Consequently, the data suggest that the plant response to severe salt stress is likely to increase
the activation upon the existing Na'/H" antiporter (SOS1) by the CIPK1-SOS2 like phosphorylating
activity. The down regulation of NHXs indicates that the vacuolar sequestration of Na™ excess seems
to be impaired in the G34 4. donax ecotype subjected to severe salt stress condition. A cluster coding
for cation transporter to adjust the K™ homeostasis (Zhu, 2002; Barragan et al. 2012) such as HKT6
was found downregulated (Zhu, 2002; Barragan et al. 2012), probably suggesting that the plasma

membrane Na'/K" exchange as well is defective (Table 15).
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5.2.7 Hormone regulation of salt stress response

We focused our attention on the main plant hormones involved in salt stress response, such as
abscisic acid, brassinosteroid, ethylene, auxin/IAA and jasmonic acid (JA) (Golldack et al. 2014;
Gupta and Huang 2014). Regarding the hormone regulation in G34 ecotype (G34-S3 vs G34-CK)
we found that genes involved in ethylene biosynthesis and regulation such as transcripts encoding
ACC oxidase, namely the ethylene-forming enzyme (homolog of Saccharum arundinaceum 1-
aminocyclopropane-1-carboxylate oxidase), and homolog of CTRI1 (Arabidopsis thaliana
serine/threonine-protein kinase), implicated in quenching the ethylene signal, are both up-regulated
under salt stress (Table 15). Despite the importance of abscisic acid (ABA) in salt stress response, no
genes involved in ABA biosynthesis, degradation or perception have been found differentially
regulated. In addition, the components of auxin and jasmonic acid signal transduction and regulation
do not result differentially regulated in salt stress conditions. As regards brassinosteroid, homolog of
Setaria italica cytochrome P450 710A1-like (LOC101770311), involved in steroids biosynthesis
process (Bajguz et al. 2009), is up-regulated indicating that brassinosteroid signaling increased in

response to S3 severe salt treatment (Table 15).
5.2.8 ROS scavenging regulatory mechanisms

The analysis of G34-S3 vs G34-CK revealed that, among the antioxidant enzymes, GST 23-
like 1s up-regulated concordantly with GST role in salt stress relief (Puglisi et al. 2013; Lo Cicero et
al. 2015). G34 ecotype also shows the downregulation of superoxide dismutase [Fe]*" thus suggesting
that the “neutralization” of superoxide ions in the chloroplast is impaired (Table 15). However,
homologs of Setaria italica chloroplastic NADP'-dependent malic enzyme that catalyzes the
oxidative decarboxylation of L-malate to yield pyruvate, CO2 and NADPH, and chloroplastic Setaria
italica malate dehydrogenase (MDH) were up-regulated under salt stress conditions (Table 15)
suggesting that components of the “malate valve” are induced in response to severe salt stress (Zhang

et al. 2012).
5.2.9 Osmolyte biosynthesis

The accumulation of compatible osmolytes, such as proline, polyamines and sugar alcohols
plays a key role in maintaining the low intracellular osmotic potential of plants and in preventing the
harmful effects of salinity stress (Hoque et al. 2008; Deinlein et al. 2014; Gupta and Huang. 2014;).
In our study, 1-delta-pyrroline-5-carboxylate synthase (P5CS), the key enzyme of proline
biosynthesis, was found up regulated in salt stressed samples (Table 15) suggesting that proline
accumulation might represent a pivotal mechanism to overcome the hypersaline conditions and to

adjust the osmotic status in 4. donax. Due to their cationic nature, polyamines can interact with
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proteins, nucleic acids, membrane phospholipids and cell wall constituents, either activating or
stabilizing these molecules (Yang et al. 2007; Zapata et al. 2008). Considering the G34-S3 vs G34-
CK data set, a cluster encoding Sefaria italica polyamine oxidase 2 (polyamine degradative enzyme)
is up-regulated suggesting that polyamines degradation is induced during long term salt stress in

A.donax, they having probably not a primary role in the salt tolerance mechanism in G34 ecotype

(Table 15).

Table 15. List of DEGs related to salt stress response identified in G34-S3 vs G34-CK comparison

Cluster ID Database description Percent Evalue log: fold
identity change

Salt sensory and signaling mechanisms

14027.182899  Oryza sativa subsp. japonica Group CBL- 93.33% 4e-23 + Inf*
interacting protein kinase 1 (CIPK1-SOS?2 like), (Nt
ID: XM 015766590.1)

14027.155903  Phragmites australis pcnhx] mRNA for putative 93.40% 3e-54 - 12.753
Na+/H+ antiporter (NHX1), (Nt ID: AB211145.1)

14027.181583  Arabidopsis thaliana Sodium/hydrogen exchanger 77.78% 8e-79 - 11.093
2 (NHX2), (Swissprot ID: Q56XP4)

14027.230649  Oryza sativa probable cation transporter HKT6 (Nr  71.87% le-154 - 15,51

ID: XP _015626193.1)

Hormone regulation of salt stress response

14027.99729 Saccharum arundinaceum 1-aminocyclopropane-1-  91.46% le-122 +18.071
carboxylate oxidase (ACC oxidase) (Nr ID:
ABM74187.1)

14027.223665  Arabidopsis  thaliana  serine/threonine-protein ~ 89.36% le-02 + Inf*
kinase CTR1, (Swissprot ID: Q05609)
14027.220930  Setaria italica cytochrome P450 710A1-like (NtID:  87.92% 3e-147 +42.918

XM 004968550.2)

ROS scavenging regulatory mechanisms

14027.54848 Setaria italica glutathione transferase GST 23-like, 79.46% 2e-57 +16.425
(Nr ID: XP_004966104.1)

14027.156319  Setaria italica superoxide dismutase [Fe] 2, 93.24% 3e-86 - 10.398
chloroplastic-like, (Nt ID: XM_004964461.2)

14027.223022  Setaria italica malate dehydrogenase, chloroplastic  97.50% 3e-170 +11.012
(MDH), (Nt ID: XM 012847145.2)

14027.169726  Setaria italica NADP-dependent malic enzyme, 81.69% 3e-154 + 15,508

chloroplastic (Nr ID: XP 004960887.1)

Osmolyte biosynthesis

14027.146844  Setaria italica  delta-1-pyrroline-5-carboxylate 91.92% 6e-168 +28.543
synthase (P5CS) (Nt ID: XM 004961829.3)
14027.160267  Setaria italica polyamine oxidase 2 (Nt ID: 95.00% Se-137 +20.021

XM _004960065.2)

Photosynthesis and photorespiration

14027.153819  Pisum sativum RuBisCO large subunit-binding 74.89% 4e-110 -39.871
protein subunit alpha, chloroplastic (Swissprot ID:
P08926)

14027.193818  Setaria italica peroxisomal (S)-2-hydroxy-acid 92.51% S5e-156 +14.194
oxidase (Nt ID: XM _004958250.2)

14027.158029  Setaria italica phosphoenolpyruvate carboxylase 84.05% 2e-127 -32.125
kinase (PEPC kinase) (Nr ID: XP 004976235.1)

14027.157747  Oryza sativa subsp. japonica Group Ribulose 94.59% 3e-20 -10.522
bisphosphate carboxylase small chain A (Swissprot
ID: QOINY?7)
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5.2.10 Photosynthesis and photorespiration

The analysis of G34-S3 vs G34-CK DEGs reveals that homologs of large subunits of ribulose-
1,5-bisphoshate carboxylase/oxygenase (Rubisco) is not represented neither in the up-regulated or in
the down regulated clusters, whereas homolog of Oryza sativa subsp. japonica Group Ribulose
bisphosphate carboxylase small chain A is down regulated (Table 15). Furthermore, homologs of
Pisum sativum Rubisco large subunit-binding protein subunit alpha, required for the correct assembly
of Rubisco, have been discovered among the down-regulated genes, indicating that the processes of
Rubisco synthesis and assembly could be strongly affected under S3 salt stress (Table 15). Moreover,
clusters encoding glycolate oxidase (Setaria italica peroxisomal (S)-2-hydroxy-acid oxidase,
LOC101764130), which is a key enzyme of the glycolate recovery pathway induced by
photorespiration, is up-regulated in G34-S3 vs G34-CK comparison suggesting that CO assimilation
via the C3 Calvin cycle might be impaired in favor of oxygen fixation through the photorespiration
pathway (Table 15). This result is consistent with the decrease of net photosynthesis showed in Figure
12. However, homolog of Setaria italica phosphoenolpyruvate carboxylase kinase (LOC101779241),
that is a phosphoenolpyruvate carboxylase (PEPC) inactivating enzyme, was found down-regulated.
PEPC forms oxaloacetate, a four-carbon dicarboxylic acid through the carboxylation of
phosphoenolpyruvate (PEP) and is involved in carbon fixation process. Thus, giant reed G34 ecotype

responds to severe salt stress by tending to maximize the catalytic efficiency of PEPC (Table 15).
5.2.11 Transcription factors

In our study, DEGs encoding TFs were identified and divided in 14 subfamilies, as showed in
Figure 15, which reports the number of DEGs belonging to each subfamily. The results showed that
under severe stress condition, an average of 9 TFs for each family are differently regulated. In
particular, 21 DEGs belong to bHLH, 19 to WRKY and 16 to AUX/TAA families, respectively,
indicating that they probably play a key role in regulating the changes of transcriptional regulation in

response to salt (Figure 15).
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Figure 15. Distribution of transcription factors responsive to salt stress. Data are sorted by number of G34-

S3 vs G34-CK DEGs

A comparative analysis performed using the available database of rice transcription factors
under salt stress led to the identification of 27 4. donax unigenes, corresponding to high confidence
rice TF homologs previously identified as salt or salt/drought genes (Table 16) (Priya and Jain 2013).
Probably because of the altered water potential under salt stress, the majority of these genes (26) are
also responsive to drought. Only one gene is specifically responding to salt (Table 16), it belongs to

the WRKY family and is strongly down-regulated.
5.2.12 Comparison between G34 and G2 giant reed ecotypes

We also compared the aforementioned results with those obtained by the specular analysis
performed upon the G2 ecotype (Sicilia et al. 2019). The results highlighted that there are three
clusters, differentially expressed in the G34-S3 vs G34-CK, which are also included in the G2 ecotype
DEQG list (Table 17). In particular, clusters encoding the Arabidopsis thaliana serine/threonine protein
kinase CTRI1, the Oryza sativa ribulose bisphosphate carboxylase small chain A, and the Setaria
italica phosphoenolpyruvate carboxylase kinase (PEPC kinase) are differently regulated in both
ecotypes. However, these clusters become differentially expressed in the G2 ecotype at higher salt
dose (extreme salt stress, S4, 419.23 mM NaCl corresponding to 50 dS m™ electric conductibility)
thus indicating that G34 ecotype senses the surrounding salt and modifies the related gene expression
at lower concentration (severe salt stress, S3, 256.67 mM NaCl corresponding to 32 dS m™! electric

conductibility).
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le 16. Transcription factors responsive to salt, to drought or both stresses in A. donax

A. donax unigene_ID Rice_ID E-value Sc|-cl>l:e Family Regulation Differentially expressed gene
14027.97807 LOC_0s01g09080 6.00E-27 62 WRKY Down Salinity;Drought
14027.10532 LOC_0Os01g14440 8.00E-11 35 WRKY Up Salinity;Drought
14027.15302 LOC_0s01g34060 5.00E-31 69  MYB-related Down Salinity;Drought
14027.12954 LOC_0s01g42260 2.00E-21 53 LUG Up Salinity;Drought
14027.14492 LOC_Os01g61080  1.00E-134 243 WRKY Up Salinity;Drought

14027.7232 LOC_Os01g68700  1.00E-110 202 bHLH Up Salinity;Drought
14027.14591 LOC_0s01g74410 5.00E-23 55 MYB Down Salinity;Drought
14027.15916 LOC_0s02g02424 9.00E-54 107 C2H2 Up Salinity;Drought
14027.15229 LOC_0s02g08440 1.00E-48 98 WRKY Up Salinity;Drought
14027.25148 LOC_0s02g35770 9.00E-18 47 HB Down Salinity;Drought
14027.78029 LOC_0s02g39140 3.00E-39 83 bHLH Up Salinity;Drought
14027.15954 LOC_0s03g21060 5.00E-64 124 NAC Down Salinity;Drought
14027.14325 LOC_0s03g26210 2.00E-26 61 bHLH Down Salinity;Drought
14027.16813 LOC_0s04g36054 5.00E-45 93 ARF Up Salinity;Drought
14027.33142 LOC_0s04g52810 7.00E-18 47 NAC Up Salinity;Drought
14027.20029 LOC_0Os05g41760 8.00E-67 129  AP2-EREBP Up Salinity;Drought

14027.1767 LOC_0Os05g46020 1.00E-96 179 WRKY Up Salinity;Drought

14027.7979 LOC_0s06g10350 8.00E-09 31 MYB Up Salinity;Drought
14027.17627 LOC_0Os06g44010 5.00E-64 124 WRKY Up Salinity;Drought
14027.25148 LOC_0Os06g45140 2.00E-19 50 bzIP Down Salinity;Drought

14027.3911 LOC_0Os06g46270 2.00E-61 120 NAC Up Salinity;Drought
14027.14269 LOC_0s07g41370 8.00E-16 43 MADS Down Salinity;Drought
14027.12249 LOC_0s07g48596 9.00E-39 82 G2-like Up Salinity;Drought
14027.17591 LOC_0s08g03520 1.00E-84 159 CSD Up Salinity;Drought
14027.98589 LOC_0s08g43090 2.00E-30 68 bzIP Up Salinity;Drought
14027.26535 LOC_0s09g28210 1.00E-139 250 bHLH Up Salinity;Drought
14027.23859 LOC_0s12g40570 2.00E-47 97 WRKY Down Salinity
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5.2.13 Retrieval and analysis of genes targeted as “salt stress responsive”

The GO terms were further analyzed in order to retrieve clusters specifically involved in the
salt stress response, thus excluding all transcripts also regulated by different abiotic stress, such as
water deprivation, cold, heavy metals and oxidative stresses (geneontology.org/). All the retrieved
clusters are also found to be involved in salt-induced osmotic stress according to the finding that
levels of NaCl higher than 100—150 mM cause osmotic stress (Shavrukov, 2012). The results shown
in Table 18 reveal that only 2 clusters, besides the one encoding the aforementioned WRKY, are
specifically regulated by salt. The CBL-interacting protein kinase 1 (CIPK1-SOS2 like) has been
found up-regulated (Table 18) thus suggesting that it actives specific signal transduction pathways
under severe salt stress conditions. Instead, clusters related to cation transporter HKT6 is down
regulated by severe salt stress treatment (Table 18), both results being already highlighted in Table
15.

Table 17. Comparison of DEGs related to salt stress response in G34-53 vs G34-CK, G2-S3 vs G2-CK and G2-
S4 vs S2-CK sample sets.

Cluster ID Database description Percent Evalue log: fold  log: fold log: fold
identity change change change
G34_S3 G2_S3 G2_S4
Vs vs Vs

G34_CK G2_CK G2_CK

Hormone regulation of salt stress response

14027.223665 Arabidopsis thaliana serine/threonine- 65.84% 2e-171  +Inf* - +11.918
protein kinase CTRI1, (Swissprot ID:
Q05609)

Photosynthesis and photorespiration

14027.157747 Oryza sativa, subsp. Japonica Group 97.30% 6e-18 -10.522 - -17.834

Ribulose bisphosphate carboxylase
small chain A (Swissprot ID: P18566)
14027.158029  Setaria italica phosphoenolpyruvate 77.15% 7e-123  -32.125 - -40.627
carboxylase kinase (PEPC kinase)
(Nr ID: XP _004976235.1)

5.2.14 Identification of functional genes related to “carbon metabolism” and “starch and
sucrose metabolism”

Since “carbon metabolism” and “starch and sucrose metabolism™ are the most represented
KEGG pathways, among the DEGs related to these pathways we searched for genes encoding
enzymes involved in glycolysis and Krebs cycle (Table 19).

Table 18. Salt stress related genes (GO:0009651 Response to salt stress)

Gene ID log.FoldChange padj Swissprot Description
CBL-interacting protein kinase 1 OS=Oryza sativa subsp. japonica
14027.1829 Inf 6.07E-07 GN=CIPK1 PE=2 SV=1
14027.23065 1551 0.000488 Probable cation transporter HKT6 OS=0Oryza sativa subsp. japonica

GN=HKT6 PE=2 SV/=2
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In this further analysis, as detailed above, those clusters showing a threshold of +/- 10.000
logofold change have been considered as DEGs (up- or down-regulated) in the A. donax
transcriptome. For each cluster, the alignment of 4. donax sequence has been performed and the score
of these alignments was reported (% identity and e value). Table 19 shows that homolog of Setaria
italica hexokinase-7 (HXK?7), Setaria italica ATP-dependent 6-phosphofructokinase 2 (PFK2),
Setaria italica 2,3-bisphosphoglycerate-independent phosphoglycerate mutase, Setaria italica
glyceraldehyde-3-phosphate dehydrogenase 3 (GAPCP3) are strongly up-regulated under severe salt
stress conditions. These clusters are all components of the glycolysis pathway where HK generates
the hexose phosphate pool of the plant cell, PFK catalyzes the conversion of fructose 6-phosphate
(F6P) into fructose-1,6-bisphosphate (F1,6BP), and the last two clusters encode the enzymes involved
in the steps of oxidation of glyceraldehyde 3-phosphate and the conversion of 3-phosphoglycerate
into 2-phosphoglycerate and leading to phosphoenolpyruvate (PEP) (Table 19). Surprisingly, clusters
related to Ricinus communis chloroplastic pyruvate kinase isozyme A, catalyzing the irreversible
synthesis of pyruvate and ATP, are strongly down regulated in salt stress condition thus indicating
that probably an accumulation of PEP might occur to the detriment of pyruvate formation (Table 19).
Moreover, homologs of Arabidopsis thaliana dihydrolipoyllysine-residue acetyltransferase
component of pyruvate dehydrogenase complex are up regulated under salt stress condition
suggesting that acetyl CoA is actively produced in order to feed the downstream Krebs cycle. This
hypothesis is supported by the fact that clusters encoding Oryza brachyantha pyruvate dehydrogenase
(acetyl-transferring) kinase, known to negatively regulate the pyruvate dehydrogenase activity by
phosphorylation (Zou et al. 1999), was found sharply downregulated (Table 19). Transcripts encoding
most of the enzymes involved in the Krebs cycle (citrate synthase, isocitrate dehydrogenase, succinate
dehydrogenase and fumarase) are up regulated in salt treated samples, unequivocally indicating that
this pathway and its intermediate products assume a crucial role during the response of G34 A.donax
ecotype to severe salt stress (Table 19). Phosphoenolpyruvate carboxykinase (PEPCK) homologs
(Setaria italica) catalyzing the reversible conversion of oxaloacetate to phosphoenolpyruvate and
CO2 was also strongly induced by salt stress probably leading to an increase of CO; e PEP in the
cytosol, where PEPCK appears to be exclusively located (Ku et al. 1980; Chapman et al. 1983;
Watanabe et al. 1984;). As regards the “starch and sucrose metabolism” pathway, genes involved in
the starch biosynthesis such as Setaria italica 1,4-alpha-glucan-branching enzyme 2 and Setaria
italica glucose-1-phosphate adenylyltransferase large subunit have been found up-regulated in G34-
S3 vs G34-CK sample set and, the finding that clusters related to starch catabolism such as Setaria
italica alpha-1,4 glucan phosphorylase are also up regulated is probably related to their reported role
in abiotic stress tolerance (Table 19) (Zeeman et al. 2004).
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Table 19. Comparison of DEGs related to KEGG pathways identified in G34-S3 vs G34-CK, G2-S3

vs G2-CK and G2-54 vs G2-CK sample sets

Cluster ID

Database description

Percent
identity

Evalue

log: fold
change
G34_S3
vs
G34 CK

log: fold
change
G2_S3

Vs

G2 CK

log: fold
change
G2_S4
vs
G2 CK

Carbon metabolism

14027.261590

14027.261776

14027.70763

14027.30626

14027.52780

14027.212884

14027.146727

14027.202505

14027.155073

14027.190285

14027.187091

14027.150469

Setaria italica hexokinase-7 (HXK7), (Nt
ID: XM 004960833.3)

Setaria  italica  ATP-dependent 6-
phosphofructokinase 2 (PFK2), (Nr ID:
XP 004975916.1)

Setaria italica glyceraldehyde-3-
phosphate dehydrogenase 3 (GAPCP3),
(Nr ID: XP_010930058.1)

Setaria italica 2,3-bisphosphoglycerate-
independent phosphoglycerate mutase
(PFAM ID: PF10143)

Ricinus communis pyruvate kinase
isozyme A, chloroplastic (Swissprot ID:
Q43117)

Oryza brachyantha pyruvate
dehydrogenase (acetyl-transferring)
kinase (Nr ID: XP_006658015.1)
Arabidopsis thaliana
dihydrolipoyllysine-residue
acetyltransferase =~ component 2 of
pyruvate  dehydrogenase  complex,
mitochondrial (Swissprot ID: QSRWN9)
Setaria italica citrate synthase 4 (CSY4),
(Nt ID: XM_004951531.1)

Setaria italica isocitrate dehydrogenase,
mitochondrial (Nt ID:
XM_004967640.3)

Zea mays succinate dehydrogenase
flavoprotein ~ subunit, mitochondrial
(SDH) (Nt ID: EU970939.1)

Setaria italica fumarate hydratase 1,
mitochondrial (Nt ID:
XM 004984384.2)

Setaria  italica  phosphoenolpyruvate
carboxykinase (PEPCK), (Nr ID:
XP_004984967.1)

92.50%

79.82%

75,83%

67.57%

66.85%

94.07%

70.49%

95.00%

97.49%

97.89%

97.50%

100.00%

2e-162

2e-54

2e-73

2e-10

4e-179

4e-88

3e-180

9e-149

2e-175

2e-173

2e-145

3e-93

+24.834

+44.432

+28.263

+Inf™

-Inf™™*

-18.890

+12,376

+11.237

+19,652

+12.117

+17.773

+26.480

+17.252

*

+28.878

+36.401

+34.025

+24.309

+49.616

+ Inf™

- 16.659

+ 14.354

+11.496

+26.218

+ 18.953

+36.731

Starch and sucrose metabolism

14027.194053

14027.222866

14027.204584

Setaria italica 1,4-alpha-glucan-
branching enzyme 2 (Nt ID:
XM _004952572.1)

Setaria  italica  glucose-1-phosphate
adenylyltransferase large subunit, (Nr ID:
XP 006654841.1)

Setaria  italica  alpha-1,4  glucan
phosphorylase (Nr ID: XP 004981704.1)

60.11%

62.22%

93.51%

le-60

6e-145

4e-98

+17.373

+23.167

+10.353

+33.943

+38.907

+20.785
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Considering the availability of unreported data, a similar analysis was also performed in the
giant reed G2 ecotype and the results are in Table 19. It is interesting that the majority of the clusters
that are differentially expressed in the G34 ecotype under severe salt stress (S3), are not differently
regulated (neither up- nor downregulated) in the G2 ecotype grown under the same salt dose (G2-S3
vs G2-CK). Clusters encoding for the hexokinase, glyceraldeyde-3-phosphate dehydrogenase and
phosphoenolpyruvate carboxykinase (PEPCK) represent the exceptions and in these cases a similar
regulation (up- or down regulation) is observable (Table 19). However, most of the clusters
differently regulated under severe salt stress (S3) in the G34 ecotype are also listed among the G2-S4
vs G2-CK data set, clearly indicating that G34 ecotype response to severe salt stress (S3) resembles
to the G2 ecotype response subjected to higher salt dose (extreme salt stress, S4, 419.23 mM NaCl
corresponding to 50 dS m™! electric conductibility, EC).

5.2.15 Identification and distribution of SSR

The 193,070 unigenes, were screened for repeated motifs to explore the SSR profle in the A.
donax leaf transcriptome. The motif distribution was screened both in untraslated regions (both 5°-
UTR and 3’-UTR) and in coding regions (CDS), since many of the sequenced mRNA transcripts
contained untranslated regions (UTRs) and occasional remaining introns. A total of 26,838 SSRs
were obtained from 24,304 unigenes, consequently 2,534 sequences contained more than one SSR
marker. In addition, 881 sequences revealed composed SSR formation (Table 20). We further
investigated the distribution of SSR classes in the unigenes (CDS, 5’ UTR, and 3’ UTR). Out of the
total SSRs, 9,463 (35,26%) were located in the UTR and CDS regions, of which 5.062 (53.49%),
1,690 (17.85%), and 2,711 (28.65%) SSRs were located in the 5" UTR, CDS, and 3" UTR,
respectively. The remaining SSRs (17,375 SSRs; 64.74%) have not an ascertained position because
it was not possible to identify the UTR and CDS regions of the transcripts containing them. In Table
21 is reported the frequency in percentage of each motif. Most of repeated motifs (10,188 SSRs) are
mono-base repetitions (37.95 %), followed by tri-base (9,441 SSRs; 35.17 %) and di-base motifs
(5,970 SSRs; 22.24 %). As regard the SSRs located in CDS region, most of them (1,423 SSRs) are
tri-base repetition (84.20 %), followed by mono-base repetitions (120 SSRs; 7.10 %). In 5’-UTR
region most of the SSRs are tri-base repetitions (2,465 SSRs; 48.69 %) followed by mono-base
repetitions (1,151 SSRs; 22.73 %), while in 3’-UTR regions 1,476 SSRs (54.44 %) are mono-base
repetitions and 623 SSR (22.98 %) are di-base repetitions. The most abundant nucleotide patterns
found in the analysis are the following: A/T (6,096 SSRs; 22.71 %) and C/G (4,092 SSRs; 15.24 %)
for mono-nucleotides, AG/CT (1,820 SSRs; 6.78 %) for di-nucleotides and CCG/CGG (1,405 SSRs;
5.23 %) for tri-nucleotides (Table 21).
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Table 20. Summary statistics of SSRs analysis

Total number of sequences examined 193,070
Total number of identified SSRs 26,838
Number of SSR containing sequences 24,304
Number of sequences containing more than one SSR 2,534
Number of SSRs present in compound formation 881

Table 21. SSR nucleotide patterns

Nucleotide motif Number of Frequency (%)

SSRs

A/T 6,096 22.71

C/G 4,092 15.24
AC/GT 544 2.02
AG/CT 1,820 6.78
AT/AT 434 1.61
CG/CG 186 0.69
AAC/GTT 90 0.33
AAG/CTT 237 0.88
AAT/ATT 58 0.21
ACC/GGT 96 0.35
ACG/CGT 82 0.30
ACT/AGT 13 0.05
AGC/CTG 385 1.43
AGG/CCT 383 1.42
ATC/ATG 68 0.25
CCG/CGG 1,405 5.23
AAAT/ATTT 6 0,02
AAGG/CCTT 3 0,01
ATCC/ATGG 9 0,03

5.2.16 Validation of SSRs

As described in Methods section, SSR validation was conducted by amplifying and
sequencing five microsatellite regions randomly chosen in 5’-UTR, CDS and 3’-UTR sequences
(Table 22). The repeated motifs are embedded in sequences belonging to genes homologous to:
Setaria italica serine/arginine repetitive matrix protein 2 (SRRM?2), Setaria italica high mobility
group nucleosome-binding domain-containing protein 5 (HMGNYS), Setaria italica protein SHORT-
ROOT 1 (SHR1), Setaria italica myb-related protein MYBASI-like (myba), Setaria italica
squamosa promoter-binding-like protein 2 (SPL1). For all the microsatellites analyzed, both the
repeated motifs and the number of repetitions were confirmed by sequence analysis. In fact, five
repetitions of AGC motif were detected in SRRM2 and HMGNS, six repetitions of AGC motif were
detected in SHR1, four repetitions of AGC motif were detected in myba and five repetitions of GCA
motif were detected in SPL1 (Figure 16a, 16b, 16¢, 16d, 16e), showing a perfect congruence with the

RNA-seq experiment and allowing the validation.
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Table 22. SSR patterns and primer sequences for SSRs validation

Unigene ID SSR  Repetitions Primer name Primer sequence

Ad SRRM2 For  5'-CGCAAACGCTCCAAGAAACA-3'
14027.192887 AGC 5

Ad SRRM2 Rev  5-GCCCCTCCCTTTTCTCTTCC-3'

Ad HMGNS For  5-CATTCGAGGTCGTGGGCAG-3'
14027.42287 AGC 5 B

Ad HMGNS Rev  5-TCTCCTTCTCCTTCCGCTCA-3'

Ad_SHRI1 For 5'-GAGCATGCACACGCCTTATG-3'
14027.58603 AGC 6

Ad SHRI Rev 5-TCTTGGTACGGCTCCAGGTA-3'

Ad_myba For 5'-AAGATCTGAAGAGCAGGCGG-3'
14027.124297 AGC 4

Ad_myba Rev 5'-TAAGAAATCCCAGCGGCGTT-3'

Ad _SPL1 For 5'-TCTGTCAGACAACCAGACGC-3'
14027.96747 GCA 5 B

Ad SPL1 Rev 5'-ACCATGGTATTGCTGCAGCT-3'

40 0

60

GTTAGCAGCAGCAGCAGCNNNCGT

40 50

60

GT TAGCAGCAGCAGCAGCNGN COGT

a. G34_SSRM2
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30
AG CAG C AG CAGCAG G

c. G2_SHR1

70 20
C CN AG CAG CAGCAGOCAOG CNMN

c. G34_SHR1
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110 120
AG TACG ACG ACG ACG ACCN

d. G2_Myba
110 120
AG T AC G ACG ACG ACG A C NNT

d. G34_Myba

160 170
ACACT G CAGCAGCAGCAG CAGCTG:

e. G2_SPL1

160 170
ACAC TG CAGCAGCAGCAGCAGC T

e. G34_SPL1

Figure 16. Sequence of regions analyzed for SSRs validation and electropherograms of Sanger sequencing. a

SRRM2. b HMGS5. ¢ SHR1. d Myba. e SPL1.
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5.3 Discussion

Abiotic and biotic stresses severely affect plant and crop growth and reproduction. Therefore,
determining the critical molecular mechanisms and cellular processes in response to stresses will
provide knowledge for addressing both climate change and food crises. RNA sequencing (RNA-Seq)
using next-generation sequencing (NGS) is a revolutionary tool that has been used extensively in
plant stress research in view of the great potential to reveal unprecedented complexity of the
transcriptomes. The transcriptome sequencing of an organism provides quick insights into the gene
space, opportunity to isolate genes of interest, development of functional markers, quantitation of
gene expression, and comparative genomic studies. Useful 4. donax genomic resources were
provided by the work of Sablok et al. (2014) which used tissue-specific NGS of four different organs
(leaf, culm, bud and root) of one A. donax ecotype. The analysis of transcripts putatively involved in
stress in 4. donax led to the identification of genes related to salt and heavy metal tolerance,
particularly interesting considering the tolerance of 4. donax to these stresses. Successively, the shoot
transcriptome was obtained from an 4. donax invasive ecotype in order to establish a molecular
dataset allowing studies of the abiotic stress capabilities of this plant (Barrero et al. 2015). Fu et al.
(2016) have reported the first characterization of 4. donax transcriptome in response to drought. They
obtained by Illumina-based RNA-seq the whole root and shoot transcriptomes of young A. donax
plants subjected to osmotic/water stress with 10 and 20 % polyethylene glycol (PEG). Evangelistella
and colleagues (2017) provided a de novo assembly and annotation of the leaf transcriptome of A.
donax releasing a more complete gene expression catalogue to allow a comprehensive comparison
among various assemblies. This last genomic resource was generated using three ecotypes originating
from distant geographical locations (Greece, Croatia, and Portugal). A global comparison of
homology between the transcriptomes of 4. donax and four other species of the Poaceae family
revealed a high level of global sequence similarity within this family (Evangelistella et al 2017).
Recently, the first transcriptome of 4. donax subjected to two level of long-term salt stress has been
reported (Sicilia et al. 2019). The picture that emerged from the identification of differentially
expressed genes is consistent with a salt dose-dependent response. Here, we describe the results of
the RNA sequencing and de novo assembly of a low ecotype of giant reed subjected to an extended
and severe salt stress (S3 dose). Although G34 clone was naturally lower than the giant reed ecotypes
described in literature (Sicilia et al. 2019), it had a fair performance under salt stress, showing minimal
reduction of main stem height ( -37 %) and biomass yield (-35 %) (Figure 12) values compared to
those registered for the other giant reed clones such as G2 (-48 % and - 50 %, respectively) (Sicilia
et al. 2019) Moreover, the number of DEGs reported in G34 ecotype is much lesser than that reported

for G2 ecotype under the same salt dose (3,852 DEGs) (Sicilia et al 2019) indicating that a refined
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and focused modulation of gene expression is achieved to cope the unfavorable conditions. In salt
tolerant plants, the cytosolic calcium perturbation actives the Salt Overly Sensitive (SOS) pathway
(Liu and Zhu, 1998; MartinezAtienza et al. 2007). The components of this pathway are the Ca*"
sensor (SOS3) which accordingly changes its conformation in a Ca*>*-dependent manner and interacts
with SOS2, a serine/threonine protein kinase, forming the active SOS2-SOS3 complex. This
interaction results in the activation through its phosphorylation of SOS1 (plasma membrane Na'/H"
antiporter) which mediates the exclusion of Na" excess out of the cells. In addition, the SOS2-SOS3
complex activates NHX, the vacuolar Na'/H" exchanger resulting in the vacuolar sequestration of
Na" excess thus further contributing to the restore of ion homeostasis (Zhu, 2002; Barragan et al.
2012). The data suggest that the SOS pathway is only partially activated in giant reed G34 ecotype
under severe salt stress as indicated by the sharp up-regulation of CIPK1-SOS2-like protein. The
down regulation of NHXs and HKT6 highlights that both the vacuolar sequestration of Na" excess
and the Na" extrusion out of the cell across the plasma membrane seem to be impaired. The giant reed
response to salt seems to be restricted to a dramatic enhancement of phosphorylating activity upon
existing SOS1 antiporter provoking its activation (Table 15). As expected, the components of the
SOS response are among the few salt related specific DEGs, indicating their key role in the specific
response to salt. Transcription factors (TFs) are considered as the most important regulators
controlling the expression of a broad range of target genes ultimately influencing the level of salt
tolerance in plants. It is well documented that TFs belonging to the DREB, NAC, MYB, MYC, C2H2
zinc finger, bZIP, AP2/ERF (Ethylene Responsive Factor) and WRKY families are relevant in salt
stress response (Golldack et al. 2014). By comparing our results with those obtained in A. donax
subjected to water deficit (Fu et al. 2016), slight differences can be observed in terms of TF
subfamilies involved in salt and water stresses. Interestingly, a major involvement of AUX/IAA TFs
is detected under salt stress with respect to 4. donax plants subjected to drought thus indicating that
a different regulation network is induced (Fu et al. 2016). Similarly, the same transcription factor
families are involved in the G2 ecotype of giant reed under salinity, but a greater number of all TFs
for each family resulted differently regulated under extreme salt stress in G2 ecotype (S4) (Sicilia et
al. 2019). Moreover, a total of 27 A. donax unigenes correspond to high confidence rice homologs
previously identified as salt or salt/drought responsive genes (Table 16) (Priya and Jain, 2013). Most
of them (26) resulted also responsive to drought, indicating that the plant responses to these stresses
probably overlap each other and that the downstream metabolic pathways can crosstalk. Significantly,
a single gene belonging to WRKY transcription factor family specifically responds to salt treatment
suggesting it might have a crucial role in the response to severe stress in the G34 ecoptype (Gupta

and Huang, 2014). The synthesis, sequestration, transportation, and turnover of hormones generate a
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net of signals that correlates plant growth in dependence on internal and external cues. Among these
hormones, abscisic acid regulates important abiotic stress responses, in particular water balance and
osmotic stress tolerance under drought and salt stress (Kuromori and Seo, 2018). The analysis of
G34-S3 vs G34-CK indicates that the ABA-activated signal transduction cascade is not influenced
by salt treatment as none of the components was among the DEGs of G34-S3 vs G34-CK. Recently,
the increase of leaf tissue ABA concentrations at two hours after plants were exposed to 50 mM of
the ions was observed in maize indicating that ABA synthesis and accumulation are part of the early
response to salt (Geilfus et al. 2018). Interestingly, the putative ortholog of AT1G78390, nine-cis-
epoxycarotenoid dioxygenase 9 (NCED), is strongly upregulated in both Arundo shoots and roots
during the early responses to water stress (Fu et al. 2016), this finding being in line with the our
opinion that ABA is not strictly involved in the response to long term salt stress. Ethylene is
biosynthesized by the plant in response to life-cycle events or environmental cues including among
other diseases, mechanical stress, drought or flood. The phenotypes that can be observed with respect
to ethylene signaling typically relate to the inhibition of plant growth and seasonal changes in a plant’s
life cycle. Ethylene is efficiently biosynthesized from 1-aminocyclopropane-1-carboxylic acid (ACC)
(Zhou et al. 2002). The mechanism of ethylene action, from perception to function, has been referred
to as the “cleave and shuttle model” (Li et al. 2015). The most studied of the receptors is ethylene
response 1 (ETR1) and downstream of ETR1 in A. thaliana is the kinase constitutive triple response
1 protein (CTR1) (Light et al. 2016). In absence of ethylene, CTR1 phosphorylates the putative metal
transporter ethylene insensitive 2 (EIN2) that triggers EIN2 degradation by the Ub/26S proteasome
(Lietal. 2015). In the presence of ethylene, CTR1 is inactivated and the EIN2 dephosphorylated form
is proteolytically cleaved to generate a C-terminal fragment that localizes to the nucleus and initiates
transcriptional regulation. Interestingly, transcripts encoding ACC oxidase have been found up-
regulated under severe salt stress, whereas homolog of Arabidopsis thaliana CTR1 is sharply up-
regulated in G34-S3 vs G34-CK samples (Table 15). In our opinion, this condition might describe a
situation in which a low perception of emitted ethylene is attempted under severe salt stress
(activation of CTR1) with the aim to minimize the negative effect of ethylene upon plant growth.
These attempts to minimize the effect of emitted deleterious hormone were also observed in 4. donax
(G2 ecotype subjected to salt stress. However, this kind of response was triggered when the G2 ecotype
was subjected to extreme salt stress (S4) (Sicilia et al. 2019), indicating that more stringent conditions
are needed in the G2 ecotype to prevent the negative effects of ethylene (Table 17). A consequence
of high salt in the soil is the generation of a low water potential zone around the roots area making
extremely difficult for the plants to obtain water and nutrients. Stomatal closure occurs in order to

low water loss by transpiration, but it is at the same time responsible of sharp decrease in CO>
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availability for Calvin cycle and a depletion of oxidized NADP". The overproduced electrons are
transferred to O» to generate O2* and a series of dangerous oxygen reactive species (ROSs) causing
unrestricted oxidation of various cellular components such as membrane lipids, proteins, and nucleic
acid (Scandalios, 2005). Therefore, salinity tolerance is positively correlated with the induction of
ROS scavenging enzymes such as superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPX), ascorbate peroxidase (APX), monodehydroascorbate reductase (MDHAR),
dehydroascorbate reductase (DHAR) and glutathione transferases (GSTs) (Gupta and Huang 2014).
Moreover, malate is a versatile compound in plant metabolism (Lance and Rustin 1984) that can
easily be transported across subcellular membranes and can be used as a substrate for mitochondrial
ATP production or provision of NADH to the cytosol. Malate/oxaloacetate shuttles acting in
combination with malate dehydrogenases (MDHs) as key enzymes (also termed malate valves)
connect cellular compartments each other. They are powerful systems for balancing metabolic fluxes
by enabling indirect transfer of reducing equivalents, and therefore, they play a key role in plant
metabolism. The malate valve is strictly regulated during day light (Zhang et al. 2012). The activation
of NADP-MDH is only enabled when NADPH increases because it is not consumed in the Calvin
cycle due to a lack of COz or ATP. Under these conditions, the NADP-MDH uses the excess NADPH
generated via the photosynthetic electron transport chain to convert oxaloacetate to malate,
regenerating the electron acceptor NADP™. Therefore, an electron drainage flux from an over-reduced
photosynthetic chain to other cellular compartments can occur. In addition to the NADP-dependent
MDH, namely component of the “light” malate valve, chloroplasts contain a redox-independent
activity of NAD-MDH functioning as part of the “dark™ malate valve and playing an important role
during metabolism in the dark. In chloroplasts during darkness, ATP and NADPH for anabolism are
generated independently via plastidial glycolysis (ATP), and plastidial oxidative pentose phosphate
pathway (NADPH). The “dark” malate valve is here required to export the NADH that is formed
during glycolysis at the substrate phosphorylation steps that require a continuous supply of NAD™,
The regeneration of NAD", which allows for continued ATP production via glycolysis, is possible
due to the activity of NAD-MDH for indirect export of NADH in the form of malate exchanged with
oxaloacetate. In our experiment, both the “light” and “dark” malate-valve seem to be activated as
both the up-regulation of plastid NADP-malic dehydrogenase and NAD-MDH are observed, probably
aimed to move the excess of reducing power from chloroplasts to the cytosol and to avoid over-
reduction of the chloroplast glycolysis. As multifunctional amino acid, proline seems to have diverse
roles under stress conditions, such as stabilization of proteins, membranes, and subcellular structures,
and protecting cellular functions by scavenging ROSs. Biosynthesis of proline occurs in the

chloroplast or cytosol via glutamate pathway in which 1-delta-pyrroline-5-carboxylate synthase
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(P5CS) catalyzes the key regulatory and rate limiting reaction (Kaur and Asthir, 2015). During proline
synthesis, 2 mol of NADPH per mole are consumed thus draining electrons from chloroplasts and
contributing to the stabilization of redox balance and maintenance of cellular homeostasis when
electron transport chain is saturated because of adverse conditions. The up-regulation of P5CS
suggests that that proline biosynthesis represents either a crucial mechanism to adjust the osmotic
status or a way for NADP" restoring in A. donax. Photosynthesis is the primary processes to be
affected by salinity (Munns and Tester, 2008; Wang and Nii, 2000). Stomata close in response to leaf
turgor declines, therefore supply of CO> to Rubisco (EC 4.1.1.39) is impaired thus inducing sharp
alterations of photosynthetic metabolism. In 4. donax under severe salt stress condition, CO>
assimilation via the C3 Calvin cycle seems to be impaired in favor of oxygen fixation through the
photorespiration pathway (Table 15). In particular, the downregulation of PEPC kinase caused by salt
stress indicates that mechanisms aimed to block the PEPC phosphorilation/inactivation occur in G34
ecotype maximizing the role of PEP as CO; acceptor catalyzed by PEPC. To reinforce this hypothesis,
transcripts of chloroplastic pyruvate kinase (PK) are sharply down regulated indicating that carbon
metabolism is directed towards PEP accumulation. A similar phenomenon has been reported in the
facultative halophyte Mesembryanthemum crystallinum during adaptation to salinity where the
transition from C3 photosynthesis to Crassulacean acid metabolism (CAM) is associated with the
increase in activity of key enzymes of C4 cycle such as PEPC (Chu et al. 1990). In A. donax leaves,
the activation of C4 pathway has been recently reported (Sicilia et al. 2019), however, in G2 ecotype
the downregulation of PEPC kinase occurs at extreme salt concentration (S4) as an ultimate rescue
attempt to overcome the long-term stress conditions (Table 17). It had been reported that the transcript
abundance of components of the glycolytic, mitochondrial respiration, and pentose phosphate
pathways generally decreases in NaCl stress (Jiang et al. 2007; Zhong et al. 2016).
Phosphofructokinase (PFK), pyruvate kinase (PK) and phosphoenolpyruvate kinase (PEPC) gene
expression has been found significantly decreased in cucumber leaves when exposed to salt stress.
Salt stress also significantly reduced isocitrate dehydrogenase, malate dehydrogenase and succinate
dehydrogenase and their levels of transcription, causing a decreased production of organic acids and
to a decline in metabolic rate (Wu et al. 2013; Fougere et al. 1991). Exogenous putrescine reversed
the salt stress and increased gene expression of the key enzymes involved in the glycolysis pathway
and Krebs cycle promoting the release of more energy currency (ATP and ADP) (Zhong et al. 2016).
Table 19 reports that G34 ecotype subjected to salt stress responds by inducing, without any
exogenous treatment, most of the genes involved in glycolysis and Krebs cycle thus encouraging
carbohydrates to enter the glycolytic pathway and the Krebs cycle in order to supply more energy for

plant metabolism and allowing the plant to tolerate the salt stress. The internal tolerance to salt stress
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observed in the G34 ecotype is achieved at severe salt stress (S3 dose), whereas a similar response
was observed in G2 ecotype only when it was subjected to higher salt concentration (S4 dose) (Table

19).
5.4 Conclusions

In this work, A. donax, G34 ecotype was subjected to long-term salt stress at salt level being much
higher than that used to define a soil area as “salinized”. G34 ecotype was selected because of its
characteristic to be shorter than other A.donax ecotypes when grown in pots. As 4. donax reproduces
itself asexually, this attribute should depend exclusively upon accumulated genetic and epigenetics
marks that can influence other traits such as the response to salt stress as pleiotropic effect. Indeed,
the genetic diversity of G34 is testified by the obtained peculiar results (both morpho-physiological
and transcriptomic data) indicating that some sort of the stress avoidance occurred. G34 ecotype does
not induce the entire SOS pathway, but the only CIPK1-SOS2 component is strongly activated. The
analysis of clusters related to ethylene biosynthesis and signaling indicated that the gene transcription
is modulated towards the minimization of ethylene negative effects upon plant growth. The A. donax
leaves subjected to S3 severe salt stress respond to salt-induced oxidative stress by the induction of
genes involved in redistributing the reducing power excess among cell compartments (“light” and
“dark” malate valve). A clear involvement of proline in coping the salt-induced osmotic stress can be
suggested as well as a crucial role of proline biosynthesis as NADPH consumer might be evocated.
Certainly, the photosynthesis is strongly affected since genes involved in Rubisco biosynthesis and
assembly are down-regulated, however, a shift C3 Calvin cycle to C4 photosynthesis is likely to occur
as gene regulation is aimed to activate the primary CO; fixation to PEP in mesophyll cells (C4
pathway). The analysis of carbon metabolism revealed that G34 ecotype under salt stress activates
the gene expression of glycolysis and Krebs cycle genes known to be a typical response to face salt
stress. Interestingly, a similar response was achieved by the G2 ecotype subjected to a much higher
salt dose suggesting that G34 ecotype more promptly tries to counteract the stressful conditions. In
this respect, also the attempt to mitigate the detrimental effect of ethylene by activating CTRI 1is
started up by G34 ecotype under severe salt stress. Therefore, the results of our work are in accordance
with the possibility that heritable phenotypic differences among clones of 4. donax might be
accumulated especially in ecotypes originating from distant geographical areas (Nackley and Kim
2015). Additionally, 26,838 simple sequence repeat (SSR) markers were identified and validated.
This SSR array certainly enlarges the already available SSR catalogue (Evangelistella et al. 2017)
which includes 8,364 SSRs, thus suggesting the future possibility to study genetic variability of this

species more accurately.
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5.5 Experimental

5.5.1 Plant material and application of salt stress

The experiment was conducted at the Department of Agriculture, Food and Environment
(Di13A) of the University of Catania, using G34 giant reed clone originated in Birgi (Italy) (latitude
38°01°, longitude 12°32°) and collected for the Giant reed Network project (Cosentino et al. 2006).
The trial started on July 7™, 2017, by transplanting 4. donax rhizomes into 25 I pots (40 cm diameter
and 30 cm height) containing a sandy soil as substrate and kept in open air. Before transplantation,
the rhizomes were weighed using a laboratory scale and the number of buds was counted, and those
showing homogeneous rhizome weight and same bud number were used for transplanting. The pots
were arranged according to a randomized block factor scheme, performing three biological replicates
for treatments with a total of six experimental units. During the experiment, the irrigation was
performed on a weekly basis, and until the first sprouts have been released, tap water (5 1 per pot) has
been used. The first irrigation with salted water was carried out on August 3™, 2017. Salt stress was
imposed by adding 256.67 mM NaCl corresponding to 32 dS m™ electric conductibility to the
irrigation water (S3 samples), whereas control samples (CK) were irrigated with tap water without
salt addition (SO samples). Before leaf harvest, the following morpho-biometric and physiological
parameters were measured: number of culms, height of the main culm, number of green and senescent
leaves, net photosynthesis and chlorophyll content measured in SPAD units (SPAD 502, Konica
Minolta). Moreover, the measurement of the yielded biomass was also carried out (Cosentino et al.
2006). R software was used for standard deviation calculation. The collected data were submitted to
ANOVA analysis using R Studio. The averages with pvalue <0.05 were separated by the TukeyHSD

test.
5.5.2 Sample collection and RNA extraction

On November 17", 2017, fully expanded, no senescing G34 leaves (the 3™ leaf from the top)
were harvested and immediately frozen with liquid nitrogen. RNA isolation was performed using the
Spectrum Plant Total RNA Extraction Kit (Sigma-Aldrich, St. Louis, MO, USA) according to the
manufacturer’s instructions. RNA degradation and contamination were monitored on 1% agarose
gels. RNA purity and concentration were assayed using the NanoDrop spectrophotometer
(ThermoFisher Scientific, Waltham, MA, USA). RNA integrity was assessed using the Agilent
Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). Before to be sequenced,
the RNA samples were subjected to quality parameter evaluation. The average RNA Integrity
Number (RIN) was of 7.6 and there was very slight genomic DNA contamination confirming that all

the samples have such high-quality level to be processed (Table 12).
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5.5.3 Library preparation for transcriptome sequencing

A total amount of 1.5 pg RNA per sample was used as input material for library preparations.
Sequencing libraries were generated using NEBNext® Ultra™ RNA Library Prep Kit for [llumina®
(New England Biolabs, Ipswich, MA, USA) following manufacturer’s recommendations as described

in Sicilia et al. (2019).
5.5.4 Clustering and next generation RNA sequencing

Cluster generation and sequencing were performed by Novogene Bioinformatics Technology
Co., Ltd. (Beijing, China). The clustering of the index-coded samples was performed on a cBot
Cluster Generation System using a PE Cluster kit cBot-HS (Illumina). After cluster generation, the
library preparations were sequenced on Illumina HiSeq2000 platform to generate pair-end reads. Raw
data (raw reads) of fastq format were firstly processed through in-house perl scripts. In this step, clean
data were obtained by removing reads containing adapter, reads containing poly-N and low quality
reads. At the same time, Q20, Q30, GC-content and sequence duplication level of the clean data were

calculated. All the downstream analyses were based on clean data with high quality.
5.5.5 De novo transcriptome assembling and gene functional annotation

De novo transcriptome assembly was accomplished using Trinity (r20140413p1 version) with
min_kmer cov:5 parameters (k=25). Then Hierarchical Clustering was performed by Corset (v1.05
version) to remove redundancy (parameter -m 10). Afterwards the longest transcripts of each cluster
were selected as Unigenes. As part of a wider sequencing project, the flow chart of the G34 ecotype

de novo transcriptome assembly is reported in Sicilia et al. (2019).
5.5.6 Identification of clusters specifically involved in the salt stress response

In order to discriminate among clusters specifically regulated by salt treatment from those also
involved in the response to other abiotic stress (oxidative, water deprivation, cold, heavy metals), the
GO term lists relative to G34-S3 vs G34-CK (severe salt stress samples versus control samples)
comparison were filtered and exclusively salt-regulated clusters were extrapolated. For the
identification of transcription factors responsive to salt stress in A. donax, we mined the available salt
stress-responsive transcription factor database of rice (SRTFDB) (Priya and Jain 2013) by Blastn

searches with an e value cutoff of 1e—35.
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5.5.7 Quantification of gene expression and differential expression analysis

Gene expression levels were estimated by RSEM (v1.2.26 version) with bowtie2 mismatch 0
parameters in order to map to Corset filtered transcriptome. For each sample, clean data were mapped
back onto the assembled transcriptome and readcount for each gene was then obtained from the
mapping results. Differential expression analysis between control and salt stressed samples was
performed using the DESeq R package (1.12.0 version, padj<0.05). The resulting p-values were
adjusted using the Benjamini and Hochberg’s approach for controlling the false discovery rate. Genes
with an adjusted p-value <0.05 found by DESeq were assigned as differentially expressed, adopting
logoFoldChange threshold of 0.58 (1.5 fold change). The GO enrichment analysis of the differentially
expressed genes (DEGs) was implemented by the GOseq R packages (1.10.0, 2.10.0 version,
corrected P-Value<0.05 based) Wallenius non-central hyper-geometric distribution (Young et al.
2010). Furthermore, to analyze the Arundo donax transcriptome, all of the unigenes were submitted
to the KEGG pathway database for the systematic analysis of gene functions. KOBAS software
(KEGG Orthology-Based Annotation System, v2.0.12 version, corrected P-Value<0.05) was used to
annotate sequences by KEGG Orthology terms.

5.5.8 Real-time validation of selected DEG candidates using qRT-PCR

Selected DEGs were validated using qRT-PCR as described in Sicilia et al. (2019). Briefly,
total RNA (2.5 pg) extracted from sample leaves as described above, was reversed transcribed using
the SuperScript™ Vilo™ c¢DNA synthesis kit by ThermoFisher Scientific, according to the
manufacturer’s instructions. Real-time qRT-PCR was performed for a total of ten DEGs with
PowerUp SYBR Green Master mix by ThermoFisher Scientific and carried out in the Bio-Rad iQ5
Thermal Cycler detection system. All the genes were normalized with A. donax 26 S proteasome non-
ATPase regulatory subunit 11 gene (RPN6) that was reported to be a suitable housekeeping gene in
abiotic stress conditions (Poli et al. 2017). All reactions were performed in triplicate and fold change

measurements calculated with the 2722¢T method.
5.5.9 SSR detection and validation

Picard - tools v1.41 and samtools v0.1.18 were used to sort, remove duplicated reads and
merge the bam alignment results of each sample. MISA (v1.0, default parameters; minimum number
of repeats of each unit size is: 1-10; 2-6; 3-5; 4-5; 5-5; 6-5) was used for the SSR detection in the
unigenes. These markers include repetitions of one, two, three, four, five or six bases with 10, 6, 5.5
and 5 uninterrupted repetitions. TransDecoder v3.0.0 was used in order to have the best 5’-UTR, CDS
and 3°-UTR regions. Afterwards, the positions of transcribed domains were combined with the SSRs

positions, in order to assign the microsatellites within the ORFs (Open Reading frames). SSRs
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validation was conducted by amplifying and sequencing five microsatellite regions chosen randomly
in 5’-UTR, CDS and 3°-UTR (EST-SSR) coding sequences. The five primer sets were designed using
the primer-BLAST software (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and their sequences
and amplicons are listed in Supplementary Table S1. DNA extraction was performed by using the
DNeasy® Plant Mini Kit (Qiagen, Hilden, Germany) according to the producer instruction. The PCR
was performed on a 50 pl total volume, according BIOTAQ™ DNA Polymerase (BIOLINE,
Singapore) protocol. PCR products were then subjected to a 3% agarose gel electrophoresis, running
at a voltage of 90 volt for 3 hours. Bands showing the expected size were excised and purified using
the PureLinkTM Quick Gel Extraction & PCR Purification Combo Kit (Invitrogen by Thermo Fisher
Scientific, Lituania) according to the producer’s instructions. The isolated DNA was sequenced by

Eurofins Genomics (Ebersberg, Germany) and checked for repeated motifs.
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Abstract

The expected increase of sustainable energy demand has shifted the attention towards bioenergy crops.
Due to their know tolerance against abiotic stress and relatively low supply request, they have been proposed
as election crops to be cultivated in marginal lands without disturbing the part of lands employed for
agricultural purposes. Arundo donax L. is a promising bioenergy crop whose behaviour under water and salt
stress has been recently studied at transcriptomic levels. As the anthropogenic activities produced in the last
years a worrying increase of cadmium contamination worldwide, the aim of our work was to decipher the
global transcriptomic response of 4. donax leaf and root in the perspective of its cultivation in contaminated
soil. In our study, RNA-seq libraries yielded a total of 416 million clean reads and 10.4 Gb per sample. De
novo assembly of clean reads resulted in 378,521 transcripts and 126,668 unigenes with N50 length of 1812
bp and 1555 bp, respectively. Differential gene expression analysis revealed 5,303 deregulated transcripts
(3,206 up- and 2,097 down regulated) specifically observed in the Cd-treated roots compared to Cd-treated
leaves. Among them, we identified genes related to “Protein biosynthesis”, “Phytohormone action”, “Nutrient
uptake”, “Cell wall organisation”, “Polyamine metabolism”, “Reactive oxygen species metabolism” and “Ion
membrane transport”. Globally, our results indicate that ethylene biosynthesis and the downstream signal
cascade are strongly induced by cadmium stress. In accordance to ethylene role in the interaction with the ROS
generation and scavenging machinery, the transcription of several genes (NADPH oxidase 1, superoxide
dismutase, ascorbate peroxidase, different glutathione S-transferases and catalase) devoted to cope the
oxidative stress is strongly activated. Several small signal peptides belonging to ROTUNDIFOLIA,
CLAVATA3, and C-TERMINALLY ENCODED PEPTIDE 1 (CEP) are also among the up-regulated genes in
Cd-treated roots functioning as messenger molecules from root to shoot in order to communicate the stressful
status to the upper part of the plants. Finally, the main finding of our work is that genes involved in cell wall
remodelling and lignification are decisively up-regulated in giant reed roots this being a mechanism of
cadmium avoidance adopted by giant cane and strongly supporting its cultivation in cadmium contaminated

soils in a perspective to save agricultural soil for food and feed crops.

Keywords: Arundo donax L., bioenergy crops, RNA-seq, de novo assembly, leaf and root transcriptome,

heavy metals, cadmium.
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6.1 Introduction

Nowadays, globe climate change has become one of the most urgent problems humans have to
deal with due to the ongoing Green House Gas (GHG) emissions into the atmosphere. Fossil fuels
based on organic origin and non-renewable energy sources are by now unsustainable, thereby new
energy policies relying on the use of sustainable energy sources should be considered in order to meet
the global energy demand (REN21, 2016). Among the different renewable energy sources, biomass
is becoming an interesting candidate because of its peculiarity to be converted in a variety of products,
such as solid fuels, liquid fuels, heat, electricity, and hydrogen. In particular, second generation of
biofuels (biomass) is produced from organic origin by using perennial herbaceous plants and fast-
growing trees, which are able to limit GHG levels by producing sustainable energy (Muench and
Guenther 2013; Ross and Ahlgren 2018). Biomass derived from bioenergy crops has the capability
to be cultivated on marginal land, this fact being very attractive in order not to compete with feed and
food crops for land use (Lewandowski et al. 2016) also in the perspective that the global world’s
population is expected to reach 9.7 billion by 2050 (ONU, 2019) thus determining a considerable
increase for agricultural land availability (Rivera et al. 2017). Such marginal sites have little or no
agricultural or industrial value, are characterized by little potential for profit and often have poor soil
or other undesirable characteristics such as high salt content, inadequate water supply or heavy metal
(HM) contaminations. Although some HMs are categorized as essential elements because of their
positive impact on the plant growth and crop yield (e.g., B, Cu, Co, Fe, Mn, Ni, Zn), some of them,
such as Cd, Hg, Pb and As do not play any role in plant metabolism and can operate by reducing the
crop productivity in the case their levels reach toxic concentrations (Edelstein and Ben-Hur 2017).
Heavy metal pollution has mainly brought about by the use of pesticides and fertilizers in agriculture,
compost wastes, smelting industry, mining activities and transport. Among all HMs, given both its
high toxicity even at low level and its high rate of widespread capacity in lands, cadmium has led to
contaminated soils worldwide (Tchounwou et al. 2012; Mahar et al. 2016) and in particular in Europe
where its concentration in the topsoil raised from < 0.01 to 14.1 ppm in the last years (Pan et al. 2010).
Moreover, due to its high solubility in soil, cadmium can be easily extracted by the plant root system
(Sidhu et al. 2019) from where it is accumulated in the above-ground regions inhibiting plant growth
and causing a threat to animal and human health through the food chain (Gall et al. 2015). Cadmium
accumulation-related molecules include many transporters, chelators, some amino acids and organic
acids, and the genes encoding the corresponding proteins/enzymes were functionally characterized in
both A. thaliana and O. sativa (Fan et al. 2021). The family of NRAMP metal ion transporters
represents an important group of transmembrane protein involved in metal transport and homeostasis

and it was supposed to be the major transporter family of Cd** from the soil into root cells (Nevo and
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Nelson 2006). The mechanisms by which Cd exerts toxicity in plants include: a) substitution of some
essential metal ion (e.g. Zn>" and Fe?") or blocking functional groups which leads to inactivation of
biomolecules (Stohs and Bagchi 1995); b) a tight binding of metal ions with thiol groups of proteins
which destroys their structure and function (Yadav, 2010); ¢) generation of reactive oxygen species
(ROS), which brings to oxidative stress (Sharma and Dietz 2009; Dalcorso et al. 2013). Arundo donax
L. also known as giant reed, is a perennial rhizomatous grass species, genus Arundo, belonging to
Poaceae tamily. Among rhizomatous grasses dedicated to energy production, 4. donax represents
one of the most promising bioenergy crops (Lewandowski et al 2003; Angelini et al. 2009) because
of its high biomass production, both low irrigation and nitrogen input requirements, and its high
tolerance to abiotic stress conditions, including herbicide, salinity and heavy metals (Bajguz and
Hayat 2009; Zhang et al. 2016). Notably, it has been proposed as species to be employed for
phytoremediation (Fernando et al. 2016) due to its ability to accumulate and tolerate high doses of
heavy metals, such as Ni, Cd and As (Papazoglou et al. 2007; Mirza et al. 2011). Transcriptomic
analysis represents a powerful tool to elucidate the molecular mechanisms by which plants
accumulate, translocate and detoxify Cd ions and for this reason a huge number of genes involved in
Cd tolerance in different crop species, such as maize or rice (Cheng et al. 2014) were uncovered.
Moreover, RNA Sequencing (RNA-Seq) and de novo assembly of the transcriptome allow the
discover and the quantitative determination of all the expressed genes for those species whose genome
sequence is not available yet. Genomic resources of A. donax were provided by sequencing RNA
extracted from different organs (leaf, culm, bud and root) of giant reed ecotypes subjected to either
normal (Sablock et al. 2014; Barrero et al. 2015; Evangelistella et al. 2017) or under water stress
condition (Fu et al. 2016). More recently, the analysis of the transcriptional response of giant reed
was analysed after a long-term period of salt stress in two different 4. donax ecotypes (Sicilia et al.
2019; Sicilia et al. 2020). Overall, these studies contributed both to the drafting of candidate gene list
that can be used in molecular breeding projects and in revealing the role of genes in the abiotic stress
response. However, the transcriptional response of 4. donax subjected to cadmium treatments is still
uncomplete and the molecular mechanism of cadmium effects on giant reed metabolic process
remains poorly understood. Recently, Shaheen et al. (2018) evaluated the effects of increasing
concentrations of cadmium on the expression of selected genes (carotenoid hydroxylase, amidase,
glutathione reductase, bHLH, NRAMP and YSL) in Arundo donax L. cultivated in hydroponic
solution. The highest expression for these genes was observed in plants exposed to the highest Cd
concentration (100 mg/L). Moreover, the activity of several enzymes involved in the ROS scavenging
(SOD, CAT, POD) was also measured revealing their activation at the highest cadmium concentration

and confirming the onset of a secondary oxidative stress (Shaheen et al. 2018). A study conducted in
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cohorts of A. donax strongly suggests that phytochelatin encoding genes (4dPCS1, AdPCS2, and
AdPCS3) most likely contribute to Cd detoxification in 4. donax and the presence of multiple PCS
isoforms seems to be advantageous both to provide higher general levels of phytochelatin
biosynthesis and to increase flexibility in HM resistance (Li et al. 2019). In this study, considering
the frequency of cadmium in soils of Mediterranean basin and the perspective of potential use of
marginal land to cultivate bioenergy crops, we sequenced and de novo assembled the giant reed leaf
and root transcriptome after a prolonged period of cadmium treatment by using RNA-Seq technique.
The aim of our work was to gain novel insight into the cadmium stress tolerance and to shed new

light on the distinct role of leaf and root in the dynamics of heavy metal stress response in plants.

6.2 Material and methods

6.2.1 Plant material and application of cadmium nitrate

The experiment was conducted at the Department of Agricultural, Food and Environment
(Di3A) of the University of Catania, using G10 ecotype coming from Fondachello (Italy) (latitude N
37°45, longitude E 15°11°), collected for the Giant reed Network project (Cosentino et al. 2006). The
trial started on May 4" 2020, by filling each pot with 8 kg of clay soil and kept in open air. The
contamination of each pots was achieved by using 4 ppm (4 mg/kg) of cadmium nitrate Cd(NO3); for
treated plants and 5.774 grams of NH4NO;s for control plants, so as to equilibrate the N concentration
between the two conditions. The aforementioned concentration is higher than the reference threshold
established by the European Union directive 86/278/EEC on Environment protection which
establishes the maximum concentration of cadmium on soil should range between 1 and 3 ppm
(European Commission, 1986). Cadmium contents above 3 mg/kg are generally thought to indicate
contaminated soil (Akbar et al. 2006). Afterwards, one litre of tap water was added to each pot to
allow the element adsorption by soil colloids. Successively, in each pot a single 4. donax stem node
was transplanted and the irrigation was performed three times a week by adding one litre of tap water
to avoid Cd(NOs)2 leaching. The pots were arranged according to a randomized block factor scheme,
considering three biological replicates for each treatment, with a total of six experimental units.
Before sampling (July 28%, 2020), the following morpho-biometric and physiological parameters
were evaluated: number of culms per pots, height of the main culm, net photosynthesis efficiency
measured by LCi-T portable photosynthesis system (ADC BioScientific Ltd). Moreover, the
measurement of biomass was performed (Cosentino et al. 2006). R software was used for standard
deviation analysis. The data were submitted to one-way ANOVA test using R Studio. The averages
with pvalue <0.05 were separated by the TukeyHSD test.
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6.2.2 Sample collection and RNA extraction

On July 28™ 2020, fully expanded, no senescing G10 leaves and roots were harvested and
immediately frozen with liquid nitrogen. RNA isolation was carried out by using the Spectrum Plant
Total RNA Extraction kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s
instructions. RNA degradation and contamination were monitored by electrophoresis with 1%
agarose gel. RNA purity and concentration were assayed using the NanoDrop spectrophotometer
(ThermoFisher Scientific, Waltham, MA, USA). Before to be sequenced, the RNA samples were
subjected to quality parameter evaluation. RNA integrity was assessed using the Agilent Bioanalyzer

2100 system (Agilent Technologies, Santa Clara, CA, USA).
6.2.3 Library preparation for transcriptome sequencing

One pg of RNA was used as input material for library preparations. Sequencing libraries were
generated using NEBNext ® Ultra ™ RNA Library Prep Kit for Illumina® (New England Biolabs,
Ipswich, MA, USA) following manufacturer’s recommendations. Briefly, mRNA was purified from
total RNA using poly-T oligo-attached magnetic beads. Fragmentation was carried out using divalent
cations under elevated temperature in NEBNext First Strand Synthesis Reaction Buffer (5X). First
strand cDNA was synthesized using random hexamer primer and M-MuLV Reverse Transcriptase
(RNase H) as synthesizing enzyme. Second strand cDNA synthesis was subsequently performed
using RNase H to insert breaks into the RNA molecule and DNA Polymerase I as synthesizing
enzyme. Remaining overhangs were converted into blunt ends via exonuclease/polymerase activities.
After adenylation of 3" ends of DNA fragments, NEBNext Adaptor with hairpin loop structure were
ligated to prepare for hybridization. In order to select cDNA fragments of preferentially 150~200 bp
in length, the library fragments were purified with AMPure XP system (Beckman Coulter, Beverly,
MA, USA). Then 3 pul USER Enzyme by NEB were used with size-selected, adaptor-ligated cDNA
at 37 °C for 15 min followed by 5 min at 95 °C before PCR. Then PCR was performed with Phusion
High-Fidelity DNA polymerase, Universal PCR primers and Index (X) Primer. Finally, PCR products
were purified (AMPure XP system) and library quality was assessed on the Agilent Bioanalyzer 2100

system.
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6.2.4 Clustering and next generation RNA sequencing

Cluster generation and sequencing were performed by Novogene (UK) company Limited (25
Cambridge Park, Milton Road, Cambridge, CB4 OFW, United Kingdom). The clustering of the
index-coded samples was performed on a cBot Cluster Generation System using a PE Cluster kit
cBot-HS (Illumina). After cluster generation, the library preparations were sequenced on Illumina
HiSeq2000 platform to generate pair-end reads. Raw data (raw reads) in fastq format were firstly
processed through in-house perl scripts. In this step, clean data were obtained by removing reads
containing adapters, reads containing poly-N and low-quality reads. At the same time, Q20, Q30,
GC-content and sequence duplication level of the clean data were calculated. All the downstream

analyses were based on clean data with high quality (Table 23).
6.2.5 De novo assembly and gene functional annotation

De novo transcriptome assembly was made up by Trinity software (2.6.6 version) with
min_Kmer Cov=3andmin glue =4. Hierarchical Clustering was carried out by Corset (4.6 version)
in order to remove redundancy (parameter -m 10), so that the longest transcript of each cluster has
been selected as Unigene. The assembly assessment and gene prediction have been performed by
Benchmarking Universal Single-Copy Orthologous (BUSCO software, 3.0.2 version), whereas the
gene functional annotation was obtained by exploiting seven different databases: National Centre for
Biotechnology Information (NCBI), non-redundant protein sequences (Nr, Diamond software, 0.8.22
version, e-value threshold 1e-5), NCBI non-redundant nucleotide sequences (Nt, NCBI blast
software, 2.9.0 version, e-value threshold 1e-5), Protein family (Pfam, hmmscan software, HMMER
3.1 version, e-value threshold 0.01), Cluster of Orthologous Groups of Proteins (KOG/COG,
Diamond software, 0.8.22 version, e-value threshold 1e-5), Swiss-Prot (Diamond software, 0.8.22
version, e-value threshold 1e-5), Kyoto Encyclopedia of Genes and Genome (KEGG, Diamond and
KAAS software, 0.8.22 version, e-value threshold 1e-5) and Gene Ontology (GO, blast2GO software,
b2gdpipe v2.5 version, e-value threshold 1le-6). To identify the transcription factor, iTAK
(hmmerscan software) tool was used to infer the TF families (Pérez-Rodriguez et al. 2009; Jin et al.

2014).
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6.2.6 Quantification of gene expression and differential expression analysis

Gene expression level was estimated by RSEM software (1.2.28 version) by mapping back
each clean read onto assembled transcriptome and readcounts for each gene were then obtained from
the mapping results. Furthermore, the readcounts of each gene have been used as input data for
DESeq2 (1.26 version, padj < 0.05), to obtain differentially expressed genes (DEGs). Comparisons
were made to identify the set of differentially expressed genes between control (CK) and cadmium
(Cd) treatments for each tissue (Cd L vs CK L; Cd R vs CK_R). Moreover, the core of our analysis
was performed on the comparison between the Cd-treated samples of the two tissues indicated as
Cd R vs Cd L*. In this comparison, the Cd-treated root vs Cd-treated leaf DEGs (Cd R vs Cd L*)
were obtained by subtracting the DEGs belonging to the CK_R vs CK L comparison (tissue specific
DEGs in control conditions) to the Cd R vs Cd_L. An adjusted p-value cutoff of 0.05 and a log>fold
change (Log2FC) threshold of 1 was adopted to filter the significantly up- and down-regulated genes.
A correlation analysis was performed in order to demonstrate experiment repeatability and to reveal
differences in gene expression among samples. Principal Component Analysis 3D plot and a heatmap
were obtained by using R language, considering as input data the readcounts of each sample,

including biological replicates.
6.2.7 Real-Time validation of selected DEG candidates using qRT-PCR

Total RNA (2.5 pg) purified from leaves and roots as described above, was reverse transcribed
using SuperScript™ Vilo™ ¢DNA synthesis kit by ThermoFischer Scientific, according to
manufacturer’s instructions. Real-time qRT-PCR was carried out for a total of 8 DEGs with PowerUp
SYBR Green Master mix by ThermoFischer Scientific in the Bio-Rad iQ5 Thermal Cycler detection
system. All the genes have been normalized with cyclin-dependent kinase C-2 (CDKC-2,
XM 004962139), being a suitable housekeeping gene (Guo et al. 2007). All reactions were performed

in duplicate and fold change measurements calculated with the 24T method.
6.2.8 Gene ontology and KEGG enrichment analysis

Based on differentially expressed genes (DEGs), the GO enrichment was accomplished by
using blast2go (b2gdpipe v2.5 version) software (e-value = le-6). Furthermore, to analyse the
Arundo donax L. transcriptome, all the unigenes were submitted to KEGG database for the systematic
analysis of gene function. KOBAS software (v.3.0, corrected p-value < 0.05) has been applied to test
the statistical enrichment of differentially expressed genes in KEGG pathway. Moreover, a pathway
analysis was conducted using MapMan3.6.0RC1 (https://mapman.gabipd.org/). All the unigenes
were annotated and mapped using Mercator4 V2.0, an on-line tool of MapMan

(https://www.plabipd.de/portal/mercator4) which accurately assigns hierarchal ontology providing
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visual representation of genes in different plant processes. The significant DEGs (padj < 0.05), with
the corresponding logzFoldChange values, were used as dataset to align with the Mercator map. In
order to analyse the main gene families and pathways affected by cadmium treatment, DEGs (Cd R
vs Cd L* comparison) belonging to “Phytohormone action”, “Transcription factors”, “Nutrient
uptake”, “Cell wall”, “Polyamine metabolism”, “ROS scavenging” and “Heavy metal transporter”
categories were aligned to the Arabidopsis thaliana genome (Phytozome genome ID: 167, NCBI
taxonomy  ID: 3702) accessed  through  Phytozome 13 (https://phytozome-
next.jgi.doe.gov/info/Athaliana TAIR10). The DEGs showing a threshold of +/— 2.000

LogoFoldChange and an e-value < 0.05 were selected.
6.2.9 KEGG classification of heavy metal and salt common genes

In order to elucidate the core response of 4. donax to both salt (Sicilia et al., 2019; Sicilia et al.,
2020) and cadmium stress, the significant DEGs (padj < 0.05) belonging to both S3 vs CK
(specifically deregulated DEGs under severe salt stress, 256.67 mM NaCl), and S4 vs CK
(specifically deregulated DEGs under extreme salt stress, 419.23 mM NaCl) comparisons (Sicilia et
al., 2019; Sicilia et al., 2020) were filtered considering a threshold of + 2.00 logoFoldChange and
merged, thus resulting in a “list of salt deregulated DEGs”. The same procedure was adopted to
retrieve the significant DEGs (padj < 0.05) belongingto Cd Rvs Cd L*,Cd LvsCd CKand Cd R
vs Cd_CK comparisons, resulting in a “list of cadmium deregulated DEGs”. A KO ID (KEGG
ORTHOLOGY Database, https://www.genome.jp/kegg/ko.html) was assigned to each DEG, then,

the two lists were compared by using the KO ID as common annotation code. The aforementioned
comparison generated a merged DEG list where only DEGs whose KO ID was in both the “list of salt
deregulated DEGs” and “list of cadmium deregulated DEGs” were included. Finally, genes were

grouped by concordant type of regulation (up-regulated or down-regulated in both stresses).
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6.3 Results

6.3.1 Effect of cadmium upon A. donax morpho-biometric and physiological parameters

As described in the Material and Methods section, both morpho-biometric and physiological
parameters of A. donax G10 ecotype were evaluated at sampling date after being subjected to 4 ppm
(4 mg/kg) of cadmium nitrate. A picture of giant reed G10 ecotype at sampling time is shown in
Figure 17. Considering the average values of the three biological replicates, we observed that both
the main stem height and biomass dry weight per pot were reduced in those samples subjected to Cd
treatment (Figure 18A, 18B). Moreover, the net photosynthesis efficiency was also significantly
reduced in treated samples compared to the untreated samples, reaching values of 8.64 pmol CO, m
2 s and 14.91 pmol CO, m™ s™!, respectively (Figure 18C). The alteration of the aforementioned
parameters indicated the effectiveness of the cadmium dose to induce response in G10 giant reed

ecotype.

Figure 17. Picture of giant reed plants at sampling date (July 28™, 2020)
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Figure 18. Effect of cadmium treatment on morpho-biometric and physiological parameters of G10
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6.3.2 Transcript assembly and annotation

In the present study, we have performed a comprehensive identification of the transcriptional
responses of A. donax G10 ecotype in both leaves and roots by RNA-Seq approach. A flowchart of
the pipeline for the 4. donax leaf and root transcriptome sequencing and de novo assembly is reported
in Figure 19. Before sequencing, RNA integrity was checked and the average RNA integrity number
(RIN) was 7.05, thus indicating that all the samples had adequate quality to be further processed and
sequenced (Table 23). After sequencing, raw reads were filtered to remove reads containing adapters
or reads of low quality, so that the downstream analysis was based on a total of 416 million of clean
reads with an average value of ~ 34.7 million reads (10.4 Gb) per each sample, the average percentage
of Q30 and GC being 94.37 and 55.08 %, respectively (Table 23). De novo assembly of clean reads
resulted in 378,521 transcripts and 126,668 unigenes with N50 length of 1812 bp and 1555 bp,
respectively (Table 23), in line with previously reported N50 values (Evangelistella et al. 2017; Fu et
al. 2016; Sicilia et al. 2019; Sicilia et al. 2020). To evaluate the assembly consistency, the filtered
unique reads were mapped back into the reconstructed transcriptome, and the average read mapping
rate using the alignment software bowtie2 was equal to 69.0 % (Table 23). In addition, both transcript
and unigene length distributions were reported (Figure 20). Consequently, these results indicated that

the sequencing quality was reliable to perform downstream analysis.

Table 23. Summary statistics of the RNA quality and sequencing results

Average RIN 7.05

Clean reads 416 million
N° Transcripts 378,521

N° Unigenes 126,668
Mapping rate 69.0
Transcript N50 (bp) 1,812
Unigenes N50 (bp) 1,555

Q30 (%) 94.37

GC content (%) 55.08
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Figure 19. Flowchart of de novo assembly and analysis of leaves and roots transcriptome of 4. donax.
Firstly, after the full expanded leaves and roots has been sampled, total RNA extraction and cDNA library
preparation was carried out. The RNA integrity and purity were evaluated before the Illumina sequencing.

The sequencing data were subjected to data quality control to ensure an accurate and reliability results of
both reads and bases. The clean read filtered from raw reads has been assembled as to get the reference
sequence. De novo assembly was carried out by Trinity software with minKmerCov equal to 3, of which the
contigs of shared reads has been filtered out by Corset. In addition, Corset works for hierarchical clustering
by removing transcripts redundancy, and selecting the longest transcripts as Unigenes. The mapping rate was
evaluated by mapped back each clean data onto the Corset assembled transcriptome by RESEM. Finally, to
get an reliability gene functional annotation, CDS/EST prediction, differential expression analysis, protein-

protein interaction analysis, GO and KEGG enrichment analysis were carried out.
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Figure 20. Length distribution of Transcripts and Unigenes

All assembled unigenes were blasted into public databases, including National Center for
Biotechnology Information (NCBI), Protein family (Pfam), Clusters of Orthologous Groups of
proteins (KOG/COG), SwissProt, Ortholog database (KO) and Gene Ontology (GO) (Table 24). A
total of 88,139 unigenes were annotated in at least one searched database, the frequency of unigenes
annotated in at least one database was 69.58 %. Among them, 73,588 (58.08 %) and 63,917 (50.46
%) assembled unigenes showed identity with sequences in the Nr and Nt database, respectively. The
distribution of assembled unigenes homologous to sequences in KO, Swiss-Prot, Pfam, GO and

KEGG database were 21.67, 40.83, 41.54, 41.54 and 13.71%, respectively (Table 24).

Table 24. The number and frequency of successful annotated genes

Database Number of unigenes Frequency %
Annotated in NR 73,588 58.09
Annotated in NT 63,917 50.46
Annotated in KO 27,461 21.67
Annotated in SwissProt 51,724 40.83
Annotated in PFAM 52,630 41.54
Annotated in GO 52,627 41.54
Annotated in KOG 17,370 13.71
Annotated in at least one database 88,139 69.58
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6.3.3 Identification of differentially expressed genes (DEGs)

The characterization of root and leaf 4. domax transcriptome was accomplished by the
identification of those unigenes whose expression level changed upon cadmium treatment. Based on
the experimental design, a total of 162 genes showed differential expression in response to Cd
treatment, 107 of them differentially expressed in root (Cd R vs CK R) and the remaining 55
differentially expressed in leaf (Cd L vs CK_L). Among the 107 DEGs found in root, 36 were up-
regulated and 71 down-regulated. In leaf, 19 genes resulted up-regulated and 36 down-regulated
(Figure 21A). No DEGs were found in common between root and leaf. The higher number of DEGs
in root with respect of the leaf suggested that root, representing the interface between soil and plant,
is subjected to a wider reprogramming of the gene expression than leaves. DEGs identified in
biological replicates clustered together in both organs, indicating good reproducibility of treatment
(Figure 22). Moreover, samples either belonging to control or treated samples clustered very close,
thus probably explaining the low number of DEGs retrieved when comparing stressed and control
samples (Figure 22, 23). On the contrary, a total of 5303 genes were counted as differentially
expressed when the Cd R vs Cd_L* comparison was analyzed (Figure 21B). This result was obtained
by subtracting the DEGs found in the comparison CK_R vs CK L (all genes that are differentially
expressed because they are tissue specific and not related to cadmium treatment) to the total DEGs
retrieved by the comparison Cd R vs Cd L. Among the 5303 DEGs, 3206 were up-regulated
(showing a higher expression in root than in leaf) and 2097 were down-regulated (showing a lower
expression in root than in leaf). Validation of RNAseq experiment was performed by measuring the
expression levels of eight selected DEGs by quantitative real-time PCR (qQRT-PCR) (Figure 24, Table
25). The results show high congruence between RNA-Seq and qRT-PCR (coefficient of
determination R?= 0.91), which accounts for the high reliability of RNA-Seq quantification of gene
expression.

y =0.9237x-0.0794
R?=0.903

Log,FoldChange RNA-seq vs quantitative Real Time PCR

Figure 24. Validation of A. donax DEGs by Real Time qRT-PCR
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Figure 21. Summary of DEGs in roots and leaves of A.donax upon cadmium treatment. A Number of
up-/down-regulated genes by Cd in different tissues (root treated vs control samples; leaf treated vs control
samples). B Number of regulated genes between different tissues in stressed conditions. * The stressed root
vs stressed leaf DEGs were obtained by subtracting the DEGs belonging to the CK_R vs CK L comparison

to the Cd_R vs Cd_L comparison.
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Figure 22. Three-dimension PCA for RNAseq correlation. Principal Component coordinates were

calculated using samples readcount.
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Cluster analysis of differentially expressed genes

Figure 23. Hierarchical clustering map for differential expression genes
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Table 25. List of DEGs and sequences primers used for Real Time qRT-PCR validation.

. log,FC log:FC  rt-

Pattern Cluster ID Annotation Ill%l mina P CgR
G10_Cd vs G10_CK Root / Up 14691.18708 Glycine 2.1175 2.46
G10_CK_L vs G10_CK_R /Up 14691.61095 UGT85A23 7-deoxyloganetin glucosyltransferase 1.6694 2.45
G10 Cd Lvs G10 Cd_R/Up 14691.31660 BAE44 2.8394 1.31
G10_Cd vs G10_CK Root / Down 14691.76303 ABC transporter -1.8982 -1.662
G10_Cd vs G10_CK Root / Down 14691.49288 Xylanase -1.0277 -1.05
G1 O_Cd A% GIO_CK Leave/ Down 14691.50971 Sucrose 1_fructosy]transferase -2.5204 -2.32
G1 O_Cd A% GIO_CK Root/ Down 14691.50971 Sucrose 1_fructosy]transferase -1.9425 -2.29
G10_Cd L vs G10_Cd_R /Down 14691.10370 GQ55 -2.1064 -2.183
All 14691.35187 Cyclin dependent kinase

Cluster ID Primer F 5°—3’ Primer R 5°—3’

14691.18708 CGGCATTGGCGGGTATAAAG ATTATCGCCGCCACCAGAG

14691.61095 CCTGACCAACGGATACCTCG ACCATGAAGTCGTTCGGGTC

14691.31660 AGTTTGATGGTGATGAGCCGC GCCACTCCAGGTGCTTCAAC

14691.76303 GTTCTACACCTGCTCCGACG CGATAGCACGTACGAGGACC

14691.49288 ATCCACGTCAGGTTCTACGG GGGATCACGCCGTAGTAGAG

14691.50971 CATCGACTTCTACCCCGTCG GTAGTAGTCGTGGCGGTCG

14691.50971 CATCGACTTCTACCCCGTCG GTAGTAGTCGTGGCGGTCG

14691.10370 GGCCTTCACCACCTCTCAAG AACAGTGGCCCCGAGAAATC

14691.35187 CATACGGGCAAGTGTTCATGG  TCCTTGAGCTGGATGACGTTC

14691.18708 CGGCATTGGCGGGTATAAAG ATTATCGCCGCCACCAGAG

14691.61095 CCTGACCAACGGATACCTCG ACCATGAAGTCGTTCGGGTC
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6.3.4 Functional classification of DEGs

Gene Ontology (GO) terms, Clusters of Orthologous Groups of protein (KOG) classification
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway functional enrichment were
carried out to identify biological processes or pathways involved in cadmium stress response.
Considering Cd_R vs CK_R dataset (Figure 25A), “transmembrane transport” (GO:0055085) (4 up-
and 4 down-regulated genes), “peptidase activity” (GO:0008233) (1 up- and 4 down-regulated genes
and “lipid binding” (GO:0008289) (0 up- and 5 down-regulated genes) are the three most enriched
GO terms. “Intracellular” (GO:0005622) (5 up- and 10 down-regulated genes), “DNA-binding
transcription factor activity” (GO:0003700) (1 up- and 6 down-regulated genes) and “catabolic
process” (GO:0009056) (1 up- and 3 down-regulated genes) are the most enriched GO terms of Cd_L
vs CK_L comparison (Figure 25B). As concerns the Cd_R vs Cd_L* sample data set (Figure 25C), “ion
binding” (GO:0043167) (451 up- and 295 down-regulated genes), “oxidoreductase activity”
(GO:0016491) (156 up- and 103 down-regulated genes), “cellular protein modification process”
(GO:0006464) (167 up- and 91 down-regulated genes), “ribosome biogenesis” (GO:0042254) (152
up- and 27 down-regulated genes) and “kinase activity” (GO:0016301) (111 up- and 68 down-
regulated genes) are the most enriched GO terms. To predict any possible functions, all identified
unigenes (126,668) were aligned to the KOG database to assign their corresponding KOG category
(Figure 26). Among the KOG categories, those clusters encoding for “Translation, ribosomal structure
and biogenesis” (15.24 %), “Post-translation modification, protein turnover, chaperones” (14.38 %),
“General function predict only” (11.59 %) represented the largest group, followed by “Intracellular
trafficking, secretion, and versicular transport” (6.88 %), “Energy production and conversion” (6.84
%), “Signal transduction mechanisms” (6.67 %), “RNA processing and modification” (5.49 %),
“Amino acid transport and metabolism (5.25 %), “Carbohydrate transport and metabolism” (4.68 %),
“Transcription” (4.55 %) and “Lipid transport and metabolism (4.42 %) were the most numerous
categories (Figure 26). The sets of DEGs originated from the above-described three comparisons
(Cd Rvs CK R, Cd L vs CK L and Cd R vs Cd L*) were mapped onto KEGG enrichment
pathways. The main KEGG pathway terms were plotted in the Figure 27. Considering both Cd R vs
CK Rand Cd L vs CK L sample data sets, we observed pathways represented by few DEGs each:
“Oxidative phosphorylation”, “Arginine and proline metabolism” and “Monoterpenoid biosynthesis”
in Cd_R vs CK_R comparison, and “Thiamine metabolism” and “Carotenoid biosynthesis” in Cd_L
vs CK_L comparison (Figure 27). As concerning Cd_R vs Cd_L* comparison “Plant hormone signal
transduction”, “Phenylpropanoid biosynthesis”, “Starch and sucrose metabolism”, “Toll-like receptor
signalling pathway” and “Glycolysis/Gluconeogenesis” were the five most represented KEGG

pathways (Figure 27).
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Figure 25. Gene Onthology (GO) enrichment for the DEGs of (A) Cd R vs CK R, (B) Cd L vs CK L and
(C) Cd_R vs Cd_L*. The X-axis indicates the number of DEGs and the Y_axis indicates the subcategories.

BP: Biological Process; MF: Molecular Function; CC: Cellular Component.
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comparisons.
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6.3.5 Identification of transcription factor families involved in plant response to cadmium

Transcription factors (TFs) have been identified as candidate targets for ameliorating plant
tolerance in case of cadmium treatment. Therefore, DEGs encoding for TFs were retrieved from each
comparison (Cd R vs CK R, Cd L vs CK L and Cd R vs Cd L*), grouped according to the
belonging family and sorted for their corresponding abundance (Figure 28). As result of the analysis,
the five more abundant transcription factor families resulted “Ethylene responsive transcription
factor” (ERF) (29 DEGs), “bzip” (27 DEGs), “WRKY” (23 DEGs), “bHLH” (15 DEGs) and “MYB”
(13 DEGs) (Figure 28). When different comparisons were considered, two bHLH (both up-regulated)
and two ERF (1 up- and 1 down-regulated) TFs were found in the Cd R vs CK R dataset and one
ERF, two bZIP and one WRKY (all down-regulated) were found in the Cd L vs CK L dataset. On
the contrary, a higher number of DEGs were found in the Cd_R vs Cd_L* dataset: 26 DEGs belonging
to ERF family (21 up- and 5 down-regulated), 25 to bZIP family (14 up- and 11-down regulated), 22
to WRKY family (17 up- and 5 down-regulated), 13 to bHLH family (10 up- and 3 down-regulated)
and 13 to MYB family (7 up- and 6 down-regulated).

Transcription factors

[ =] w w
o (%] o (%]

Number of DEGs

10 Down
HUp
5 I
H=_0n -
> & ) >
N ¥
K

% N A 2
& ¢ & NS .
© Q\ @V’ X')\(\ 6?‘ &,‘\\
6"\\0
&
&
Family

Figure 28. DEGs encoding for TFs. The bars represent the overall TFs found in the three
comparisons (Cd R vs CK R, Cd L vs CK L and Cd R vs Cd_L¥*).
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6.3.6 Main Processes affected by cadmium treatment

To have a comprehensive view of the metabolic changes occurring in A. donax L. under Cd
treatment, all the significant DEGs of the Cd R vs Cd_L* comparison were mapped to the MapMan
3.5.1R2 pathways. The analysis indicated that the five most enriched metabolic pathways are “Protein
biosynthesis”, “Phytohormone action”, “Nutrient uptake”, “Cell wall organisation” and “Polyamine

metabolism” (Table 26).

Table 26. Number of DEGs of the Cd R vs Cd_L* comparison assigned to the top five MapMan
3.5.1R2 pathways. The significant DEG assignment is indicated by pvalue < 0.05.

Pathway Mapman n° of DEGs Up Down  pvalue

Protein biosynthesis 130 128 2 3.25x 102
Phytohormone action 56 45 11 7.61 x 107
Nutrient uptake 18 15 3 1.23x 10
Cell wall organisation 17 15 2 1.17 x 102
Polyamine metabolism 4 0 4 4.80 x 10

The DEGs belonging to these pathways resulted mostly up-regulated in treated root compared to
the treated leaf (Cd_R vs Cd_L*), except for genes of “Polyamine metabolism” that resulted all down-
regulated in root compared with the leaf. In addition, considering their crucial role in heavy metal
stress response, the coding sequence of each transcripts belonging to “Oxidative stress”, “Heavy
metal ATPase 3 (HMA3) transporters” and “NRAMP transporters” categories along with the clusters
resulted from the MapMan analysis (Table 26) have been aligned against the Arabidopsis thaliana
genome (TAIR10) and the score of these alignments was reported (identity score and e-value) thus
providing valuable indications of the cluster similarity with the reported genes (Table 27).
Congruously, Table 27 reports clusters whose e-value was < 0.05 and showing a threshold of +/-
2.000 logofold change. The complete list of DEGs belonging to these pathways is reported in table
28. Regarding the “Phytohormone” category, nine-cis-epoxycarotenoid dioxygenase 9 catalyzing the
first step of abscisic-acid (ABA) biosynthesis from carotenoids is down regulated in cadmium treated
giant reed roots (Cd_R vs Cd_L*) (Table 27). Moreover, abscisic acid 8’-hydroxylase 1 — related
involved in the first step of the oxidative degradation of (+)-ABA was up-regulated in the Cd R vs
Cd_L* comparison, suggesting that cadmium treatment suppresses ABA synthesis and promotes its
degradation in giant reed root thus quenching the signal cascade induced by this hormone. Indole-3-

pyruvate monooxygenase YUCCA2-related encoding an enzyme involved in auxin biosynthesis and
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converting the indole-3-pyruvic acid (IPA) to indole-3-acetic acid (IAA) resulted up regulated in the
cadmium treated roots with respect to treated leaf (Cd_R vs Cd_L*). Similarly, the gene encoding 1-
aminocyclopropane-1-carboxylate oxidase (ACO) encoding an enzyme synthesizing the plant
hormone ethylene was up-regulated in giant reed roots treated with cadmium. Gibberellin 20 oxidase
2, encoding a key oxidase enzyme in the biosynthesis of gibberellins, considered potent signaling
molecules to enhance growth and developmental processes under abiotic stress conditions (Colebrook
et al. 2014), was also found up-regulated in the Cd_R vs Cd_L* comparison. Signalling peptides, also
known as peptide hormones, along with classical phytohormones, are involved in plant intracellular
signalling. C-terminally encoded peptide (CEP), two genes encoding ROTUNDIFOLIA like proteins,
and a transcript encoding CLAVATA3/ESR-RELATED 25 were among the sharply up-regulated
genes in the cadmium treated root (Cd R vs Cd L*). As concerns the “Transcription factors”
category, several transcripts encoding Ethylene-Responsive Transcription (ERT) factors which have
been reported to be involved in the ethylene signalling transduction pathway in plant abiotic stress
response (Nakano et al. 2006) were found sharply up regulated in the Cd_R vs Cd_L*. Therefore, the
results indicate that ethylene-triggered signal cascade plays a crucial role in giant reed root under
cadmium treatment. Interestingly, the WRKY gene family is also over-represented in the
“Transcription factor” category (Table 27) and in particular WRKY9, that is involved in increased
root suberin deposition (Krishnamurthy et al. 2021), WRKY33 that controls the apoplastic barrier
formation in roots (Krishnamurthy et al. 2020) and WRKY50 positively regulating resistance against
necrotrophic pathogens (Hussain et al. 2018) were found up-regulated in cadmium treated giant reed
roots (Cd_R vs Cd_L*). Conversely, WRKY46 that seems to be involved in hypersensitivity to
drought and salt stress (Ding et al. 2015) was down regulated (Table 27). The analysis of the “Cell
wall” category reveals that transcripts encoding alpha expansin 11, that causes loosening and
extension of plant cell walls by disrupting non-covalent bonding between cellulose microfibrils and
matrix glucans (Wang et al. 2013) were up-regulated in the Cd R vs Cd_L* comparison. The genes
encoding cinnamoyl Coa reductase, laccase and membrane-associated progesterone binding protein
3 involved in lignin biosynthesis were strongly induced in cadmium treated roots. Moreover, pectin
methylesterase 61 and invertase/pectin methylesterase inhibitor gene have been found up-regulated
in Cd-treated root thus confirming the overall results related to “Cell wall” category that this cellular
district is target of deep remodeling under cadmium stress (Wormit and Usadel 2018). Regarding the
“Nutrient uptake” category, transcripts related with nitrogen metabolism, such as nitrate reductase
and high affinity nitrate transporter 2.5 were upregulated by cadmium treatment in giant reed roots,
being they involved in nitrogen assimilation and uptake, respectively. Furthermore, phosphate

transporter encoding genes involved in phosphate uptake at plasma membrane level were also
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upregulated whereas vacuolar iron transporter required for iron sequestration into vacuoles was
downregulated in cadmium treated roots. Overall, these results support that cadmium treatment
induced an imbalance of the main nutrient levels which can cause disturbances in plant growth.
Polyamines (PAs) are ubiquitous low molecular weight aliphatic cations that are present in all
organisms; the major PAs in plants are putrescine, spermidine, and spermine, and to a lesser extent,
cadaverine. Cadaverine, a structurally different diamine, has an independent biosynthetic pathway as
it is synthesized from lysine by lysine decarboxylase (LDC) (Rajpal and Tomar 2020). Agmatine
deiminase catalyzes the hydrolysis of agmatine into N-carbamoylputrescine in the arginine
decarboxylase (ADC) pathway of putrescine biosynthesis. In the “Polyamine metabolism™ category,
lysine decarboxylase gene was upregulated whereas agmatine deiminase was downregulated in
cadmium treated roots, suggesting that under heavy metal stress, the pathway leading to cadaverine
is preferentially undertaken in giant reed root. The amount of cadmium inside the root cells depends
on the balance between metal intrusion or uptake, normally determined by general metal transporters
belonging to the NRAMP family, and metal extrusion. The efflux systems, namely heavy metal
ATPase 3 (HMA3) transporters translocate cadmium both outside the cell and into the vacuole (Nazar
et al. 2012; Hohabubul et al. 2021). The analysis of “Metal transporter” group revealed that transcript
encoding NRAMP1 transporter was upregulated whilst HMA3 transporter encoding gene were
downregulated in the cadmium treated root thus indicating that the mechanisms to avoid cadmium
entrance and residence are not implemented in our conditions. As concerns the ROS scavenging
regulatory mechanisms, the analysis of Cd R vs Cd_L* revealed that superoxide dismutase (SOD),
ascorbate peroxidase (APX), catalase and NADPH oxidase 1 encoding genes are all up-regulated
suggesting that H>O> could be the main ROS the A. donax roots have to cope with under cadmium
treatment. Moreover, many transcripts encoding glutathione transferases (GSTs) are also up-
regulated (Table 27) concordantly with their role in abiotic stress relief (Lo Piero et al. 2010; Puglisi
et al. 2013). Moreover, transcripts encoding glutaredoxin-C5, small redox enzyme of approximately
one hundred amino-acid residues involved in the reduction of specific disulfides such as
glutathionylated proteins (Couturier er al. 2011) were found strongly induced in cadmium treated
roots. Finally, the “Protein biosynthesis” category encompasses a plethora of genes involved in
ribosome constitution (ribosomal proteins) and DNA-directed RNA polymerase II subunit that
resulted up regulated indicating that this pathway is sharply activated by cadmium treatment in giant

reed roots (data not shown).
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Table 27. List of DEG related to cadmium stress response identified in Cd R vs Cd_L* sample data set

Cluster Annotation Gene Log,FC | Identity % e-Value
identifier
Phytohormone action
14691.43609 nine-cis-epoxycarotenoid AT1G78390. | -3.2009 69 1.18E-179
dioxygenase 1
14691.50813 | Abscissic acid 8'-hydroxylase 1- | AT4G19230. 2.0026 72 0
related 1
14691.49474 Indole-3-pyruvate AT5G25620. | -2.6551 60 2.7E-74
monooxygenase YUCCA2- 2
related
14691.13200 | auxin efflux carrier component 9 | AT5G57090. 6,7678 53 1.50e-52
(PIN) 1
14691.11710 1-Aminocyclopropane-1- AT1G77330. 3.3103 63 9.05E-115
carboxylate oxidase 51 1
14691.10785 ETHYLENE-INSENSITIVE 2 AT5G03280. 1.9616 54 3.91e-46
(EIN2) 1
14691.11833 gibberellin 20 oxidase 2 AT5G51810. | 2.9104 60 6.4E-162
1
14691.10408 ROTUNDIFOLIA like 8 AT2G39705. 7.0488 68 1.12E-09
1
14691.12312 ROTUNDIFOLIA like 15 AT1G68825. 6.1578 69 4.21E-10
1
15957.0 CLAVATA3/ESR-RELATED 25 | AT3G28455. 6.0686 83 1.21E-4
1
14691.82632 C-TERMINALLY ENCODED | AT5G66815. 9.4341 74 4.30E-04
PEPTIDE 1 1
Transcription factors
14691.27999 Ethylene-Responsive AT2G20880. | 2.4027 92 3.47E-35
Transcription Factor CRF5- 1
Related
14691.77282 Ethylene-Responsive AT5G25190. 7.1758 70 1.54E-12
Transcription Factor ERF003 1
15337.0 AP2-Like Ethylene-Responsive | AT1G72570. 7.117 87 5.02E-117
Transcription Factor AIL1 1
14691.5263 Ethylene-Responsive AT2G47520. 5.4749 78 1.22E-12
Transcription Factor ERF071- 1
Related
14691.17960 Ethylene-Responsive AT3G14230. 3.9041 96 431E-11
Transcription Factor CRF1- 1
Related
14691.397 octadecanoid-responsive AT1G06160. 5.2872 61 2.22E-19
Arabidopsis AP2/ERF 59 1
14691.11372 related to AP2 11 AT5G19790. 3.196 90 2.84E-14
1
14691.28900 ERF domain protein 11 AT1G28370. 2.4679 74 1.49E-03
1
14691.32159 DNA-binding superfamily AT1G15360. -2.39 93 2.47E-12
protein member of the ERF 1
(ethylene response factor)
subfamily
14691.82651 bZIP transcription factor family | AT1G68640. | 2.4872 63 3.05E-101
protein 1
14691.13800 Basic-leucine zipper (bZIP) AT2G42380. 3.7627 72 2.05E-42
transcription factor family protein 2
19280.1 WRKY DNA-binding protein 31 | AT4G22070. 6.1847 72 4.18E-63
1
14691.7381 WRKY DNA-binding protein 9 | AT1G68150. 5.7632 63 4.79E-42

1
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14691.78281 | WRKY DNA-binding protein 33 | AT2G38470. 5.4276 84 6.74E-29
1
32613.0 WRKY DNA-binding protein 46 | AT2G46400. | -2.1896 70 5.80E-14
1
14691.59464 WRKY family transcription AT2G44745. | -4.8279 77 4.73E-60
factor 1
14691.7255 WRKY DNA-binding protein 50 | AT5G26170. | 4.2467 72 1.92E-25
1
14691.57513 Transcription factor BHLH66- AT4G30980. 2.4623 98 3.22E-24
Related 1
14691.57184 Helix-loop-helix DNA-binding | AT4G05170. | -2.2109 83 1.35E-21
domain (HLH) 1
14691.73182 Transcription factor BHLH71- AT1G22490. 7.0841 82 3.30E-15
RELATED 1
14691.61708 MYB domain PROTEIN 11- AT2G47460. | -2.8152 85 2.61E-15
RELATED 1
14691.15951 myb domain protein 24 AT5G40350. 5.4902 82 3.71E-55
1
14691.40443 Transcription factor RAX2 AT2G36890. | -2.2491 78 6.01E-21
1
Nutrient uptake
14691.17907 nitrate transporter 2.5 AT1G12940. 3.835 68 0
1
14691.36103 nitrate reductase 1 AT1G77760. | 4.0674 61 8.24E-145
1
14691.51441 phosphate transporter 1.7 AT3G54700. 2.1772 71 1.34E-81
1
14691.45899 phosphate transporter 1.4 AT2G38940. 2.0997 76 0
1
14691.23657 vacuolar iron transporter 1 AT2G01770. | -2.4401 71 3.72E-58
1
Cell wall
20197.0 pectin methylesterase 61 AT3G59010. 5.3189 65 3.93E-65
1
14691.66836 Plant invertase/pectin AT5G09760. | 4.3545 62 1.03E-108
methylesterase inhibitor 1
superfamily
14691.14990 cinnamoyl coa reductase 1 AT2G33570. 3.4503 64 2.51E-149
1
14691.6397 laccase-8 AT3G09220. 3,9852 42 2.24e-74
1
14691.27253 membrane-associated AT3G48890. 2.2593 84 2.72E-16
progesterone binding protein 3 1
14691.76733 alpha expansin 11 AT1G20190. 6.7503 73 6.73E-132
1
14691.8155 EG45-LIKE domain containing | AT4G30380. 7.2163 61 3.44E-36
protein 1 -related 1
Polyamine metabolism
14691.48898 Agmatine deiminase AT5G08170. | -3.3113 72 1.82E-49
1
14691.6139 Putative lysine decarboxylase AT2G28305. 4.1682 82 1.93E-115
family protein 1
ROS scavenging
14691.12641 NADPH oxidase 1 AT1G09090. 7.1387 50 5.55e-4
1
14691.9595 Superoxide dismutase AT1G08830. 6.7735 55 2.49e-46
2
14691.24413 Ascorbate peroxidase 3 AT4G35000. 3.4836 84 7.24e-59
1
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14691.9539 Glutathione S-transferase AT1G78340. 9.5248 52 9.61e-66
1

10504.0 Catalase AT1G07890. 6.3794 39 3.30e-4
6

14691.81808 Glutaredoxin-C5 AT5G14070. 7.2257 55 4.69¢-35
1

Heavy metal transporters

14691.35424 Cadmium / zinc-transporting AT4G30120. | -3.7045 55 2.90e-42
ATPase HMA3 1

27204.0 Metal transporter Nramp1 AT1G80830. 3.6765 57 2.06e-70

1
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Table 28. List of significant DEGs of the Cd R vs Cd_L* comparison

BindCode Id Description BinName Cd Rvs
Cd L
Polyamine metabolism
8.1.1.2 cluster- Agmatine deiminase Polyamine metabolism.putrescine -3.3113
14691.48898 biosynthesis.plastidial/nuclear pathway.agmatine
iminohydrolase
8.1.1.2 cluster- Agmatine deiminase Polyamine metabolism.putrescine -1.4654
14691.45377 biosynthesis.plastidial/nuclear pathway.agmatine
iminohydrolase
8.1.1.2 cluster- Agmatine deiminase Polyamine metabolism.putrescine -1.5005
14691.45378 biosynthesis.plastidial/nuclear pathway.agmatine
iminohydrolase
8.5.2.2 cluster- Polyamine oxidase 2 Polyamine metabolism. polyamine degradation.FAD- -1.4462
14691.48693 dependent polyamine oxidase activities.peroxisomal
polyamine oxidase (PAO2/3/4)
Phytohormone action
11.1.1.4 cluster- neoxanthin cleavage protein Phytohormone action.abscisic -3.2009
14691.43609 acid.biosynthesis.neoxanthin cleavage protein
11.1.1.6 cluster- xanthoxin oxidase molybdopterin sulfurase Phytohormone action.abscisic acid.biosynthesis.xanthoxin -1.1117
14691.60538 (ABA3) oxidase molybdopterin sulfurase (ABA3)
11.1.2.1.1.2 cluster- protein phosphatase 2C 6 Phytohormone action.abscisic acid.perception and -1.2224
14691.49163 signalling.receptor activities.cytoplasm-localized receptor
complex.regulatory phosphatase component
11.1.2.3 cluster- signal transducer of abscisic acid perception Phytohormone action.abscisic acid.perception and 1.3468
14691.16178 (RHA2) signalling.signal transducer (RHA2)
11.1.3.2 cluster- abscisic acid hydroxylase Phytohormone action.abscisic acid.conjugation and 2.0026
14691.50813 degradation.abscisic acid hydroxylase
11.2.1.1.2 cluster- putative indole-3-pyruvate monooxygenase Phytohormone action. auxin. biosynthesis. indole-3- -2.6551
14691.49474 YUCCA9 pyruvic acid (IPyA) pathway.flavin-dependent
monooxygenase (YUCCA)
11.2.2.2 cluster- auxin-responsive protein IAA9-like Phytohormone action.auxin.perception and signal 1.9826
14691.15466 transduction.transcriptional repressor (JAA/AUX)
11.2.4.1.1 cluster- putative auxin efflux carrier component 4 Phytohormone action.auxin.transport.polar auxin -1.6076
14691.35301 transport.auxin transporter (PIN)
11.2.4.1.1 cluster- putative auxin efflux carrier component 4 Phytohormone action.auxin.transport.polar auxin -1.6076

14691.35301

transport.auxin transporter (PIN)
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11.2.4.1.1 cluster- auxin efflux carrier component la Phytohormone action.auxin.transport.polar auxin 2.0014
14691.31627 transport.auxin transporter (PIN)
11.2.4.1.1 cluster- probable auxin efflux carrier component 9 Phytohormone action.auxin.transport.polar auxin 6.7678

14691.13200 transport.auxin transporter (PIN)

11.2.4.2 cluster- auxin efflux transporter (PILS) Phytohormone action.auxin.transport.auxin efflux 8.9229
14691.13007 transporter (PILS)

11.4.1.2 cluster- cytokinin phosphoribohydrolase Phytohormone action.cytokinin.biosynthesis.cytokinin 4.1682
14691.6139 phosphoribohydrolase

11.4.1.2 cluster- cytokinin riboside 5'-monophosphate Phytohormone action.cytokinin.biosynthesis.cytokinin 1.2273
14691.40808 phosphoribohydrolase LOGL1 phosphoribohydrolase

11.4.2.5 cluster- A-type cytokinin ARR response negative Phytohormone action.cytokinin.perception and signal 1.955
14691.16490 regulator transduction.A-type ARR response negative regulator

11.42.5 cluster- Two-component response regulator ORR10 Phytohormone action.cytokinin.perception and signal 1.5482
14691.55777 transduction.A-type ARR response negative regulator

11.4.3.1 cluster- UDP-dependent glycosyl transferase Phytohormone action.cytokinin.conjugation and 1.3384
14691.64014 degradation.UDP-dependent glycosyl transferase

11.5.1.2 cluster- I-aminocyclopropane-1-carboxylate (ACC) Phytohormone action. ethylene. biosynthesis.1- -1.3363
14691.52687 oxidase aminocyclopropane-1-carboxylate (ACC) oxidase

11.5.1.2 cluster- I-aminocyclopropane-1-carboxylate (ACC) Phytohormone action.ethylene.biosynthesis.1- 3.3103
14691.11710 oxidase aminocyclopropane-1-carboxylate (ACC) oxidase

11.5.1.2 cluster- I-aminocyclopropane-1-carboxylate (ACC) Phytohormone action. ethylene. biosynthesis.1- 1.0988
14691.30304 oxidase aminocyclopropane-1-carboxylate (ACC) oxidase

11524 cluster- ethylene signal modulator (ARGOS) Phytohormone action.ethylene.perception and signal 4.7361
14691.2106 transduction.signal modulator (ARGOS)

11.5.2.6 cluster- ethylene signal transducer (EIN2) Phytohormone action.ethylene.perception and signal 1.9616
14691.10785 transduction.signal transducer (EIN2)

11.52.8 cluster- ethylene signal transducer (EIN3/EIL) Phytohormone action.ethylene.perception and signal 1.756
14691.10463 transduction.signal transducer (EIN3/EIL)

11.5.2.9 cluster- EIN3-substrate-adaptor of SCF ubiquitin Phytohormone action.ethylene.perception and signal 1.131
14691.44992 protein ligase complex (EBF) transduction. EIN3-substrate-adaptor of SCF ubiquitin

protein ligase complex (EBF)

11.6.1.5 cluster- gibberellin 20-oxidase Phytohormone action.gibberellin.biosynthesis.gibberellin 2.9104
14691.11833 20-oxidase

11.6.2.3 cluster- substrate adaptor of gibberellin signalling SCF Phytohormone action.gibberellin.perception and signal 1.1021
14691.29389 ubiquitin ligase (SLY) transduction.substrate adaptor of SCF ubiquitin ligase

(SLY)

11.6.3.1 cluster- gibberellin modification enzyme (ELA) Phytohormone action.gibberellin.modification and 2.8169
14691.77995 degradation.gibberellin modification enzyme (ELA)

11.7.1.2 cluster- 13-lipoxygenase (LOX) Phytohormone action.jasmonic acid.biosynthesis.13- -2.6763

14691.65388

lipoxygenase (LOX)

144



11.7.1.4 cluster- allene oxidase cyclase (AOC) Phytohormone action.jasmonic acid.biosynthesis.allene -1.2624
14691.51153 oxidase cyclase (AOC)
11.7.1.9 cluster- acyl-CoA thioesterase (ACH) Phytohormone action.jasmonic acid.biosynthesis.acyl- -1.2535
14691.64123 CoA thioesterase (ACH)
11.7.1.9 cluster- acyl-CoA thioesterase (ACH) Phytohormone action.jasmonic acid.biosynthesis.acyl- -1.2882
14691.60961 CoA thioesterase (ACH)
11.7.2.1.2 cluster- component JAZ of jasmonic acid receptor Phytohormone action.jasmonic acid.perception and signal 7.2083
37109.0 complex transduction.receptor complex.component JAZ
11.8.2.2 cluster- salicylic acid receptor protein (NPR1) Phytohormone action.salicylic acid.perception and signal 1.834
14691.19269 transduction.receptor protein (NPR1)
11923 cluster- strigolactone signal modulator (SMXL) Phytohormone action.strigolactone.perception and signal 4.1699
14691.77771 transduction.signal modulator (SMXL)
11.10.1.1.1 cluster- PIP/PIPL precursor polypeptide Phytohormone action.signalling peptides. NCRP (non- 6.0251
18430.0 cysteine-rich-peptide) category.PIP/PIPL-peptide
activity.PIP/PIPL-precursor polypeptide
11.10.1.2.1 cluster- pythosulfokine precursor polypeptide (PSK) Phytohormone action.signalling peptides.NCRP (non- 3.8334
14691.75189 cysteine-rich-peptide) category.phytosulfokine
activity.pythosulfokine precursor polypeptide (PSK)
11.10.1.2.2 cluster- pythosulfokine peptide receptor (PSKR) Phytohormone action.signalling peptides.NCRP (non- 2.0616
14691.70969 cysteine-rich-peptide) category.phytosulfokine
activity.pythosulfokine peptide receptor (PSKR)
11.10.1.2.2 cluster- pythosulfokine peptide receptor (PSKR) Phytohormone action.signalling peptides. NCRP (non- 1.2574
14691.50727 cysteine-rich-peptide) category.phytosulfokine
activity.pythosulfokine peptide receptor (PSKR)
11.10.1.3.1 cluster- CEP precursor polypeptide Phytohormone action.signalling peptides. NCRP (non- 8.343
14691.1727 cysteine-rich-peptide) category. CEP-peptide activity. CEP-
precursor polypeptide
11.10.1.3.1 cluster- CEP precursor polypeptide Phytohormone action.signalling peptides. NCRP (non- 9.0142
14691.1486 cysteine-rich-peptide) category.CEP-peptide activity.CEP-
precursor polypeptide
11.10.1.3.1 cluster- CEP precursor polypeptide Phytohormone action.signalling peptides. NCRP (non- 7.4807
14691.1485 cysteine-rich-peptide) category.CEP-peptide activity. CEP-
precursor polypeptide
11.10.1.3.1 cluster- CEP precursor polypeptide Phytohormone action.signalling peptides. NCRP (non- 8.6158
14691.1826 cysteine-rich-peptide) category. CEP-peptide activity. CEP-
precursor polypeptide
11.10.1.3.1 cluster- CEP precursor polypeptide Phytohormone action.signalling peptides. NCRP (non- 9.4341

14691.82632

cysteine-rich-peptide) category. CEP-peptide activity. CEP-
precursor polypeptide
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11.10.1.6.1 cluster- DVL/RTFL precursor polypeptide Phytohormone action.signalling peptides. NCRP (non- 6.1596
15002.0 cysteine-rich-peptide) category. DVL/ROT-peptide
activity. DVL/RTFL-precursor polypeptide
11.10.1.6.1 cluster- DVL/RTFL precursor polypeptide Phytohormone action.signalling peptides. NCRP (non- 7.0488
14691.10408 cysteine-rich-peptide) category. DVL/ROT-peptide
activity. DVL/RTFL-precursor polypeptide
11.10.1.6.1 cluster- DVL/RTFL precursor polypeptide Phytohormone action.signalling peptides. NCRP (non- 6.1578
14691.12312 cysteine-rich-peptide) category. DVL/ROT-peptide
activity. DVL/RTFL-precursor polypeptide
11.10.1.10.1 cluster- CLE precursor polypeptide Phytohormone action.signalling peptides.NCRP (non- 5.962
18065.0 cysteine-rich-peptide) category.CLE-peptide
activity. CLE-precursor polypeptide
11.10.1.10.1 cluster- CLE precursor polypeptide Phytohormone action.signalling peptides.NCRP (non- 6.2232
16580.0 cysteine-rich-peptide) category.CLE-peptide
activity. CLE-precursor polypeptide
11.10.1.10.1 cluster- CLE precursor polypeptide Phytohormone action.signalling peptides.NCRP (non- 6.0686
15957.0 cysteine-rich-peptide) category.CLE-peptide
activity. CLE-precursor polypeptide
11.10.1.10.1 cluster- CLE precursor polypeptide Phytohormone action.signalling peptides. NCRP (non- 6.5871
14691.3219 cysteine-rich-peptide) category. CLE-peptide
activity. CLE-precursor polypeptide
11.10.1.10.1 cluster- CLE precursor polypeptide Phytohormone action.signalling peptides. NCRP (non- 6.1112
16063.0 cysteine-rich-peptide) category. CLE-peptide
activity. CLE-precursor polypeptide
11.10.1.12.1 cluster- PNP precursor polypeptide Phytohormone action.signalling peptides. NCRP (non- 7.2163
14691.8155 cysteine-rich-peptide) category. PNP-peptide activity. PNP
precursor polypeptide
11.10.2.3.1 cluster- EPF/EPFL precursor polypeptide Phytohormone action.signalling peptides.CRP (cysteine- 6.7622
14691.13389 rich-peptide) category. EPF/EPFL-peptide
activity. EPF/EPFL-precursor polypeptide
11.10.2.3.3 cluster- EPF-peptide receptor (TMM) Phytohormone action.signalling peptides.CRP (cysteine- 5.2643
27720.0 rich-peptide) category. EPF/EPFL-peptide activity. EPF-
peptide receptor (TMM)
11.10.2.4.1 cluster- RALF/RALFL precursor polypeptide Phytohormone action.signalling peptides.CRP (cysteine- 7.0076
14691.807 rich-peptide) category. RALF/RALFL-peptide
activity. RALF/RALFL-precursor polypeptide
11.10.2.4.2 cluster- RALF-peptide receptor (CrRLK1L) Phytohormone action.signalling peptides.CRP (cysteine- 1.542

14691.36401

rich-peptide) category.RALF/RALFL-peptide
activity.RALF-peptide receptor (CrRLK1L)
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Cell wall organization

21.1.2.2 cluster- Cell wall organisation.cellulose.cellulose- regulatory protein (COB) of cellulose-hemicellulose 2.7791
14691.74878 hemicellulose network assembly.regulatory network assembly
protein (COB)
21.2.1.14 cluster- Cell wall organisation. hemicellulose. 1,2-alpha-fucosyltransferase (FUT) 2.7483
14691.74646 xyloglucan. biosynthesis. 1,2-alpha-
fucosyltransferase (FUT)
21.2.2.1.1 cluster- Cell wall organisation. hemicellulose. galacturonosyltransferase 1.4428
14691.32672 | xylan.biosynthesis.galacturonosyltransferase
21.2.4.1 cluster- Cell wall organisation.hemicellulose.mixed- D-glucan synthase (CSLF) 3.3029
14691.74366 linked glucan.D-glucan synthase (CSLF)
21.3.1.2.1 cluster- Cell wall pectin methylesterase 5.3189
20197.0 organisation.pectin.homogalacturonan.modific
ation and degradation.pectin methylesterase
21.3.1.2.1 cluster- Cell wall pectin methylesterase 4.3545
14691.66836 | organisation.pectin.homogalacturonan.modific
ation and degradation.pectin methylesterase
21.3.2.13 cluster- Cell wall beta-1,4-galactosyltransferase 3.4503
14691.14990 organisation.pectin.rhamnogalacturonan
L.biosynthesis.beta-1,4-galactosyltransferase
21.3.2.24.1 cluster- Cell wall bifunctional alpha-L-arabinofuranosidase and beta-D- 1.3766
14691.51009 organisation.pectin.rhamnogalacturonan xylosidase (ASD)
I.modification and degradation.alpha-L-
arabinofuranosidase activities.bifunctional
alpha-L-arabinofuranosidase and beta-D-
xylosidase (ASD)
21354 cluster- Cell wall organisation.pectin.modification and pectin acetylesterase -1.0174
14691.47175 degradation.pectin acetylesterase
21.4.2.1 cluster- Cell wall organisation.cell wall alpha-class expansin 6.4851
14691.4464 proteins.expansin activities.alpha-class
expansin
21.4.2.1 cluster- Cell wall organisation.cell wall alpha-class expansin 6.7503
14691.76733 proteins.expansin activities.alpha-class
expansin
21.6.1.5 cluster- Cell wall organisation.lignin.monolignol cinnamoyl-CoA reductase (CCR) 5.7272
14691.6990 | biosynthesis.cinnamoyl-CoA reductase (CCR)
21.6.1.9 cluster- Cell wall organisation.lignin.monolignol Cyt-P450 hydroxylase scaffold protein (MSBP) 2.2593

14691.27253

biosynthesis.Cyt-P450 hydroxylase scaffold
protein (MSBP)
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21.6.3.2 cluster- Cell wall organisation.lignin.monolignol coniferin beta-glucosidase 2.0831

14691.48618 glycosylation and deglycosylation.coniferin
beta-glucosidase

21.6.3.2 cluster- Cell wall organisation.lignin.monolignol coniferin beta-glucosidase 2.8676

14691.24845 glycosylation and deglycosylation.coniferin
beta-glucosidase

21.9.3.1 cluster- Cell wall organisation.cutin and cutin and suberin biosynthesis transcription factor (SHN) -2.39

14691.32159 | suberin.biosynthesis regulation.transcription
factor (SHN)

21.93.1 cluster- Cell wall organisation.cutin and cutin and suberin biosynthesis transcription factor (SHN) 1.3845

14691.1688 suberin.biosynthesis regulation.transcription
factor (SHN)
Nutrient uptake

25.1.1.1 cluster- systemic nitrogen signalling polypeptide Nutrient uptake.nitrogen assimilation.systemic nitrogen 8.343
14691.1727 (CEP) signalling.signalling polypeptide (CEP)

25.1.1.1 cluster- systemic nitrogen signalling polypeptide Nutrient uptake.nitrogen assimilation.systemic nitrogen 9.0142
14691.1486 (CEP) signalling.signalling polypeptide (CEP)

25.1.1.1 cluster- systemic nitrogen signalling polypeptide Nutrient uptake.nitrogen assimilation.systemic nitrogen 7.4807
14691.1485 (CEP) signalling.signalling polypeptide (CEP)

25.1.1.1 cluster- systemic nitrogen signalling polypeptide Nutrient uptake.nitrogen assimilation.systemic nitrogen 8.6158
14691.1826 (CEP) signalling.signalling polypeptide (CEP)

25.1.1.1 cluster- systemic nitrogen signalling polypeptide Nutrient uptake.nitrogen assimilation.systemic nitrogen 9.4341
14691.82632 (CEP) signalling.signalling polypeptide (CEP)

25.1.2.5 cluster- nitrate transporter (NRT2) Nutrient uptake.nitrogen assimilation.nitrate uptake 3.835
14691.17907 system.nitrate transporter (NRT?2)

25.1.3.1 cluster- nitrate reductase Nutrient uptake.nitrogen assimilation.nitrate 4.0674
14691.36103 assimilation.nitrate reductase

25.1.3.1 cluster- nitrate reductase Nutrient uptake.nitrogen assimilation.nitrate 1.3803
14691.46130 assimilation.nitrate reductase

25.1.6 cluster- aspartate aminotransferase Nutrient uptake.nitrogen assimilation.aspartate 1.4308

14691.70929 aminotransferase

253.1.2 cluster- phosphate signalling regulatory protein (SPX) Nutrient uptake.phosphorus assimilation.phosphate 1.5155
14691.54581 signalling.regulatory protein (SPX)

253.1.2 cluster- phosphate signalling regulatory protein (SPX) Nutrient uptake.phosphorus assimilation.phosphate 6.5835
14691.81540 signalling.regulatory protein (SPX)

253.1.2 cluster- phosphate signalling regulatory protein (SPX) Nutrient uptake.phosphorus assimilation.phosphate 6.2975
14691.81539 signalling.regulatory protein (SPX)

25.3.2.1 cluster- phosphate transporter (PHT1) Nutrient uptake.phosphorus assimilation.phosphate 2.1772

14691.51441

uptake.phosphate transporter (PHT1)
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25.3.2.1 cluster- phosphate transporter (PHT1) Nutrient uptake.phosphorus assimilation.phosphate 2.0997
14691.45899 uptake.phosphate transporter (PHT1)
25.3.2.1 cluster- phosphate transporter (PHT1) Nutrient uptake.phosphorus assimilation.phosphate 1.5945
14691.52580 uptake.phosphate transporter (PHT1)
254243 cluster- iron transporter (VIT) Nutrient uptake.metal homeostasis.iron.iron storage.iron -2.4401
14691.23657 transporter (VIT)
254243 cluster- iron transporter (VIT) Nutrient uptake.metal homeostasis.iron.iron storage.iron -2.4401
14691.23657 transporter (VIT)
254253 cluster- metal chelator nicotianamine transporter Nutrient uptake.metal homeostasis.iron.long-distance iron -1.1134
14691.15172 (TCR) transport.metal chelator nicotianamine transporter (TCR)
ROS scavenger
Gene Id Descrption Cd Rvs
identifier Cd L*
AT1G09090.1 cluster- NADPH oxidase 1 7.1387
14691.12641
AT1G08830.2 cluster- Superoxide dismutase 6.7735
14691.9595
AT4G35000.1 cluster- Ascorbate peroxidase 3 3.4836
14691.24413
AT1G78340.1 cluster- Glutathione S-transferase 9.5248
14691.9539
AT1G07890.6 cluster- Catalase 6.3794
10504
AT5G14070.1 cluster- Glutaredoxin-C5 7.2257
14691.81808
Heavy metal transporters
AT4G30120.1 cluster- Cadmium / zinc-transporting ATPase HMA3 -3.7045
14691.35424
AT1G80830.1 cluster- Metal transporter Nramp1 3.6765
27204
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6.3.7 Analysis of the A. donax response to salt and cadmium treatments

The availability of transcriptomic data enabled the identification of genes that are implicated in
A. donax response to both salt (Sicilia et al., 2019; Sicilia et al., 2020) and cadmium stress. In details,
a DEG list containing deregulated genes in both stress conditions was obtained by using the KEGG
ORTHOLOGY database (see Materials and Methods). The KEGG ORTHOLOGY database
represents a reference resource for gene and protein annotation and allowed to overcome the species-
specific annotation of other databases potentially leading to bias in the analysis (Kanehisa et al.,
2016). Figure 29 reports the classification of common DEGs and their numerical distribution. Based
on this analysis 162 DEGs were successfully classified and most of them (156) were up-regulated in
both stress conditions whereas only 6 DEGs were down-regulated. In particular, the most abundant
KO category was (ko01000) Enzymes (51 up-regulated and 4 down regulated DEGs), followed by
(ko03011) Ribosome (46 up-regulated DEGs), (ko04147) Exosome (17 up-regulated DEGs),
(ko04131) Membrane trafficking (15 up-regulated DEGs) and (ko02000) Transporters (13 up-
regulated and 1 down-regulated DEGs) (Figure 29). Among the DEGs included in the “Transcription
factor” category AP2-like factor and EREBP-like factor were found up-regulated, along with amino-
cyclopropane carboxylate oxidase (ACO) confirming the crucial role of ethylene in giant reed abiotic
stress response. Moreover, the “Ribosome” category (46 up-regulated DEGs) contains an elevated
number of genes encoding ribosomal proteins indicating that “Protein biosynthesis” is an extremely
involved pathway in both conditions. The complete list containing the KO description of each DEG

involved in both salt stress condition is in Table 29.
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ko01000 Enzymes

ko04147 Exosome

ko02000 Transporters

ko04121 Ubiquitin system

ko03000 Transcription factors

ko03110 Chaperones and folding catalysts

ko03012 Translation factors

ko03400 DNA repair and recombination proteins

KEGG BRITE ID

ko03009 Ribosome biogenesis
ko00199 Cytochrome P450

ko01003 Glycosyltransferases
ko04040 lon channels

ko04091 Lectins

k002048 Prokaryotic defense system

ko00536 Glycosaminoglycan binding proteins

ko01009 Protein phosphatases and associated...

o
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o
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Figure 29. KO classification of DEGs found in common between salt and cadmium stress in

A.donax ecotypes.
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Table 29. KO Description of DEGs found in common between salt and cadmium treatment

KO ID KO Description Salt Cadmium
Log,FC | Comparison | Genotype | LogFC Comparison

K00430 peroxidase Inf S4 vs CK G2 10.434 Cd RvsCd L
K15382 solute carrier family 50 Inf S4 vs CK G2 9911 Cd RvsCd L
K07088 uncharacterized protein Inf S3 vs CK G34 8.9229 Cd RvsCd L
K02865 large subunit ribosomal protein L10Ae Inf S4 vs CK G2 7.8562 Cd RvsCd L
K03263 translation initiation factor SA Inf S4 vs CK G2 7.6995 Cd RvsCd L
K00799 glutathione S-transferase Inf S4 vs CK G2 7.5861 Cd RvsCd L
K05917 sterol 14-demethylase Inf S3vs CK G34 7.2344 Cd RvsCd L
K03676 glutaredoxin 3 Inf S4 vs CK G2 7.2257 Cd RvsCd L
K01802 peptidylprolyl isomerase Inf S4 vs CK G2 7.1581 Cd RvsCd L
K09285 AP2-like factor, ANT lineage Inf S4 vs CK G2 7.117 Cd RvsCd L
K02995 small subunit ribosomal protein S8e Inf S4 vs CK G2 7.0032 Cd RvsCd L
K02937 large subunit ribosomal protein L7¢ Inf S4 vs CK G2 6.998 Cd RvsCd L
K02932 large subunit ribosomal protein L5e Inf S4 vs CK G2 6.9106 Cd RvsCd L
K02975 small subunit ribosomal protein S25¢ Inf S4 vs CK G2 6.9098 Cd RvsCd L
K13126 polyadenylate-binding protein Inf S4 vs CK G2 6.7458 Cd RvsCd L
K03257 translation initiation factor 4A Inf S4 vs CK G2 6.7163 Cd RvsCd L
K02973 small subunit ribosomal protein S23e Inf S4 vs CK G2 6.593 Cd RvsCd L
K08054 calnexin Inf S4 vs CK G2 6.5876 Cd RvsCd L
K08341 GABA(A) receptor-associated protein Inf S4 vs CK G2 6.5392 Cd RvsCd L
K02896 large subunit ribosomal protein L24e Inf S4 vs CK QG2 6.4609 Cd RvsCd L
K02912 large subunit ribosomal protein L32e Inf S4 vs CK QG2 6.4116 Cd RvsCd L
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K02133
K02991
K02997
K19040
K02183
K07936
K02958
KO01183
K02883
K17302
K05863
K02966
K02955
K02934
K02962
K02969
K03232
K02915
K07374
KO01915
K02951
K02891
K02918
K02922
K02901

F-type H+-transporting ATPase subunit beta
small subunit ribosomal protein S6e
small subunit ribosomal protein S9e
E3 ubiquitin-protein ligase ATL10/75/76/77/78
calmodulin

GTP-binding nuclear protein Ran
small subunit ribosomal protein S15¢
chitinase

large subunit ribosomal protein L18e
coatomer, subunit beta'

solute carrier family 25

small subunit ribosomal protein S19¢
small subunit ribosomal protein S14e
large subunit ribosomal protein L6e
small subunit ribosomal protein S17¢
small subunit ribosomal protein S20e
elongation factor 1-beta

large subunit ribosomal protein L34e
tubulin alpha

glutamine synthetase

small subunit ribosomal protein S12e
large subunit ribosomal protein L22e
large subunit ribosomal protein L35¢
large subunit ribosomal protein L37¢

large subunit ribosomal protein L27e

Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf

S4 vs CK
S4 vs CK
S4 vs CK
S3vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK

G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2

6.403

6.3814
6.3723
6.3708
6.3128
6.3073
6.2958
6.2888
6.2491
6.2418
6.2367
6.2149
6.2029
6.0777
6.0526
5.9959
5.9423
5.9413
5.9236
5.9167
5.9042
5.9013
5.8555
5.8485
5.7705

Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
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K02940
K01363
KO07375
K02974
K02910
K02981
K02889
K02957
K09264
K10406
K04730
K02898
K02983
K10523
K03234
K02917
K02921
K02964
K10355
K09580
K06630
K11253
K08770
K02900
K09419

large subunit ribosomal protein L9e
cathepsin B

tubulin beta

small subunit ribosomal protein S24¢
large subunit ribosomal protein L31e
small subunit ribosomal protein S2e
large subunit ribosomal protein L21e
small subunit ribosomal protein S15Ae
MADS-box transcription factor, plant
kinesin family member C2/C3
interleukin-1 receptor-associated kinase 1
large subunit ribosomal protein L26e
small subunit ribosomal protein S30e
speckle-type POZ protein

elongation factor 2

large subunit ribosomal protein L35Ae
large subunit ribosomal protein L37Ae
small subunit ribosomal protein S18e
actin, other eukaryote

protein disulfide-isomerase Al

14-3-3 protein epsilon

histone H3

ubiquitin C

large subunit ribosomal protein L27Ae

heat shock transcription factor, other eukaryote

Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf

S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S3 vs CK
S3 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S3 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK

G2
G2
G2
G2
G2
G2
G2
G2
G34
G2
G2
G2
G2
G34
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2

5.7541
5.7446
5.7182
5.7135
5.7101
5.669

5.6395
5.6123
5.5709
5.5524
5.5046
5.4975
5.4957
54711
5.4658
5.453

5.4419
5.4343
5.3752
5.3616
5.3289
5.2497
5.2436
5.2076
5.2054

Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
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K02942
K09874
K13508
K11593
K14411
K 14445
K 10400
K09422
K10534
KO01580
K07198
K04079
K02324
K00434
K09286
K01953
K07904
K03327
K14638
K10728
K11294
K14431
K00606
K16055
KO01681

large subunit ribosomal protein LP1
aquaporin NIP

glycerol-3-phosphate acyltransferase
eukaryotic translation initiation factor 2C
RNA-binding protein Musashi

solute carrier family 13

kinesin family member 15

myb proto-oncogene protein, plant

nitrate reductase (NAD(P)H)

glutamate decarboxylase

5'-AMP-activated protein kinase, catalytic alpha subunit
molecular chaperone HtpG

DNA polymerase epsilon subunit 1
L-ascorbate peroxidase

EREBP-like factor

asparagine synthase (glutamine-hydrolysing)
Ras-related protein Rab-11A

multidrug resistance protein, MATE family
solute carrier family 15

topoisomerase (DNA) II binding protein 1
nucleolin

transcription factor TGA
3-methyl-2-oxobutanoate hydroxymethyltransferase
trehalose 6-phosphate synthase/phosphatase

aconitate hydratase

Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf

S4 vs CK
S3vs CK
S3 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S3 vs CK
S4 vs CK
S3 vs CK
S3 vs CK
S3 vs CK
S4 vs CK
S3 vs CK
S4 vs CK
S3 vs CK
S4 vs CK
S4 vs CK
S3 vs CK
S3 vs CK
S4 vs CK
S4 vs CK
S3 vs CK
S4 vs CK
S4 vs CK
S3 vs CK

G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G34
G2
G2
G2
G34
G2
G2
G2
G2
G2
G2
G2
G2
G2
G34

5.1688
5.0152
4.7781
4.7445
44911
4.4542
4.3389
4.2149
4.0674
3.9925
3.9206
3.8041
3.6283
3.4836
3.196

3.1901
3.1051
2.9987
2.8241
2.7112
2.5034
2.4872
2.4466
2.1966
2.183

Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
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K05350
K08235
K18857
KO03875
KO01126
K03231
K02930
K02987
K02908
K02882
K08245
K02885
K02993
K02894
K06966
K02868
K14753
K08900
K00128
K13993
K16282
K13719
K08176
K09753
K10144

beta-glucosidase

xyloglucan:xyloglucosyl transferase

alcohol dehydrogenase class-P

F-box and leucine-rich repeat protein 1
glycerophosphoryl diester phosphodiesterase
elongation factor 1-alpha

large subunit ribosomal protein L4e

small subunit ribosomal protein S4e

large subunit ribosomal protein L30e

large subunit ribosomal protein L18Ae
phytepsin

large subunit ribosomal protein L.19¢

small subunit ribosomal protein S7e

large subunit ribosomal protein L23e
uncharacterized protein

large subunit ribosomal protein L11e
guanine nucleotide-binding protein subunit beta-2-like 1 protein
mitochondrial chaperone BCS1

aldehyde dehydrogenase (NAD+)

HSP20 family protein

E3 ubiquitin-protein ligase RHA2

ubiquitin thioesterase OTU1

MEFS transporter, PHS family, inorganic phosphate transporter
cinnamoyl-CoA reductase

RING finger and CHY zinc finger domain-containing protein 1

Inf

Inf

Inf

Inf

Inf

8.9593
8.3622
8.3265
8.0795
7.9064
7.5212
7.2192
7.0177
6.8401
6.4127
6.2509
6.1957
5.8181
5.5637
5.1609
4.8702
4.6021
4.3392
4.2547
3.9614

S4 vs CK
S4 vs CK
S4 vs CK
S3vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK

G2
G2
G2
G34
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2

2.0831
2.0641
2.0633
2.0537
2.0529
5.3995
6.5541
6.1851
5.2829
5.9678
5.6198
6.3364
6.3395
6.2566
4.1682
6.5062
6.8244
6.1916
6.7617
3.9902
2.7342
2.7915
5.1623
5.7272
2.2587

Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
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K10268
K02984
KO01895
K09589
K01057
K15283
K00827
K01051
K08679
K09843
K00366
K14209
K07052
K19042
K14498
K07466
K02866
K07937
K14290
K02575
K01087
K01176
K10357
K00844
K03549

F-box and leucine-rich repeat protein 2/20

small subunit ribosomal protein S3Ae

acetyl-CoA synthetase

steroid 3-oxidase

6-phosphogluconolactonase

solute carrier family 35, member E1
alanine-glyoxylate transaminase

pectinesterase

UDP-glucuronate 4-epimerase

(+)-abscisic acid 8'-hydroxylase

ferredoxin-nitrite reductase

solute carrier family 36 (proton-coupled amino acid transporter)
uncharacterized protein

E3 ubiquitin-protein ligase BOI and related proteins
serine/threonine-protein kinase SRK2

replication factor Al

large subunit ribosomal protein L10e
ADP-ribosylation factor 1

exportin-1

MEFS transporter, NNP family, nitrate/nitrite transporter
trehalose 6-phosphate phosphatase

alpha-amylase

myosin V

hexokinase

KUP system potassium uptake protein

3.5591
3.3401
3.2589
2.9684
2.9531
2.9414
2.9104
2.9027
2.8918
2.8267
2.8171
2.7449
2.6965
2.5414
2.5268
2.5203
2.4986
2.4709
2.3984
2.3974
2.3515
2.3483
2.3462
2.3193
2.3032

S4 vs CK
S4 vs CK
S4 vs CK
S3vs CK
S4 vs CK
S3 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S3 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK

G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2

4.1648
5.5661
2.0557
2.3625
3.4516
2.5924
4.0328
6.9387
3.4676
2.0026
4.4632
2.5934
2.4726
3.6713
5.1093
5.7118
6.3831
4.7146
2.2948
3.835

5.986

5.3483
2.4613
6.6885
3.3147

Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd Rvs CK R
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
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K05894
K13947
K00558
K05933
K17987
K01507
K13448
KO07195
K11000
K13495
K05016
K01534
K10143
K14709
K00901
K01658
KO01653

12-oxophytodienoic acid reductase
auxin efflux carrier family

DNA (cytosine-5)-methyltransferase 1
aminocyclopropanecarboxylate oxidase
next to BRCA1 gene 1 protein
inorganic pyrophosphatase
calcium-binding protein CML

exocyst complex component 7

callose synthase

cis-zeatin O-glucosyltransferase
chloride channel 7
Cd2+/Zn2+-exporting ATPase

E3 ubiquitin-protein ligase RFWD2
solute carrier family 39 (zinc transporter), member 1/2/3
diacylglycerol kinase (ATP)
anthranilate synthase component I1

acetolactate synthase I/I1I small subunit

2.2828
2.2762
2.2557
2.2325
2.2079
2.1397
2.1314
2.1003
2.0534
2.0344
2.0305
-2.3251
-2.6062
-3.1644
-3.1786
-4.7779
-Inf

S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S4 vs CK
S3 vs CK
S4 vs CK
S4 vs CK

G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2

2.0146
6.1606
3.838
3.3103
6.4743
3.0467
2.8402
2.2522
5.4922
2.2481
2.3656
-5.2971
-2.5064
-2.5601
-2.3161
-2.4936
-3.9009

Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd Rvs CK R
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
Cd RvsCd L
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6.4 Discussion

Anthropogenic activities such as metal industries, mining application of pesticides and
fertilizers led to dangerous Cd accumulation in arable soil worldwide (Nazar et al. 2012). The high
solubility of Cd in the soil associated with the plant capability to absorb it represents a threat to
humans as final consumers of putatively contaminated fruit and vegetables. The strategy to allocate
cadmium contaminated soil to bioenergy crop might turn out to be successful as it potentially solve
the increasing demand of sustanible energy sources which can be achieved without impairing the
quote of agricultural lands. Arundo donax L. is considered a tolerant to several abiotic stress and
recently, due to its ability to accumulate high concentration of HMs (Papazoglou et al. 2007; Mirza
et al. 2011) has been proposed as a potential phytoremediation species. In order to elucidate the
response of giant reed to cadmium, in this work we sequenced and de novo assembled the 4. donax
L. leaf and root transcriptome after a prolonged soil treatment with 4 mg/Kg cadmium nitrate.
Cadmium concentrations in uncontaminated soil usually is 0.5 mg/Kg and cadmium contents above
3 mg/kg are generally thought to indicate contaminated soil (Akbar et al. 2006). Based on the
measurement of trace cadmium concentration under non-phytotoxic cadmium treatment, Bonanno
(2012) showed that giant reed roots act as main accumulation centre (root to shoot ratio is 6.6 :1),
whereas stem functions as transition centre given the involvement in ion translocation from root to
leaves. Taken into account these observations which preliminarily indicated that root is the frontline
in encountering potentially toxic cadmium levels, we focused our analysis on a Cd R vs Cd _L*
comparison originated by subtracting the DEGs belonging to the CK_R vs CK_L comparison (root
specific DEGs under control conditions) to the Cd R vs Cd_L comparison (root specific DEGs under
cadmium treatment) thus obtaining a pool of DEGs specifically up or down-regulated (compared to
leaf DEGs) in treated roots. Based on differentially gene expression data, the up regulation of the
NRAMPI transporter, a crucial group of transmembrane protein involved in the uptake of a broad
range of ions (Mn, Zn, Cu, Fe, Ni, Co and Cd), suggest that giant reed roots reinforce their ability to
adsorb ions in the presence of cadmium which interferes with the essential mineral supply (Nazar et
al. 2012). Moreover, the down regulation of HMA3 transporter encoding gene, that regulates
cadmium efflux out the citosol towards the vacuole or outside the cell (Mohabubul et al. 2021),
indicates that the mechanisms to avoid cadmium residence in root cells are not implemented in our
conditions. Once in the citosol, Cd has to be detoxified in order to avoid the onset of cellular damage.
It has been shown that the major mechanism of cadmium detoxification is based on phytochelatins, a
family of cysteine-rich oligopeptides synthesized from glutathione (GSH) by the enzyme
phytochelatin synthase (PCS), that chelate the HMs to form complexes readily stored in the vacuoles

(Song et al. 2014). Recently, three giant reed PCS genes have been characterized both in the species
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of provenance and in transgenic model organisms (Li et al. 2019). These genes, namely AdPCS1-3,
are expressed in all organs (root, rhizome, node, internode, leaf sheath and blade) in normal condition.
In response to 500 pM CdSOs treatment, all the PCS genes showed an increase of expression in roots
whereas any change in leaf gene expression was observed (Li et al. 2019). Although these results
clearly indicate that 4. donax genome contains at least three PCS genes constitutively expressed in
all plant organs and whose expression is induced in roots under cadmium treatment, none PCSs was
found among the DEGs (data not shown) suggesting that the detoxification process through metal
chelation was not triggered in our conditions. After the stress perception, phytohormones are the
chemical messengers that play a pivotal role in the induction and regulation of diverse signal
transduction pathways in response to cadmium stress (Saini et al. 2021). Higher endogenous ABA
concentration are reported to mitigate the damaging effects of Cd stress by promoting root-to-shoot
Cd translocation through the apoplast and accumulation more Cd in the shoots (Lu et al. 2020). Our
results suggested that abscissic acid biosynthesis is inhibited whereas the main gene involved in ABA
degradation is up-regulated in giant reed Cd-treated roots (Table 27), probably causing Cd to be
detained in the roots. Auxin is recognized as a crucial phytohormone in regulating every aspect of
plant root development during normal and stress conditions (Saini et al. 2021). In Arabidopsis
thaliana, significantly enhanced expression of auxin biosynthesis gene YUCCAG6 was observed upon
Cd treatment (Fattorini et al. 2017). Moreover, reduced transcript levels of auxin efflux carrier pin-
formed 1 (PIN1) were detected under Cd exposure in the post-embryonic roots decreasing auxin
transport in the root apex thus altering auxin homeostasis (Fattorini et al. 2017). In our study, both
auxin biosynthesis and transport transcript (YUCCA2 and PIN) were found among the up-regulated
genes in Cd-treated giant reed roots suggesting that giant reed roots attempt not to alter auxin
homeostasis preventing the alteration of root architecture as observed in tobacco (Luo et al. 2020).
Furthermore, our results strongly indicate that ethylene biosynthesis and the downstream signalling
cascade are up regulated in Cd-treated roots (Table 27). In accordance, the enhanced transcript levels
of 1-aminocyclopropane-1-carboxylate (ACO) and ethylene signalling genes (EIN) were observed
under As application to the rice roots (Huang et al. 2012) and elevated transcript level accumulation
of ethylene receptor 2 (ETR2) gene was also observed under Cd application in Arabidopsis thaliana
indicating Cd-mediated induction of ethylene production and signalling (Schellingen et al. 2014).
Several studies indicated that ethylene modulates the ROS machinery by regulating the activities of
both ROS producing and scavenging enzymes, this being considered the crucial reaction following
HM stress in plants (Steffens, 2014). Ethylene stimulates the production of ROS by activating
nicotinamide adenine dinucleotide phosphate (NADPH) oxidases under HM toxicity (Montero-

Palmero et al. 2014) and also modulates antioxidant defense systems in plants exposed to HM stress.
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NADPH oxidase 1 transcript was among the up regulated genes in Cd-treated roots and the activation
of catalase, SOD, APX and GST expression (Table 27) is probaly an attempt to overcome the Cd-
induced oxidative stress. This result assumes an important significance since in several species it has
been reported that the activation of ROS scavenging machinery is achieved in ethylene insensitive
mutants (Saini et al. 2021) thus suggesting that this type of response could be specific of 4. donax
roots. However, we cannot exclude that the induction of YUCCA?2 involved in auxin biosynthesis
might be responsible of the regulation of reactive oxygen species (ROS) homeostasis as showed in
transgenic potato over-expressing YUCCAG6 gene (Kim et al. 2013). Oxidative stress can induce
protein S-glutathionylation modulating protein function and to prevent irreversible oxidation of
protein thiols (Dalle-Donne et al. 2009). High levels of oxidized glutathione (GSSG) can be sufficient
to trigger protein S-glutathionylation by a thiol-disulphide exchange reaction between a protein thiol
and GSSG. Interestingly, transcript encoding glutaredoxin-C5 is sharply up regulated in giant reed
roots indicating that an active reactivation of protein function via the reduction of the cysteine
sulphydrilic groups might occurr. Within the “Phytohormones” category, two genes encoding
ROTUNDIFOLIA like proteins, which are small polypeptides acting as a regulatory molecules
coordinating cellular responses involved in different aspects of cell differentiation, growth and
development, were found sharply up regulated in the Cd R vs Cd _L* comparison. Their role is
uncertain but probably they act by restricting polar cell proliferation in lateral organs and coordinating
socket cell recruitment and differentiation at trichome sites (Valdivia et al. 2012). A transcript
encoding CLAVATA3/ESR-RELATED 25 is among the sharply up-regulated genes in the cadmium
treated root (Table 27), CLAVATA3/ESR represents a group of plant proteins acting as extracellular
signal peptides involved in cell-to-cell communication in concert with different receptors in a range
of processes during plant development (Strabala et al. 2006). A transcript encoding C-terminally
encoded peptide (CEP) was strongly up-regulated in cadmium treated roots. CEP is a 15-amino acid
post-translationally peptide which plays a pivotal role in lateral root formation and nodulation and its
overexpression in Medicago results in the inhibition of lateral root formation and enhancement in
nodule formation. Besides the role in root architecture, CEP genes also play a role in nitrate
assimilation under N starvation conditions and results in the up regulation of the nitrate transporter
gene NRT2.1 in roots specifically when nitrate is present in the rhizosphere (Ohkubo et al. 2017).
Nitrate transporter are involved in the constitutive high-affinity transport system (cHATS) under low
nitrate conditions. The principal role of this cHATS is to enable roots previously deprived of nitrate
to absorb this ion and initiate induction of nitrate-inducible genes (Guan et al. 2021) Cd has been
reported to inhibit NO;3™ uptake in several plant species, under normal and high nitrate supply (Guan

et al. 2015). Therefore, it is possible that nitrate uptake is inhibited under Cd stress in giant reed roots
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mimicking low-nitrate conditions. Interestingly, the analysis of “Nutrient uptake” category revealed
that nitrate transporter 2.5 genes are strongly up-regulated (Table 27) suggesting that mechanisms to
enhance nitrogen supply are implemented in A. donax cadmium treated roots. Moreover, nitrate
reductase encoding gene, involved in nitrate assimilation by reducing nitrate to nitrite, is up-regulated
in cadmium treated samples probably to provide for more enzyme molecules that are supposed to be
inhibited by cadmium (Singh et al. 2019). Under cadmium stress a decrease of mineral nutrient
concentrations in plant leaf, such as Fe and P, has been observed and represents the key reason for
the restraint of leaf photosynthesis (Nazar et al. 2019). In our work, transcript encoding the plasma
membrane phosphate transporter are up-regulated in Cd-treated roots probably to face the
unavailability of soluble phosphate sequestered in the soil as cadmium phosphate (Ruangcharus et al.
2020). The plant cell has a variety of mechanisms tools to avoid Cd stress. Mainly, cell wall
remodeling might prevent Cd from entering and damaging the protoplast (Loix et al. 2017). At
primary cell wall pectin, which contains most of the negative charges, can immobilize Cd very
effectively. Furthermore, secondary cell wall lignification can serve to create a barrier to prevent
cadmium entry. The utilization of different antibodies detecting methylated and demethylated forms
of pectin in cadmium stressed in Linum usitatissimum hypocotyls has led to the identification of the
presence of low-methylated pectin, which is particularly able to bind Cd ions due to the presence of
free carboxyl groups in the outer face of the primary cell wall. This de-esterification was co-localized
with an upregulation of PME activity. However, within the inner part of the primary cell wall a higher
amount of methylated pectin was detected which was hypothesized to have a repellent function in
keeping the cytosolic Cd away from the plasma membrane (Douchichle et al. 2007). In this
perspective, the up regulation of both pectin methylesterase and pectin methylesterase inhibitor
encoding genes might serve to finely regulate Cd sequestering at primary cell wall in giant cane root.
At secondary cell wall level, lignification makes the cell wall less penetrable thus creating an effective
barrier against the entry of Cd (Parrotta et al. 2015). The induction of the lignification process
appeared as a key process useful to discriminate Cd-sensitive and -tolerant plants (Van De Mortel et
al. 2006; Van De Mortel et al. 2008). The discovery of the upregulation of several WRKY
transcription factors involved in cell wall lignification as well as the induction of cinnamoyl Coa
reductase, laccase and membrane-associated progesterone binding protein 3 all of them involved in
lignin biosynthesis (Table 27) clearly indicate that giant cane roots respond to cadmium treatment by

avoiding its entrance into the cell.
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6.5 Conclusions

The global analysis of our findings suggest that prolonged cadmium exposure stimulated a clear
response at both morpho-physiological and transcriptomic levels. Hence, cadmium treated plants
showed significantly reduced main stem height, biomass dry weight and the net photosynthesis
efficiency. The quality of transcriptome sequencing and assembly was elevated and led to the
identification of crucial metabolic pathways and to decipher the A. donax response to cadmium stress.
Three main factors have to be taken in strong consideration in this concluding remarks: a) the used
cadmium concentration (4 mg/Kg), slightly higher than allowed; b) the induction of lignification
process clearly suggested by transcriptome analysis; c) the lack of phytochelatin transcripts among
the DEGs. In our opinion, all these issues indicate that the induced stress condition can be sensed as
“mild stress”. The low number of DEGs within the CK R vs Cd L and CK L vs Cd L comparisons
seems to be in line with this hypothesis. The undertaken strategy was to analyse the Cd R vs Cd _L*
comparison and it led us to focus on the main patterns involved in the Cd-treated giant cane root, it
being the interface between plant and soil. Our results suggest that ethylene biosynthesis and
signalling are strongly activated. In this respect, the identification of several genes differently
regulated in both salt and cadmium conditions, such as genes involved in ethylene biosynthesis and
signal transduction outlines those metabolic pathways and biochemical reactions as useful markers
of abiotic stress in giant reed. Finally, the finding of DEGs encoding several small peptides
functioning as messenger molecules between root and shoot in order to communicate the stressful
status to the upper part of the plants (CEP, ROTUNDIFOLIA), the induction of the ROS scavenging
machinery, and, above all, the remodelling of plant cell wall confirm the tolerance of giant cane
towards cadmium stress and strongly support its cultivation in cadmium contaminated soils in a

perspective to save agricultural soil for food and feed crops.
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7 General conclusion

The possibility to cultivate bioenergy crops on marginal soils for sustainable energy production
represents the main insight to overcome the upcoming food and energy crisis. Given that Arundo
donax has become one of the most promising bioenergy crops for biomass production and industrial
applications, a deep characterization of A. donax transcriptome in response to unfavorable conditions
was accomplished. Although the responses of A. donax to a wide range of unfavorable conditions
were reported worldwide, to date the molecular mechanisms of its resistance remain poorly
understood. Thus, the characterization of the transcriptional changes under different abiotic stress
conditions might shed novel light on its extremely adaptability to growth in unfavorable
environments. Despite the potential role of A. donax for energy production on marginal lands has
been established, the genomic resources available for undertaking the genetic improvement of this
species are still limited. Salt affected soil is one of the most seriously problem to deal with due to its
effects on crop growth and productivity. Firstly, we investigated the long-term salt stress response at
doses being much higher than that used to define a soil area as salinized. To characterize the molecular
mechanisms involved in 4. donax salt stress response, we used RNA-Sequencing (RNA-Seq)
technique to de novo assemble and analyze the A. donax leaf transcriptome of G2 and G34 ecotypes
subjected to severe (S3) and extreme (S4) levels of salt stress conditions. Unfortunately, in this study
we reported exclusively the data of G34 under severe salt concentration because we missed the
samples subjected to S4 extreme salt stress treatment because of a fire occurred in the experimental
field. Though 4. donax propagates itself vegetatively, suggesting a low genetic diversity among each
A. donax ecotypes, the comparative analysis of the G2 and G34 transcriptome shows different pattern
not only under the same salt level but also in control condition; thus, these outcomes might explain
the different response between G2 and G34 clones to salt stress condition. Interestingly, we observed
a significative variation among ecotypes related to several important physiological traits, such as leaf
number per plot, stem number per plot, main stem height, SPAD unit, net photosynthesis, and biomass
yield per plot. These results were confirmed by RNA-Sequencing, whereby in case of salt stress
response each ecotype shows a different transcriptomic re-programming in response to the salt stress
imposition. The transcriptomic data generated in this study showed a dose-dependent response to salt
stress. Notably, it is worth to mention that a re-modulation of the transcriptional machinery emerges
in G2 ecotype subjected to S4 extreme salt stress than S3 severe salt stress, thus indicating that the
“emergency” condition leads to the regulation of a specific dataset of DEGs putatively involved in
the long-term salt stress response. Moreover, we observed that most of these unigenes are homologs
of genes belonging to other species, such as Setaria italica, Zea mays and Oryza sativa, suggesting a

genetic homology among these Poaceae species. As regards the G2 ecotype, the salt sensory
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mechanism outlined as SOS pathway is partially activated under severe S3 salt stress; whilst in case
of S4 extreme salt stress condition, the mechanism of ion vacuolar sequestration has also been
reported regulated by the over-expression of the vacuolar ion channels. Comparing the G2 and G34
ecotype, the severe salt stress treatment resulted in a lower number of DEGs in G34 rather than in G2
ecotype; thus, it indicates as G34 ecotype re-adjusts its own transcriptomic machinery in a different
way. In our opinion, G34 ecotype reduces salt stress perception likely by the strong induction of
CIPK1-SOS2 component to respond immediately to salt stress exposure at lower salt dose. Regarding
the hormone regulation, we observed a different response between severe S3 and extreme S4 salt
stress condition. The characterization of G2 ecotype showed that S3 severe salt stress does not lead
to any changes of the gene involved in ABA biosynthesis, whereas, a clear down-regulation of ABA
biosynthetic genes occurred in S4 sample data set, suggesting that ABA accumulation does not
participate in the long-term salt stress, but might have a fundamental role during the onset of stressful
conditions as demonstrated in other species (Geilfu et al., 2018), as well as in case of water stress
condition (Fu et al., 2016). To reinforce these outcomes, another distinctive characteristic of G2
ecotype subjected to S4 extreme salt stress is based on the regulation of clusters involved in
brassinosteroid and IAA/AUX biosynthesis, suggesting the putative role of these hormones in re-
shaping the transcriptional network in case of unfavorable conditions. Nonetheless, in case of S3
severe salt stress condition, G34 re-modulates the transcription network of genes related to the
ethylene signaling towards the minimization of ethylene negative effects upon plant growth.
Similarly, the same trend was observed in G2 ecotype upon S4 extreme salt stress imposition. It was
also observed the induction of genes involved in ROS scavenging (APX) as well as in the
redistributing the reducing power excess among cell compartments (malate valve) under S3 severe
salt stress condition in both G2 and G34 ecotypes. Nevertheless, only in G2 ecotype subjected to S4
extreme salt stress genes implicated in the malate valve and alternative oxidase (AOX) resulted over-
expressed. As concerns the osmolyte protection, we observed a clear involvement of proline and
polyamine biosynthesis in all sample data sets, thus confirming that osmolyte biosynthesis represents
a pivotal mechanism to get through the hypersaline conditions and to re-adjust the homeostasis status
in A. donax. As concerns the photosynthesis processes, we observed that genes involved in Rubisco
biosynthesis and assembly are down regulated in both ecotypes subjected to S3 severe salt stress,
probably leading to impaired CO: fixation via C3 Calvin cycle. Noteworthy, a dramatic switch from
C3 Calvin cycle to C4 Calvin cycle is likely to occur in exposed to harmful condition (G2 and G34
subjected to S4 extreme salt stress and S3 salt stress, respectively), since gene regulation is addressed
to activate the primary CO: fixation to PEP in mesophyll cells (C4 Calvin cycle). Moreover, we

observed the up regulation of a key enzyme of the glycolate recovery pathway involved in
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photorespiration (C2 cycle) indicating that CO, assimilation via C3 Calvin cycle might be substitute
in favor of oxygen fixation. Moreover, the analysis of carbon metabolism revealed the upregulation
of glycolysis and Krebs cycle genes in G34 at S3 severe salt stress condition, while a similar response
was achieved by the G2 ecotype subjected to the higher salt dose (S4). Finally, the SSR analysis
highlighted a huge number of repeated motifs distributed among untranslated and coding genes.
Among them, five SSRs were successfully validated, showing a reliable congruence with the
experiment. Consequently, the SSR catalogue of this experiment could be used in experiments aimed
to assess genetic diversity among ecotypes, to design genetic maps, in marker-assisted selection
(MAS) and in comparative genomics. Furthermore, we hereby investigated the molecular basis of 4.
donax leaf and root transcriptome in response to cadmium stress to gain novel insight into the
responsiveness to heavy metal stress. The results depicted a clear response at morpho-physiological
levels upon the prolonged exposure to cadmium treatment. Given that roots act as interface between
plant and soil, we focused on a Cd R vs Cd L* comparison derived by subtracting the DEGs
belonging to the CK_R vs CK_L (root-related DEGs under control conditions) to the Cd R vs Cd_L
comparison (root-related DEGs under cadmium stress conditions) in order to get those DEGs
specifically involved in root cadmium stress response. Based on differentially gene expression, a
strong induction of ethylene biosynthesis and signalling in treated roots emerged, suggesting that
roots function as main “messenger” center to transmit the stressful status to the apical regions.
Interestingly, the up-regulation of the NRAMPI1 transporter in treated roots was observed, indicating
their ability to uptake ions in case of cadmium exposure. In contrast, the down-regulation of HMA3
transporter encoding gene was registered thus indicating that Cd-treated roots do not regulate
cadmium 1ons efflux from cytosol towards the vacuole or outside the cells. In order to cope with the
onset cellular damage, it has been observed that Cd leads to the over-expression of small peptide
molecules (CEP, ROTUNDIFOLIA) along with the induction of ROS scavenging enzymes (SOD,
APX and GST) as the major mechanisms to communicate and overcome Cd-induced stress in Cd-
treated roots. Based on transcriptomic data the abscisic acid biosynthesis is inhibited, whilst the main
gene involved in ABA degradation is up-regulated in treated roots. Moreover, in our study, both
auxin biosynthesis- and transport- related transcripts (YUCCAZ2 and PIN) have been found among
the over-represented genes in Cd-treated roots, suggesting the pivotal role of roots in promoting auxin
homeostasis under cadmium stress condition. The analysis of “Nutrient uptake” category indicates
that both nitrate transporter encoding genes and nitrate reductase gene were strongly up-regulated in
roots, hence suggesting that nitrogen balance is keep under surveillance in 4. donax treated roots.
Nevertheless, the main finding about our work rely on the over-regulation of several encoding genes

involved in cell wall remodeling and lignification in Cd-treated roots, which might account for an
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effective barrier against the entry of Cd ions into the cell. Considering the specific response to both
salt and cadmium treatment, these finding might constitute useful markers of the physiological status
of A. donax in salinized and contaminated soils. Since, the tolerance to both salinity and cadmium
stress is orchestrated by several mechanisms, many of the unigenes identified in this study have the
potential to be used for obtaining 4. donax ecotypes with improved lignocellulosic biomass
production and stress tolerance. Although, the generated databases could be used for future genetic
and molecular studies as well as to allow the implementation of breeding strategies for 4. donax

bioenergy crop.
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