






CONTENTS 

 

List of publication ....................................................................................................................... 1 

 

1. INTRODUCTION ............................................................................................................... 2 

1.1 Arundo donax L. ................................................................................................................ 5 

1.1.1 A. donax origin and genetics ...................................................................................... 5 

1.1.2 A. donax as energy crop ............................................................................................. 7 

1.2 Eutrophication and salinization ..................................................................................... 10 

1.3 Plants responses to abiotic stresses ................................................................................ 12 

1.4 microRNAs involvement in stress responses ................................................................ 13 

1.5 Next Generation Sequencing technologies .................................................................... 15 

References .................................................................................................................................. 19 

 

2. PROJECT BACKGROUND AND OBJECTIVES ........................................................ 31 

 

PAPER I ..................................................................................................................................... 35 

PAPER II ................................................................................................................................... 49 

PAPER III .................................................................................................................................. 81 

 

3. CONCLUSIONS AND FUTURE PERSPECTIVES ................................................... 118 

 

Funding information ............................................................................................................... 121 

 

Acknowledgment ..................................................................................................................... 122 

 



1 
 

List of publication 
 

I. Impact of high or low levels of phosphorus and high sodium in soils on 

productivity and stress tolerance of Arundo donax plants 

Claudia Cocozza, Federico Brilli, Laura Miozzi, Sara Pignattelli, Silvia Rotunno, Cecilia 

Brunetti, Cristiana Giordano, Susanna Pollastri, Mauro Centritto, Gian Paolo Accotto, 

Roberto Tognetti, Francesco Loreto. 

(2019). Plant Science, 289:110260.  

https://doi.org/10.1016/j.plantsci.2019.110260 

 

II. Identification of abiotic stress responsive microRNAs and their targets in the 

bioenergy crop Arundo donax L. by using high-throughput sequencing 

Silvia Rotunno, Claudia Cocozza, Vitantonio Pantaleo, Paola Leonetti, Loris Bertoldi, 

Giorgio Valle, Gian Paolo Accotto, Francesco Loreto, Gabriella Stefania Scippa, Laura 

Miozzi. 

In preparation 

 

III. Modulation of class III peroxidase pathways and phenylpropanoids in Arundo 

donax under salt and phosphorus stress 

Claudia Cocozza, Paola Bartolini, Cecilia Brunetti, Laura Miozzi, Sara Pignattelli, 

Alessandra Podda, Gabriella Stefania Scippa, Dalila Trupiano, Silvia Rotunno, Federico 

Brilli, Bianca Elena Maserti. 

In preparation 

  



2 
 

INTRODUCTION 

 

In 2015, United Nations (UN) Member States has adopted the 2030 Agenda for 

Sustainable Development in order to “protect the planet and improve the lives and 

prospects of everyone, everywhere” (https://www.un.org/sustainabledevelopment/). The 

Agenda is organized in 17 Sustainable Development Goals (SDGs), ranging from ending 

poverty to gaining gender equality to mitigating climate change. Affordable and clean 

energy is the mission of goal 7: ensuring sustainable energy at accessible price, promoting 

technological development and innovation are the topics involved. Efforts towards this 

goal will lead to environmental, social and health advantages.  

Based on these premises, the European Union (EU) Parliament and Council has enacted 

different directives on the promotion of the use of energy from renewable sources over 

the past years, namely the 2009/28/CE and the EU 2015/1513.The last directive EU 

2018/2001 set the targets on energy consumption, sustainability and greenhouse gas 

emissions by 2030: “Member States shall collectively ensure that the share of energy from 

renewable sources in the Union's gross final consumption of energy in 2030 is at least 

32%” (art. 3, par. 1) and “set an obligation on fuel suppliers to ensure that the share of 

renewable energy within the final consumption of energy in the transport sector is at least 

14 % by 2030” (art. 25, par. 1). Italy has reached the overall national target for 2020 fixed 

at 17%, contributing to the final goal of 30% by 2030 (Table 1).  

 Target for share of energy 

from renewable sources in 

gross final consumption of 

energy, 2020 

Target for share of energy 

from renewable sources in 

gross final consumption of 

energy, 2030 

Belgium 13% 17.5% 

Bulgaria 16% 25% 

Czech Republic 13% 20.8% 

Denmark 30% 55% 

Germany 18% 30% 

Estonia 25% 42% 

Ireland 16% 15.8% to 27.7% 
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Greece 18% 35% 

Spain 20% 42% 

France 23% 33% 

Croatia 20% 36.4% 

Italy 17% 30% 

Cyprus 13% 22.9% 

Latvia 40% 45% 

Lithuania 23% 45% 

Luxembourg 11% 25% 

Hungary 13% 21% 

Malta 10% 11.5% 

Netherlands 14% 27% 

Austria 34% 45% to 50% 

Poland 15% 21% 

Portugal 31% 47% 

Romania 24% at least 34% 

Slovenia 25% 27% 

Slovak Republic 14% 18% 

Finland 38% 50% 

Sweden 49% 65% 

United Kingdom* 15% 22% to 29% 

EU 30% 32% 

Table 1: data taken from National energy and climate plans (NECPs) 
(https://ec.europa.eu/energy/topics/energy-strategy/national-energy-climate-plans_en). *even though UK 
has left EU on February 2020, their NECP was submitted shortly before the end of 2020 (ending of the 
transition period). 

 

The article 29 focus on sustainability and greenhouse gases (GHGs) emissions saving 

criteria for biofuels, bioliquids and biomass fuels. GHGs emission is only one of the 

parameter to consider for Life Cycle Analysis (LCA), a system used for life-cycle energy 

quantification and environmental impacts (Dunn, 2019) (Fig. 1). Agronomic practices, 

including fertilization, irrigation and land usage, are also crucial in assessing 

sustainability. 
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Fig. 1: Stages of biofuel and bioproduct LCA and influencing factors (from Dunn 2019). 

 

In 2019, the Food and Land Use Coalition (FOLU) wrote a global report 

(https://www.foodandlandusecoalition.org/global-report/) that claimed the need to “focus 

on bioenergy crops that lower the pressure on land and that do not compete with food 

production or restoration of natural ecosystems or degraded lands”. Protect, restore and 

promote sustainable use of terrestrial ecosystems, sustainably manage forests, combat 

desertification, halt and reverse land degradation and halt biodiversity loss are the main 

topics of SDG 15. 

Taken together, the SDGs 7 and 15 can be brought back to SDG 13 on climate action. 

Land exploitation for food or bioenergy production is responsible for rising of GHGs 

emissions. Actions to mitigate the negative effects of climate changes require shifting 

economies towards carbon neutrality. The urgency for action was underlined at the 

COP26 (Conference of the Parties), that took place in Glasgow in November 2020, even 

though the final agreement seemed bland (https://unfccc.int/process-and-

meetings/conferences/glasgow-climate-change-conference-october-november-

2021/outcomes-of-the-glasgow-climate-change-conference).  
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1.1 Arundo donax L. 

1.1.1 A. donax origin and genetics 

Arundo donax L., also known as common reed or giant cane (Fig. 2), is a perennial grass 

plant, belonging to Arundo genus of the Poaceae family. This genus includes six species, 

as reported in the Taxonomy database from NCBI: A. donax L., A. plinii Turra, A. collina 

Ten., A. donaciformis Loisel, A. formosana Hack and A. micrantha Lam.  

 

Fig. 2: Arundo donax field in Sesto Fiorentino (Italy) 

A. donax is largely found in subtropical and temperate regions. It has been introduced in 

the Mediterranean basin from the South-Western Asia (Iran, Afghanistan, Pakistan) 

around 1500 AD (Hardion et al, 2014). Cytogenetic analysis on Mediterranean 

populations revealed a 2n=18x ploidy genome constituted by around 108-110 

chromosomes. Estimated DNA content (2C) is 4.9 pg, corresponding to a haploid genome 

of 2,401Mbp (1 pg = 980Mbp) and 54-55 chromosomes (Bucci et al, 2013; Hardion et al, 

2015). Starting from A. plinii, a fertile specie with 72 chromosomes, and Phragmites 

australis, another fertile specie belonging to the Poaceae family, with 96 chromosomes, 

two hypothesis have been proposed to explain the uneven ploidy of A. donax, (Fig. 3):  

- hypothesis 1: A. plinii underwent a chromosome doubling producing a fertile tetraploid 

that crossed with a diploid A. plinii created a sterile triploid (108 chromosomes). The 

addition of two chromosomes resulted in the aneuploid A. donax. 

- hypothesis 2: A. plinii tetraploid crossed with P. australis to produce a sterile hybrid 

(120 chromosomes). The loss of 10 chromosomes resulted in the aneuploid A. donax.  
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Fig. 3: Phylogenetic origin of A. donax. Number of chromosomes are reported in brackets (from Bucci et 
al, 2013) 

Similar ploidity (18x) is reported in North America, with 105 chromosomes (Touchell et 

al, 2016), while in Australia, A. donax is reported as heptaploid (7x), with 84 

chromosomes (Haddadchi et al, 2013). 

Because of the ploidy and high number of chromosomes, no genome is available to date. 

Only de novo A. donax transcriptome assemblies, from different tissues and/or under 

stress conditions, are available: leaf, culm, root and bud samples (Sablok et al, 2014), root 

and shoot samples under osmotic/water stress (Fu et al, 2016), and leaf samples from 

three ecotypes under different water regimens (Evangelistella et al, 2017). 

As result of aneuploidy, arundo is a sterile species, and spreads through rhyzomes or stem 

fragments. It is found almost everywhere; from subtropical to warm regions. Its fast 

growth rate, easily overcomes the native vegetation, disrupting the original ecosystem; 

this is the reason why this plant is listed among the 100 World's Worst Invasive Alien 

Species (Global Invasive Species Database 2021. http://www.iucngisd.org/gisd/).    

Since arundo reproduces asexually, the variability is assured by epigenetic modifications. 

DNA methylation seems to be the most relevant epigenetic mechanism leading to 

phenotype diversification, giving arundo the ability to colonize and adapt to different 

habitats. Methylation patterns could influence gene expression through gene silencing or 

transposable elements (TEs) activation (Guarino et al, 2019). Considering that 37.55% of 
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arundo genome is represented by TEs, their activation could have a great impact on 

variability (Lwin et al, 2017). 

Thanks to new techniques (i.e. CRISPR/Cas9) and new studies, the actual limits of 

genetics improvement of A. donax traits involved in biomass production, lignin content 

and stress resistance would be overcome and increase its importance among bioenergetics 

crops (Danelli et al, 2020). 

 

1.1.2 A. donax as energy crop 

Interest around A. donax as energy crop has increased along the years. This is due to A. 

donax peculiarities, such as fast growth rate, low input needs, ability of growing in 

marginal lands and minimal/null competition with feed/food production (Pilu et al, 2013; 

D’Imporzano et al, 2018; Ren et al, 2019). Its ability to cope with stresses, mostly abiotic, 

is widely reported (Cocozza et al,, 2020; Docimo et al,, 2019; Haworth et al,, 2019; 

Shaheen et al,, 2018) and it can also be employed for phytoremediation (Cano-Ruiz et al, 

2020; Cristaldi et al, 2020).  

Excluding the first year of implantation, A. donax does not require irrigation, pesticides 

and/or fertilizers treatments. Despite being a C3 plant, it shows very high photosynthetic 

rate (37 µmol m–2 s–1) and productivity like C4 species (Sánchez et al,, 2015). During its 

life cycle (12-15 years), it can produce an average of 40 t/ha of biomass, with lower cost 

of production compared to other bioenergetics crops (Corno et al, 2014) (Table 2).  

 € ha-1 year-1 

Arundo 700-1,000 

Corn, sorghum, rye and triticale 1,187-2,136 

Crop rotation (i.e. triticale plus corn or sorghum) 2,903-3,343 

Table 2: estimated cost production of bioenergetics crops in Italy (data from Corno et al, 2014) 

 

Second generation biofuels are defined as fuels produced by non-food biomass, such as 

switchgrass, mischantus, arundo. First generation biofuels, instead, derive from food 

biomass, such as sugar cane, sugar beet, corn or wheat. Comparing bioethanol yields, 

arundo produces 11,000 L ha-1, 50% more than sugar cane and sugar beet, and 20% more 

than mischantus. In terms of biomethane production, arundo yield (12,618 ± 3,588 Nm3 
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CH4 ha-1, as average) is higher than other energy crops, even if its anaerobic 

biogasification potential is lower (Corno et al, 2014).  

The main limiting factor in the biofuel production from arundo and other lignocellulosic 

biomasses is recalcitrance, i.e. the difficulty of freeing sugars needed for fermentation 

process from cell wall structure (Zeng et al, 2014). Lignin is the principal plant cell wall 

component: it confers rigidity to the wall itself, allowing plants to grow in height; it is 

involved in mineral transport; it is a barrier against pathogens and it is involved in stress 

resistance (Liu et al, 2018).  

Arundo is one of the highest grass species; however, its lignin content is similar to the 

others, with an average value of 21%, compared to 19% in switchgrass, 20% of sugarcane 

and 23% of mischantus (Pilu et al, 2013).  

Lignin in cell wall is composed of three subunits, sinapyl alcohol (S, its radical is called 

syringil); coniferyl alcohol (G, its radical is called guaiacylt) and p-coumaryl alcohol (H, 

its radical is called hydroxyphenyl), polymerized by peroxidases (POD) and laccases 

(LAC) in secondary cell walls. These subunits are known as monolignols and their 

synthesis take part in the phenylpropanoids pathway. Phenylalanine ammonia-lyase 

(PAL) and cinnamic acid 4-hydroxylase (C4H) catalyze the synthesis of p-coumaric acid 

from phenylalanine. The p-coumaric acid is hydroxylated by 4-coumarate 3-hydroxylase 

(C3H) into caffeic acid. The caffeic acid/5-hydroxyconiferaldehyde 3/5-O-

methyltransferase (COMT), then, is responsible of the 3-O-methylation of caffeic acid 

into ferulic acid. These hydroxycinnamates are converted to the corresponding CoA esters 

by 4-hydroxycinnamate: CoA ligase (4CL). Another way to synthetize caffeoyl CoA via 

the hydroxycinnamoylCoA: shikimate hydroxycinnamoyl transferase (HCT) and 

coumaroyl shikimate 3′-hydroxylase (C3H). The resulting caffeoyl CoA is 3-O-

methylated by caffeoyl CoA 3-O-methyltransferase (CCoAOMT). CoA esters are 

converted to corresponding aldehydes and alcohols by cinnamoyl CoA reductase (CCR) 

and cinnamyl alcohol dehydrogenase (CAD), respectively. COMT and ferulic 

acid/coniferaldehyde 5-hydroxylase (F5H) are involved in the flux from G to S 

monolignol (Fig. 4; Liu et al, 2018; Zeng et al, 2020). The caffeoyl shikimate esterase 

(CSE), that converts caffeoyl CoA to caffeic acid, is found in some species, while in 

others, including Brachypodium distachyon, Zea mays, and Sorghum bicolor, is absent 

(Ha et al, 2016). Also tyrosine ammonia-lyase is not always present: in some monocots, 
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PAL has also the ability to use tyrosine as substrate for p-coumaric acid synthesis (Jun et 

al, 2018). 

 

Fig. 4: Lignin biosynthesis pathway. Enzyme symbols are explained in the text above (from Liu et al, 2018) 

 

Pretreatment processes to increase sugars degradability can be applied, but they affect 

energetic costs and contribute to pollution. Modifications in lignin content and 

composition could be a solution: accessibility to cellulose, hemicellulose and other sugars 

could be improved, increasing the bioenergetics yield; however, they can cause unwanted 

effects on other metabolic processes, such as stress tolerance/resistance, undermining 

agronomics productivity (Baxter and Stewart, 2013). 

Salt stress has an impact on lignin deposition during secondary cell walls formation; 

however, key enzymes could be diversely affected by salinity (Le Gall et al, 2015). For 

example, in soybean roots and vessels a higher lignin deposition, following salt treatment, 

was determined (Neves et al, 2010; Sánchez-Aguayo et al, 2004). In rice plants, after 

treatment with 200 mM of NaCl, a lower expression of PAL and COMT was observed 

(Li et al, 2010); while CCoAOMT expression is increased in rice and Arabidopsis roots 

under salt stress (Salekdeh et al, 2002; Lee et al, 2004).  Transcription factors (TFs) 

should also be taking into account. TFs involved in lignin synthesis regulation belongs to 

MYB, MADS-box and WRKY families (Liu et al, 2018). In Arabidopsis, overexpression 

of MYB58 and MYB63 seem to be promote lignification (Zhou et al, 2009); and the 

transcription factor AGL5, a MADS-box member, regulates a class III peroxidase PRX17 

(Cosio et al, 2017).  In Medicago sativa L., down-regulation of a WRKY transcription 
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factor exhibited increased lignin level and enhanced biomass yield (Gallego-Gilardo et 

al, 2016). Also in Miscanthus × giganteus, overexpression of WRKY12 seems to repress 

lignin biosynthesis, through repression of CAD (Zeng et al, 2020). Indeed, A. donax 

should be considered ‘moderately sensitive’ to salt. In their work, Nackley and Kim 

(2014) demonstrated that arundo was able to maintain 50% of its growth when salinity is 

under 12 dS/m. This finding was also confirmed by the work of De Stefano and co-authors 

(2018) and promising evidences on salinity tolerance combined with high temperatures 

were reported by Di Mola and co-authors (2018). The S/G (syringyl/guaiacyl monomers) 

ratio measures the monomers yield during lignin depolymerization and it used as a 

predicting factor for recalcitrance: S/G ratio of A. donax is around 1.13-1.32, suggesting 

a lower efficiency in glucose release and bioethanol production with respect to other 

annual crops, as miscanthus, sorghum or wheat (Seca et al, 2000; Pilu et al, 2012). In 

Arabidopsis, plants where LAC17 gene was silenced, showed a higher S/G ratio, 

demonstrating that LAC17 is directly involved in G monomers deposition (Berthet et al, 

2011). In rice, overexpression of a F5H gene OsCAld5H1 increased the content of S units 

(Takeda et al, 2017). 

 

1.2 Eutrophication and salinization 

More than 16% of the total land area (about 52 million hectares) in the European Union 

is affected by degradation process. Eight major threats were identified: soil sealing, 

erosion, loss of organic matter, decline in biodiversity, contamination, compaction, 

hydro-geological risks and salinization. In 2005 the Soil Atlas of Europe was released as 

a collection of more than 40 National soil surveys and soil science institutions cooperating 

across Europe within the European Soil Bureau Network (ESBN) 

(https://esdac.jrc.ec.europa.eu/content/soil-atlas-europe). 

Nitrogen (N) and phosphorus (P) are essential elements for plant growth, but their natural 

replenishment in soils is slow, so application through use of fertilizers is necessary (Liu 

and Chen, 2014). However, massive use of fertilizers leads to an excessive N and P supply 

that is not absorbed by plants and is dispersed into soils, causing eutrophication of water 

bodies and soils contaminations (Cordell et al, 2009). According to data stored in the 

Fertilizer archive by FAO (http://www.fao.org/faostat/en/#data/RA), an increment by 2.3 

fold in P fertilization and by 7.4 in N fertilization from 1961 to 2022 was observed. 

Moreover, P fertilizers brings the risk of being trace elements sources, mainly arsenic, 
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cadmium, copper, chromium, mercury, nickel, lead, and zinc 

(https://www.fao.org/documents/card/en/c/cb4827en). Great efforts are made in reducing 

N fertilization, via EU directives (91/676/EEC) and national legislations, but still poor 

attention is paid to P fertilization. Within the framework of EU’s Common Agricultural 

Policy (CAP), some guidelines about more sustainable soils management are given, 

targeting the use of fertilizers and organic farming, but not explicitly targeting P 

management (Garske et al, 2020). P excess in soils is known to interfere with several 

aspects of plant metabolism such as starch biosynthesis (Fredeen et al, 1989), isoprenoids 

emission (Fernández-Martínez et al,, 2018), nitrate assimilation (Rufty et al,, 1990), and 

nutrients absorption (Gatiboni, L. 2018). Furthermore, excess of P supply causes leaf 

chlorosis and necrosis, inhibition of photosynthesis and Rubisco activity, lipid 

peroxidation and ROS accumulation (Takagi et al, 2020). 

Fertilization associated to hydro-geological risk, water deficiency and sea level raising is 

responsible of increasing salts in soils. Salinization affects over 1 million hectares of soils 

in the EU, mainly in the Mediterranean basin (FAO 2008). The types of salt affected soils 

(SASs) in Europe are principally of two types: saline soils (Solonchak), defined by high 

amount of soluble salt accumulation; and alkaline soils (Solonetz), defined by high 

alkalinity and high exchangeable sodium percentage (ESP). Characteristics of SASs by 

The Global Map of Salt-Affected Soils (GSASmap) are reported in the table below 

(https://www.fao.org/documents/card/en/c/cb7247en). 

EC (dS/m) Salinity 

intensity 

Effect on crop growth ESP 

(%) 

Sodicity 

hazard 

<0.75 None None <15 None 
0.75-2 Slight None 15-30 Slight 

2-4 Moderate Yields of sensitive 
crops 

may be restricted 

30-50 Moderate 

4-8 Strong Yields of many crops 
are limited 

50-70 High 

8-15 Very strong Only tolerant crops 
yield satisfactorily 

>70 Extreme 

>15 Extreme Only a few very 
tolerant crops yield 

satisfactorily 

  

Table 3: type of SASs. EC is Electrical Conductivity of soil saturated paste extract, in ds/m, and measures 
soil salinity; ESP is the Exchangeable Sodium Percentage, in %, and measures soil sodicity (from FAO 
document). 



12 
 

 

Salts, particularly sodium salts, cause impairment in the normal plant metabolism, 

affecting nutrient uptake, photosynthetic capacity and plant growth. Salinity significantly 

reduces P uptake in plants because phosphate ions precipitate with calcium (Ca2+) ions 

(Grattan and Grieve, 1998) and  induces both ion toxicity and nutrient deficiency through 

the induction of osmotic and oxidative stress (Almeida Machado and Serralheiro, 2017; 

Munns and Tester, 2008).  

 

1.3 Plants responses to abiotic stresses 

Environmental adverse conditions such as drought, flooding, salinity, heath, cold, heavy 

metal contamination and nutrient deficiency, are known as abiotic stresses, in opposition 

to biotic stresses, which indicate pathogens as bacteria, viruses, fungi, or nematodes. 

Abiotic stresses affect plants growth causing yield loss, and plants, which are sessile 

organisms, had to develop mechanisms to cope with them (Zhu et al, 2016).  

Since this thesis focused on the response of Arundo donax to salt stress and excess of P 

supply, only these abiotic stresses will be further described.  

The Salt Overly Sensitive (SOS) pathway was the first abiotic stress signaling pathway 

established and it is considered the major pathway involved in salt stress response (Zhu 

et al, 2000). SOS consists of three proteins: SOS1, SOS2 and SOS3. SOS1 is a Na+/H+ 

antiporter; SOS2 is a serine /threonine kinase; and SOS3 is an EF-hand calcium-binding 

protein. Salts stress elicits Ca+ signaling, resulting in Ca+ binding to SOS3 that in turn 

binds to and activates SOS2. SOS2 is then able to phosphorylate SOS1, which in turn 

regulates Na+ efflux at cellular level and is responsible for long distance transport of Na+ 

from root to shoots (Gupta and Huang, 2014). Moreover, the SOS3-SOS2 complex 

regulates a vacuolar Na+/H+ exchange (NHX), that transport Na+ from the cytoplasm to 

the vacuole (Yang et al, 2018). A link between SOS pathway and circadian clock under 

salt/osmotic stress has been recently discovered (Kim et al, 2013; Park et al, 2013). The 

protein GIGANTEA (GI) binds SOS2, inhibiting its kinase activity, under normal 

conditions; however, under salt stress, the binding between SOS3 and SOS2, frees GI, 

that is degraded by the proteasome (Park et al, 2016). SOS2 is a member of the sucrose 

non-fermenting 1-related protein kinase (SnRKs) family. SnRK2s are involved in osmotic 
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stress and ABA signaling, whereas SnRK3s are involved in salt and nutrient stresses 

(Hrabak et al, 2003). The role of ABA in drought and salt-stress responses is already 

known (Zhu et al, 2002). Other mechanisms involved in salt stress and osmotic stress 

responses are the activation of the mitogen-activated protein kinase (MAPK) cascades 

(Mishra et al, 2006) and the increased level ROS scavengers, such as superoxide 

dismutase, catalase and peroxidases. 

Concerning toxicity, symptoms caused by excess of P were reported in leaf of many 

plants, such as rice, wheat, barley, and Arabidopsis (Aung et al,, 2006; Wang et al,, 2009; 

Liu et al,, 2010). Excess of P is correlated to Zn and Fe deficiency in rice: accumulation 

in cells increases phytic acid synthesis, causing Zn e Fe precipitation. During P toxicity, 

Zn-SOD activity is diminished, while Fe-SOD activity showed no modification, implying 

that Zn deficiency is more severe than Fe deficiency (Takagi et al, 2020). Evidences of 

ethylene involvement in P excess are supported by upregulation of genes AtACS11 and 

AtACS7, isoform of 1-aminocyclopropane -1-carboxylate synthase (ACS), and several 

ethylene-related genes in A. thaliana (Shukla et al, 2017). 

 

1.4 microRNAs involvement in stress responses 

Several studies have shown that microRNAs (miRNAs) are strongly involved in the 

response to abiotic and biotic stress (Li et al, 2017) and that, plants can activate their 

physiological responses to stress by expressing some miRNAs, and act on stress-related 

target genes (Sun et al, 2019). miRNAs are a class of small RNA (sRNA) molecules of 

20-24 bp involved in the post-transcriptional regulation of a variety of fundamental 

biological aspects in eukaryotic organisms, including plants (Bartel 2004). miRNAs are 

transcribed by RNA polymerase II from MIR genes. These sequences, called primary 

miRNAs (pri-miRNAs), contain a self-complementary region that is processed by Dicer 

complex; the first cleavage removes the non-complementary part, originating the 

miRNAs precursor (pre-miRNA), while the second cleavage originates a small double-

stranded RNA molecule, known as miRNA/miRNA* duplex, with 2 nt 3’ overhangs. 

AGO1/HSP90 complex binds the duplex and free the miRNA guide strand, originating a 

mature RISC complex, that is transported into the cytoplasm, where it can perform its 

function: cleaving the target transcript or inhibiting the translation of the target (Kurihara 

& Watanabe, 2004; Manavella et al, 2019, Pegler et al, 2019). MIR genes are mostly 
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intergenic and organized in miRNA families, some of them common to land plants and 

others originated after eudicots/monocots divergency (Cuperus et al, 2011). Conserved 

MIR genes originated from genome duplication and rearrangements, so they can be found 

in multiple loci. As a consequence, conserved miRNAs are highly expressed. Novel MIR 

genes, instead, are often found in single copy, as they are recently emerged, and novel 

miRNAs show low expression levels (Voinnet, 2009). 

The most representative salt stress-responsive miRNAs include miR156, miR319, 

miR528, miR396 (Kumar et al, 2018; Sun et al, 2019).  

miR156 overexpression is linked to many biological processes, including abiotic stress 

tolerance. Indeed, in a 2 years open-field research project in USA, miR156 transgenic 

switchgrass plants showed delayed flowering and increased biomass production (Johnson 

et al, 2017). Furthermore, its role in salinity tolerance has been reported in many species, 

such as wheat and alfalfa (Zeeshan et al, 2021; Arshad et al, 2017). 

miR319 is involved in plant development, abiotic resistance, and cell wall biosynthesis 

by targeting TEOSINTE BRANCHED1, CYCLOIDEA, and PCF (TCP) family of 

transcription factors. In switchgrass, overexpression of miR319 suppresses the activity of 

the gene PvPCF5, part of TCP pathway, reducing lignin content, by increasing lignin 

monomer S/G ratio. (Liu et al, 2020). The same miR319-PvPCF5 module could be 

involved in salinity tolerance via enhancement of ethylene biosynthesis (Liu et al, 2019). 

The role of miR528, a monocot specific miRNA, in regulating salinity tolerance is well 

established. It plays its function through down-regulation of a gene encoding for L-

ascorbate oxidase (AAO) in O. sativa and A. stolonifera (Yuan et al, 2015; Wang et al, 

2021). Under salt stress, low level of AAO maintains a high ascorbate redox state and 

limits H2O2 accumulation, contributing to ROS scavenging and resistance to oxidative 

stress. 

The conserved miR396 is involved in plant growth and response to abiotic stresses 

through regulating Growth Regulating Factor (GRF) transcription factor genes. 

Transgenic overexpression of osa-miR396 into creeping bentgrass (A. stolonifera) 

resulted in altered plant development, less root biomass and increased capacity to tolerate 

salt stress (Yuan et al, 2019). The role of miR396 in salt stress is also reported in M. 

truncatula (Cao et al, 2018). 
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Two miRNAs, the miR397 and miR408, are related to lignin through regulation of laccase 

genes. In P. trichocarpa and A. thaliana, miR397 overexpression down-regulates the 

activity of laccase 17, an enzyme involved in the last step of lignin synthesis (Lu et al, 

2013; Wang et al, 2014). Laccases are a specific group of copper protein, whose codified 

genes are generally targeted by miR408. miR408 is Cu-mir (i.e., dependent on copper 

metabolism) and is conserved among more than 30 plant species and its overexpression 

is related to increasing photosynthesis rate in Arabidopsis, rice and tobacco, enhancing 

biomass yield (Song et al, 2018; Pan et al, 2018). Another Cu-mir is miR398, that targets 

two Cu/Zn superoxide dismutases (CSD1 and CSD2) in higher plants. Under salinity 

stress in A. thaliana, miR398 levels are negatively correlated to CSD1 mRNA levels, 

suggesting also a role in salinity stress for miR398 (Jagadeeswaran et al, 2009). 

Nutrient-responsive miRNAs are expressed mainly under nutrients deficiency. Under P 

deficiency, miR399 and miR827 are overexpressed. miR399 targets three genes: the Pi:H+ 

transporter (PHT1), the DEAD box helicase and the phosphate2 (PHO2), which encodes 

a putative ubiquitin-conjugating enzyme (UBC) (Hsieh et al, 2009; Fujii et al,, 2005). 

miR827 targets gene encoding proteins containing SPX domain, which is involved in Pi-

sensing, Pi transport in yeast and Pi xylem loading in plants (Hackenberg et al,, 2013). 

miR395, involved in sulphur metabolism via targeting ATP sulphurylases (APSs) coding 

genes, is down-regulated under P deficiency (Kumar et al, 2017). As a matter of fact, 

nutrients deficiencies are often related each another.  

Examples listed above are the proof that a fine regulation of different miRNAs-targets 

could lead to improved preferred traits of crops. Therefore, understanding the relationship 

among miRNAs and their targets could be the key for biotechnological improvement of 

crops production (Zhang and Wang, 2015). Focusing on bioenergy crops, improvements 

would consist in increasing quantity and quality of produced biomass, without losing the 

ability to face stresses. 

 

1.5 Next Generation Sequencing technologies 

The term Next Generation Sequencing (NGS) indicates technologies involving high-

throughput approaches to DNA/RNA sequencing, where millions of sequences are 

processed in parallel in order to obtain a consensus sequence. 
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The advent of NGS technologies has revolutionized the biological sciences. Thanks to 

their ability to produce higher amount of data in a shorter time and at lower cost in respect 

to the classical approaches such as Sanger sequencing and microarray (Table 4),  

NGS vs Sanger sequening NGS vs microarray 

High sensitivity: higher sequencing depth 

enables higher sensitivity (down to 1%) 

Discovery mode: detection of novel 

transcripts, gene fusions, single 

nucleotide variants, indels (small 

insertions and deletions), and other 

previously unknown changes without the 

use of probes 

Higher discovery power: identification of 

novel variants by increasing the number 

of targets sequenced in a single run 

Broad dynamic coverage: NGS outcomes 

are discrete, digital sequencing read 

counts, and can quantify expression 

across a larger dynamic range. The 

results are not limited by background at 

the low end and signal saturation at the 

high end 

Higher mutation resolution Higher specificity and sensitivity: NGS 

allows detection of a higher percentage of 

differentially expressed genes and also 

genes with low copy numbers 

Higher sample throughput Simple detection of rare and low-

abundance transcripts: the broad range of 

sequence coverage also allows detection 

of rare transcripts, single transcripts per 

cell, or weakly expressed genes 

Higher detection limits: sequencing 

samples that have low input amounts 

starting from 10 ng of input DNA and 

enormous data produced with the same 

amount of input DNA compared to 

Sanger method 
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Sequencing of emergency situations as 

outbreaks 

 

Table 2: Advantages of NGS over Sanger sequencing and microarrays. (Table from Meera et al, 2019). 

 

NGS technologies have been proven to be extremely useful and scientists from clinical 

to environmental research to agriculture have started to use them routinely to answer 

many biological questions. 

The NGS platforms currently available are:  

• ABI SOLiD (Sequencing by Oligo Ligation Detection) system was purchased by 

Applied Biosystem in 2006 and released at the end of 2007. It is a two-base 

sequencing based on ligation sequencing 

(https://www.thermofisher.com/it/en/home/brands/applied-biosystems.html); 

• Illumina purchased in 2007 Solexa, which released the Genome Analyzer in 2006. 

It uses sequencing by synthesis (SBS) technology (https://emea.illumina.com/);  

• Ion Torrent, commercialized by Thermo Fischer in 2006, uses semiconductor 

sequencing technology (https://www.thermofisher.com/it/en/home/brands/ion-

torrent.html).  

Among them, Illumina sequencing technology is the most popular and is responsible for 

generating more than 90% of the world's sequencing data (Data calculations on file. 

Illumina, Inc. 2015) (Liu et al, 2012; Meera et al, 2019). 

Thanks to NGS, the genome of many model species has been assembled. However, the 

use of NGS technologies for genome assembly of non-model species, particularly in 

plants, has still shortcomings, such as the genome duplication, the heterozygosity, the 

ploidy level, and repetitive sequence composition (Unamba et al, 2015; Hirsh and Buell, 

2013).  

In order to overcome these obstacles, more specialized NGS methodologies can be 

applied, each one addressing a specific issue. For example, de novo (genome or 

transcriptome) sequencing, metagenomics sequencing, RNA sequencing, smallRNA 

sequencing or degradome sequencing, only to mention some of them. 

RNA-sequencing (RNA-seq) is the methodology used for sequencing all RNA molecules 

transcribed, so, it is useful in gene discovery and gene expression. Different tissues and 
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different stages of development need different sets of proteins, so different mRNAs are 

transcribed. Moreover, responses to both biotic and abiotic stresses, different growth 

conditions and phenotypes lead to differential mRNAs transcription. Reads form RNA-

seq can also be used for de novo transcriptome assembly, in case genome reference is 

missing (Unamba et al, 2015), and for variants calling, when a genome reference is 

available (Piskol et al, 2013). 

smallRNA-sequencing (smallRNA-seq) is useful in miRNAs discovery, not only 

conserved miRNAs, but also novel miRNAs. Novel miRNAs are phylogenetically 

younger than conserved miRNAs, and usually expressed at lower levels. NGS 

technologies, thanks to their high sensitivity, could help in miRNAs discovery, also in 

non model crops, lacking a reference genome (Lakhotia et al, 2014). Furthermore, as 

RNA-seq, it gives a spatial and temporal picture of miRNAs in the samples, giving hints 

to understand their function (Axtell and Bartel, 2005). 

Degradome-sequencing (deg-seq), also referred to as parallel analysis of RNA ends 

(PARE), is a modified version of 5'-Rapid Amplification of cDNA Ends (RACE) using 

high-throughput sequencing methods. Thanks to this methodology, all 5’cap deprived 

RNA molecules can be identified and sequenced (German et al, 2008; Addo-Quaye et al, 

2008). Those RNA molecules can be remnants of miRNAs cleavage, but also remnants 

from generical endonucleases activities. This is the reason why a combined analysis with 

RNA-seq data and small-RNA data is required in order to identify deg-reads derived from 

miRNA’s activity. 

The world of NGS technologies is still developing. New platforms, such as single 

molecule real-time (SMRT) sequencing by PacBio or nanopore sequencing, are now 

arising, giving new opportunities, especially in the diagnostic and clinical field 

(Thompson and Milos, 2011).  
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1. PROJECT BACKGROUND AND OBJECTIVES 

Due to climate change and intensive agriculture, soils quality is fast degrading and the 

selection of stress tolerant second generation bioenergetic crops, able to growth on 

marginal lands avoiding competition with food/feed crops, is becoming no longer 

postponable. 

Thanks to its low agronomics input needs and its high rate of CO2 assimilation, Arundo 

donax L. is a promising bioenergetic crop and it is to preferred to other ones, such as 

sugarcane, corn, sorghum or poplar.  

However, bioenergy production from arundo, as well as from others bioenergy crops, is 

limited by the problem of the recalcitrance, defined as the resistance to enzymatic 

degradation of lignocellulosic biomass into fermentable sugars. 

The amount of lignocellulosic biomass is linked to the lignin deposition and is reported 

in the literature to be related to stress responses. Therefore, investigating what happen in 

arundo under stress conditions mimicking the situation of marginal lands is useful to 

clarify the mechanisms used by this plant to face stresses with the final aim of improving 

the quality and quantity of biomass and, consequently, biofuel production. 

This work aims to use an omics approach to investigate the molecular responses of A. 

donax to salt and phosphorus excess and fits into a larger project dedicated to study how 

arundo faces stresses, both biotic and abiotic, in order to identify mechanisms of 

resistance and adaptation to promote plant health in agriculture and forestry.  

The project called “CROPSTRESS – System performance of non-food crops to drought 

stress: development of a plant ideotype”, was founded by the SIR2014 program of the 

Italian Ministry of University and Research (RBSI14VV35), and was mainly developed 

at the Institute for Sustainable Plant Protection (IPSP), part of the National Research 

Council (CNR) of Italy. Its objective was to gain information on bioenergetics crop A. 

donax grown under abiotic constraints, such as drought and salinity, in order to address 

innovative mitigation strategies in the agricultural sector. Biochemical, physiological, 

molecular mechanisms and proteomics would have been explored during the three-year 

project. 

Within the framework of the CROPSTRESS project, A. donax plants were grown in 

controlled conditions and supplied with five different nutrient solutions: 
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1) Hoagland solution (Control, C);  

2) Hoagland solution deprived of phosphorus (no phosphorus supply, -P); 

3) Hoagland solution complemented with 8.0 mM KH2PO4 (excess of phosphorus, +P);  

4) Hoagland solution complemented with 200 mM NaCl (excess of salt, +Na); 

5) Hoagland solution complemented with both 200 mM NaCl and 8.0 mM KH2PO4 

(excess of phosphorus and salt, +NaP). 

Plant phenotyping, quantification of metabolites and ultrastructural imaging of leaves 

were conducted at different time points (after 9, 21 and 43 days of treatments, and after 1 

month of wash out). Transcriptomics data were obtained from samples at the end of 

treatments (i.e., 43 days) (Fig. 5).  

Fig. 5: CROPSTRESS project design. 

My PhD project started from leaf samples collected during the CROPSTRESS project at 

the end of treatments (+P, +Na and +NaP samples, specifically) and aimed to: 

• investigate the lignin pathway at transcriptional level, in order to expand our 

knowledge about lignin biosynthesis in A. donax with the final aim of enhancing 

cellulose accessibility and improving biomass yield; 

• study the transcriptional and post-transcriptional plant responses to salt stress 

and/or eutrophication, mimicking real conditions of marginal lands; 
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• study the relationship between lignin production and salt stress and/or 

eutrophication responses. 

-P treatment was left from the analysis because the PhD project focused on salt stress 

and/or eutrophication. 

A combination of different next generation sequencing approaches were used: 

• RNA-seq, to study the transcriptional response to stresses; 

• smallRNA-seq, to identify microRNAs (miRNAs) and study their expression 

during stresses; 

• Deg-seq, to identify target transcripts of miRNAs. 

Bioinformatics pipelines for sequencing data analysis are summarized in fig. 6. 

 

Fig 6: Pipelines developed for bioinformatics analysis of sequencing data. 
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Below, the three papers reporting the results obtained during the PhD program: 

 

I. Impact of high or low levels of phosphorus and high sodium in soils on 

productivity and stress tolerance of Arundo donax plants 

Claudia Cocozza, Federico Brilli, Laura Miozzi, Sara Pignattelli, Silvia Rotunno, 

Cecilia Brunetti, Cristiana Giordano, Susanna Pollastri, Mauro Centritto, Gian 

Paolo Accotto, Roberto Tognetti, Francesco Loreto. 

(2019). Plant Science, 289:110260.  

https://doi.org/10.1016/j.plantsci.2019.110260 

 

II. Identification of abiotic stress responsive microRNAs and their targets in the 

bioenergy crop Arundo donax L. by using high-throughput sequencing 

Silvia Rotunno, Claudia Cocozza, Vitantonio Pantaleo, Paola Leonetti, Loris 

Bertoldi, Giorgio Valle, Gian Paolo Accotto, Francesco Loreto, Gabriella 

Stefania Scippa, Laura Miozzi. 

In preparation 

 

III. Modulation of class III peroxidase pathways and phenylpropanoids in 

Arundo donax under salt and phosphorus stress 

Claudia Cocozza, Paola Bartolini, Cecilia Brunetti, Laura Miozzi, Sara Pignattelli, 

Alessandra Podda, Gabriella Stefania Scippa, Dalila Trupiano, Silvia Rotunno, 

Federico Brilli, Bianca Elena Maserti. 

In preparation 
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Impact of high or low levels of phosphorus and high sodium in soils on productivity 

and stress tolerance of Arundo donax plants 

Claudia Cocozza, Federico Brilli, Laura Miozzi, Sara Pignattelli, Silvia Rotunno, Cecilia 

Brunetti, Cristiana Giordano, Susanna Pollastri, Mauro Centritto, Gian Paolo Accotto, 

Roberto Tognetti, Francesco Loreto  

(2019) Plant Science, Volume 289, 110260.  

https://doi.org/10.1016/j.plantsci.2019.110260 

 

ABSTRACT 

The potential of Arundo donax to grow in degraded soils, characterized by excess of  

salinity (Na+), and phosphorus deficiency (-P) or excess (+P) also coupled with salinity 

(+NaP), was investigated by combining in vivo plant phenotyping, quantification of 

metabolites and ultrastructural imaging of leaves with a transcriptome-wide screening. 

Photosynthesis and growth were impaired by +Na, -P and +NaP. While +Na caused 

stomatal closure, enhanced biosynthesis of carotenoids, sucrose and isoprene and 

impaired anatomy of cell walls, +P negatively affected starch production and isoprene 

emission, and damaged chloroplasts. Finally, +NaP largely inhibited photosynthesis due 

to stomatal limitations, increased sugar content, induced/repressed a number of genes 10 

time higher with respect to +P and +Na, and caused appearance of numerous and large 

plastoglobules and starch granules in chloroplasts. Our results show that A. donax is 

sensitive to unbalances of soil ion content, despite activation of defensive mechanisms 

that enhance plant resilience, growth and biomass production of A. donax under these 

conditions  
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Identification of abiotic stress responsive microRNAs and their targets in the 

bioenergy crop Arundo donax L. by using high-throughput sequencing 

Silvia Rotunno1,2, Claudia Cocozza3, Vitantonio Pantaleo4, Paola Leonetti4, Loris 

Bertoldi5, Giorgio Valle5,6, Gian Paolo Accotto2, Francesco Loreto6, Gabriella Stefania 

Scippa4, Laura Miozzi2 

1 Department of Biosciences and Territory, University of Molise, Contrada Fonte 

Lappone, 86090 Pesche, Italy 
2 National Research Council of Italy, Institute for the Sustainable Plant Protection (CNR-

IPSP), Strada delle Cacce 73, 10135 Torino, Italy 
3 Department of Agriculture, Food, Environment and Forestry (DAGRI), University of 

Florence, Via San Bonaventura 13, 50145 Florence, Italy 
4 National Research Council of Italy, Institute for Sustainable Plant Protection (CNR-

IPSP), Research Unit of Bari, CNR, 70126 Bari, Italy 
5 BMR Genomics S.r.l, via Redipuglia 22, 35131 Padova, Italy 
6 Department of Biology, University of Padua, via Ugo Bassi 58/B 35131 Padova, Italy 
7 Department of Biology, University of Naples Federico II, Naples, Italy 

 

* Corresponding author, email: laura.miozzi@ipsp.cnr.it 

 

In preparation 
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ABSTRACT 

MicroRNAs (miRNAs) are a class of non-coding molecules involved in the regulation of 

a variety of biological processes. MiRNAs have been identified and characterized in 

several plant species, but not in Arundo donax L., one of the most promising bioenergy 

crops. Here we identified, for the first time, A. donax conserved and novel miRNAs 

together with their targets, through a combined analysis of high-throughput sequencing 

of small RNAs and degradome libraries, in plants grown in control conditions and under 

stress induced by accumulation of phosphorous and sodium, alone or in combination. A 

total of 134 conserved miRNAs, belonging to 33 families, and 27 novel miRNA 

candidates were identified. Integration of miRNAs and degradome data identified 

conserved miRNAs that play a role in the response to abiotic stress (belonging to miR169, 

miR399, miR528 and miR827, families); candidate novel miRNAs possibly involved in 

A. donax stress response were also proposed. 

The identified set of conserved and novel stress-related miRNAs, together with their 

targets, extends our knowledge about miRNAs in monocots and pave the way to 

understand miRNAs-mediated regulatory processes, particularly abiotic stress tolerance, 

in A. donax and other bioenergy crops. 

 

keywords: Giant reed, miRNAs, small RNAs, degradome, salt stress, phosphorus excess, 

abiotic stress 
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Modulation of class III peroxidase pathways and phenylpropanoids in Arundo 

donax under salt and phosphorus stress 

Cocozza Claudia1, Bartolini Paola2, Brunetti Cecilia2, Miozzi Laura3, Pignattelli Sara4, 

Podda Alessandra3, Scippa Gabriella Stefania4, Trupiano Dalila4, Rotunno Silvia2,4, Brilli 

Federico2, Maserti Bianca Elena2 

 

1 Department of Agriculture, Food, Environment and Forestry, University of Florence, 

50145 Florence, Italy 

2 CNR-IPSP- National Research Council, Institute for Sustainable Plant Protection, 

Strada delle Cacce 73, 10135 Torino, Italy 

3 Univerza v Novi Gorici, SI-5000 Nova Gorica, Slovenija 

4 Department of Biosciences and Territory, University of Molise, 86090 Pesche, Italy 

 

Corresponding author: claudia.cocozza@unifi.it 

Present address: Department of Agriculture, Food, Environment and Forestry, University 
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ABSTRACT 

Arundo donax L. is an invasive species that has been recently employed for biomass 

production due to its well-known ability to colonize harsh environment. The present study 

investigated the modulation of class III peroxidases and their substrates 

phenylpropanoids, through biochemical and transcriptomic analysis in A. donax after Na+ 

and P excess supply, both in single stress and in combination, and after growth at low P 

level. The levels of hydrogen peroxide, flavonoids (i.e., quercetin, apigenin and 

kaempferol) and the activity of class III peroxidases, as well as the expression of several 

genes encoding for their enzymes involved in their biosynthesis, increased when Na+ was 

supplied in combination with P. These results suggest that those biomolecules are 

involved in the response of A. donax, to the presence of +Na and P in the soil. Moreover, 

even though at the sampling time no significant accumulation of lignin has been 

determined, the trend of accumulation of such metabolite and most of all the increase of 

several transcripts involved in its synthesis was found. This work for the first time 

indicates the need of further investigation devoted to elucidate whether the strengthening 

of cell walls via lignin synthesis is one of the mechanisms used by A. donax to adapt to 

harsh environments. 

 

Keywords 

Arundo donax, stress tolerance, salt stress, phosphorus stress, peroxidase, transcriptome 
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2. CONCLUSIONS AND FUTURE PERSPECTIVES 

The first goal of this study was the de novo assembly of the transcriptome of A. donax L. 

under stress conditions. The assembly quality was high as indicated by BUSCO 

(Benchmarking Sets of Universal Single-Copy Orthologues) analysis, with 74.8% 

complete gene groups compared to the set of Embryophyta genes; moreover, functional 

annotation allowed to identify that more than 50% of arundo transcripts were orthologues 

of other Poaceae (paper I). Differential gene expression highlighted that stresses 

combination (+NaP) has the major impact, stating clearly that arundo is able to respond 

to changes in the environment, modifying rapidly its transcriptional machinery. Growth 

and biomass production were affected, as indicated by physiological measures. Plants, 

nevertheless, retain the ability to fully recover after one month of wash out from stress 

treatment. Single stresses seemed to have a lower impact on the plant: +P affects carbon 

metabolism and isoprene emission but does not hamper photosynthesis; +Na affects 

principally leaf cells ultrastucture. The enhanced biosynthesis of antioxidant carotenoids, 

sucrose and isoprene in +Na could have a protective role against salt stress, explaining 

arundo ability to growth in saline soils. 

The functional annotation of transcripts allowed to reconstruct the lignin biosynthetic 

pathway and determine the differential expression of genes belonging to this pathway in 

response to different stresses. Analysis of class III peroxidases activity and total lignin 

content (paper III) showed that lignin content is not altered in any treatment. However, 

+NaP treatment, a 2-fold increment of peroxidases activity with guaiacol substrate (G) in 

respect to control and up-regulation of a peroxidase 17 orthologue plus a down-regulation 

of peroxidases involved in syringal monomers deposition suggest a remodulation on 

lignin composition, that could influence the final S/G ratio. As already described, S/G 

ratio is an important measure to assess sugars accessibility: a higher lignin S/G ratio lead 

to a different lignin structural composition, that could increase the susceptibility to 

carbohydrate solubilization, lowering the recalcitrance. The data obtained seem to suggest 

that growing arundo in marginal lands could result in a biomass more suitable for 

bioethanol production. More specific analysis on lignin composition would be required. 

If this hypothesis prove to be true, it would be a great boost in arundo usage in both 

bioenergy production and land restoration usage.    
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Identification of miRNAs, through smallRNA-seq, and their targets, through deg-seq, was 

another important step: it was the first time that a catalogue of conserved miRNAs and 

candidate novel miRNAs for arundo was built (paper II). Until now, only miRNAs 

inferred from in silico analysis of RNA-seq data were available. Among the miRNA 

identified in arundo by this work, 134 miRNAs were conserved among dicotiledons and 

monocotiledons and 27 were targeted as candidate novel miRNAs. Stress-responsive 

miRNAs and their probable targets were identified. Few interesting examples follows: 

- miR169a targets a mRNA cleavage and polyadenylation factor (CLP1) homolog, 

involved in in the 3′-end cleavage and polyadenylation of eukaryotic mRNAs, a 

critical step of gene expression, that has been recently related also to the regulation 

of stress responses; 

- miR169c-5p a Vascular Plant One-Zinc-Finger (VOZ) 1-like transcription factor, 

involved in the defense against pathogens, and response to multiple types of 

abiotic stress. VOZ transcription factors positively affect salt stress tolerance 

through the regulation of many stress-responsive genes. It may be a promising 

target for salt-tolerant crops production; 

- miR528-5p targets an L-ascorbate oxidase (AAO), an enzyme involved in salt and 

oxidative stress responses. The slightly higher expression of miR528 in arundo 

treated with excess of salt, both +Na and +NaP treatments, suggests a conserved 

mechanism among plants. It also could be an interesting target for salt-tolerant 

crops generation; 

- miRC35861-11 targets a geranylgeranyl pyrophosphate synthase coding 

transcript, that is involved in the biosynthesis of carotenoids and is likely 

associated with tolerance to osmotic stress. In arundo under salt stress, carotenoids 

synthesis seemed to be enhanced. Therefore, this novel miRNA could be involved 

in osmotic stress response through regulation of carotenoids and, in turn, in salt 

stress response; 

- miRC37052-11 targets a PAD4 lipase-like coding transcript, involved in salicylic 

acid-mediated response. Salicylic acid is a phytohormone and its role in stress-

tolerance is already known. Hence, the novel miRC37052-11 could be involved 

in salicylic acid-mediated stress responses in arundo.  

Those miRNA-target pairs could be a promising list for further investigations with the 

final aim of biotechnological crop improvement, for both stress tolerance and biomass 
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yield. In general, deepening the knowledge on arundo ability to cope with salt stress and 

nutrients imbalance could help in using this plant for requalification of marginal and 

abandoned lands, helping to lighten the pressure on soil usage and mitigating climate 

change effects.   
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