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A B S T R A C T   

Arbuscular mycorrhizal fungi (AMF) have gained remarkable importance, having been proved to alleviate 
drought stress-induced damage in wheat due to their ability to ameliorate plant water use efficiency and anti
oxidant enzyme activity. However, despite the current relevance of the topic, the molecular and physiological 
processes at the base of this symbiosis never consider the single cultivar affinity to mycorrhization as an influ
encing factor for the metabolic response in the AMF-colonized plant. In the present study, the mycorrhizal af
finity of two durum wheat species (T. turgidum subsp. durum (Desf.)) varieties, Iride and Ramirez, were 
investigated. Successively, an untargeted metabolomics approach has been used to study the fungal contribution 
to mitigating water deficit in both varieties. Iride and Ramirez exhibited a high and low level of mycorrhizal 
symbiosis, respectively; resulting in a more remarkable alteration of metabolic pathways in the most colonised 
variety under water deficit conditions. However, the analysis highlighted the contribution of AMF to mitigating 
water deficiency in both varieties, resulting in the up- and down-regulation of many amino acids, alkaloids, 
phenylpropanoids, lipids, and hormones.   

1. Introduction 

The potential role of arbuscular mycorrhizal fungi (AMF) in low- 
input agriculture and sustainable agricultural management has 
emerged recently (Basu et al., 2018). Several authors have highlighted 
the ability of AMF to colonise plant roots and have shown the beneficial 
effects of this symbiosis in terms of soil nutrient uptake and protection 
from biotic and abiotic stresses (Pozo et al., 2010; Begum et al., 2019; 
Latef et al., 2016). Among abiotic stresses, AMF-triggered benefits have 
been observed under drought conditions, emphasising the potential use 
of mycorrhizae as an eco-friendly solution for marginal soils (dos Santos 
Pereira et al., 2018). Current climate change, characterised by increased 
temperatures, unpredictable precipitation, and reduced water avail
ability, has led researchers to deepen their understanding of the pro
cesses underlying drought tolerance in AMF-inoculated plants 
(Subramanian et al., 2006; Ortiz et al., 2015). 

Several studies have been conducted on durum wheat (Triticum tur
gidum subsp. durum (Desf.)) This crop is widely cultivated in different 

regions under varied climatic conditions, ranging from the Arctic Circle 
to the Equator, and from sea level to the high mountains in Tibet 
(Tadesse et al., 2020). Given the substantial yield losses caused by water 
scarcity (Farooq et al., 2014), AMF have been proposed to alleviate 
drought-induced damage in wheat because of their ability to ameliorate 
plant water-use efficiency and antioxidant enzyme activity (Augé et al., 
2015). AMF colonisation can provide both direct and indirect benefits to 
durum wheat, including the uptake and translocation of nutrients, 
mitigation of abiotic stress-related negative effects, resistance to path
ogens, and amelioration of the structure of soil aggregates (Ganugi et al., 
2019). Moreover, recent metabolomic studies have revealed that 
mycorrhizal colonisation significantly influences the metabolomic 
pathways and root exudation patterns in wheat roots (Saia et al., 2015; 
Lucini et al., 2019). AMF have been shown to modulate both primary 
(sugar, organic acid, and amino acid content) and specialized metabo
lites, with phenylpropanoids showing the strongest modulation in 
mycorrhizal plants (Kaur and Zhawar, 2015). Bernardo et al. (2019) 
studied the regulation of specialized metabolism in mycorrhized wheat 
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under water depletion conditions, which resulted in lipid, carbohydrate, 
oxidative stress, and brassinosteroid modulation. Furthermore, its 
impact on proteins related to sugar metabolism, cell wall rearrange
ment, cytoskeletal organisation, and sulfur-containing proteins has also 
been reported (Bernardo et al., 2017). 

AMF responsiveness indicates the changes induced in plants by AMF 
colonisation which includes changes in morphology and/or vigour and/ 
or performance and/or yields in response to a process generally defined, 
the amplitude of which depends on the plant-AMF strain combination, in 
addition to edaphic, agronomic, and stress conditions. Plant genetic 
polymorphisms underpin the differences in AMF responsiveness, and 
significant differences have been observed among accessions of the same 
species for various crops (Sawers et al., 2017; Berger and Gutjahr , 
2021). However, previous research did not take into account the 
different metabolic responses of mycorrhized wheat which may signif
icantly depend on the specific cultivar affinity to AMF, which can vary 
significantly depending on the ploidy number, geographic origin, 
nutrient use efficiency, and year of release of the genotype, as well as 
specific chromosomal regions associated with mycorrhization symbiosis 
(Hetrick et al., 1992; Zhu et al., 2001; Yücel et al., 2009; De Vita et al., 
2018). Despite its pivotal role in determining the actual AMF-triggered 
relief from drought stress, the specific colonisation affinity of plants to 
mycorrhiza has been disregarded to date. Recently, the link between the 
genetic diversity of durum wheat and root affinity to AMF was investi
gated through a genome-wide association study, which allowed identi
fication of the chromosome regions involved in the symbiosis (Ganugi 
et al., 2021). In the aforementioned study, 127 accessions of durum 
wheat were genotyped using 35 K single nucleotide polymorphisms, 
resulting in 6 clusters with different affinities to Funneliformis mosseae 
and Rhizoglomus irregulare. This suggests that the mycorrhizal affinity of 
a given plant cultivar to mycorrhiza may play a pivotal role in deter
mining AMF responsiveness, even though it has been primarily 

underestimated to date. Therefore, this study aimed to comparatively 
investigate the root responses of 2 durum wheat species (T. turgidum 
subsp. durum (Desf.)) varieties, showing either high or low mycorrhizal 
affinity, respectively; under well-watered and water-deficient condi
tions. We hypothesised that high and low mycorrhizal affinities of host 
plants could have different effects on root metabolomics. Moreover, a 
larger alteration was observed under water-deficit conditions. There
fore, an untargeted metabolomics approach was chosen to comprehen
sively investigate the intricate crosstalk occurring during the 
AMF-root-stress interaction (Villate et al., 2021). Indeed, a broad 
metabolic reprogramming is elicited in roots following AMF colonisa
tion, during drought, and even more so during their combination (Ber
nardo et al., 2019). 

2. Results 

2.1. Characterisation of both varieties 

Ultrahigh-pressure liquid chromatography accurate-mass quadru
pole time-of-flight mass spectrometry with electrospray ionisation 
(UHPLC-ESI/QTOF-MS) analysis of Iride and Ramirez samples provided 
chemical characterisation of the root metabolomic profile of both 
varieties. 

Overall, 3294 putative metabolites were revealed in the Iride sam
ples, as provided in the supplementary material, together with the in
dividual abundance and composite mass spectra (Table S1). The heat 
map, obtained with fold-change-based clustering, identified 2 main 
clusters, with drought stress providing a hierarchically prominent role in 
shaping the metabolite profile (Fig. 1). Indeed, the [+AMF + STRESS] 
and [-AMF + STRESS] samples were gathered and markedly separated 
from the [+AMF-STRESS] and [-AMF-STRESS] roots. Within these two 
clusters, the effect of AMF treatment was visible; since for both 

Fig. 1. Unsupervised hierarchical cluster analysis of metabolite profile in Iride durum wheat roots, either mycorrhized or not, under drought or well- 
watered conditions. 
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[+STRESS] and [-STRESS] conditions, mycorrhized samples appeared 
distinct from the non-mycorrhized samples. 

Regarding Ramirez, the same untargeted metabolomic approach 
showed 3396 putative metabolites (Table S2), based on which the 
similarity/dissimilarity among conditions was identified through unsu
pervised hierarchical clustering analysis. Specifically, the fold-change- 
based heat map distinctly highlighted the same 2 clusters as Iride, 
identified by the [+STRESS] and [-STRESS] samples (Fig. 2). However, 
within these groups, the effect of mycorrhizal treatment was relevant 
only in the presence of drought stress, because a clear separation be
tween [+AMF] and [-AMF] roots was not achieved within the [-STRESS] 
cluster. 

To identify compounds that discriminate different metabolic profiles 
between conditions better, OPLS-DA Orthogonal projection to latent 
structures discriminant analysis) supervised analysis was performed. 
This multivariate approach generated a score plot that provided insights 
into the separation between experimental groups, starting from the 
metabolic data. 

Concerning Iride, non-stressed samples were grouped together, 
regardless of the presence or absence of AMF colonisation, while a sig
nificant effect of AMF was identified, reflecting the separation between 
the [+AMF + STRESS] and [-AMF + STRESS] conditions (Fig. 3a). The 
predictivity of the model was established by goodness-of-fit R2Yand 
goodness-of-prediction Q2Y values of 0.986 and 0.88, respectively. 
Moreover, cross-validation CV-ANOVA (p < 0.001) was adequate, 
outlier absence was confirmed by Hotelling’s T2 using both 95% and 
99% confidence limits (suspect and strong outliers, respectively), and 
the permutation test except for overfitting. 

Similar discrimination was achieved with the same multivariate 
analysis conducted on Ramirez samples, with R2Y = 0.974 and Q2Y =
0.727 as the model fitting parameters (Fig. 3b). The CV-ANOVA coef
ficient (p < 0.001) was acceptable, and permutation testing excluded 
overfitting. The OPLS-DA scatter plot showed a clear separation between 
conditions according to stress treatment, whereas no distinction 

between [+AMF] and [-AMF] samples was achieved in non-stressed 
roots. 

The compounds with a variable importance in projection (VIP) score 
≥1, representing the variables that mainly determined the discrimina
tion in the OPLS-DA score plot projection, were annotated for both va
rieties (Table S3). Among these discriminant compounds, alkaloids, 
flavonoids, terpenoids, and amino acids were the most represented 
metabolic classes in both, the Iride and Ramirez cultivars. 

2.2. Evaluation of AMF affinity 

The level of AMF affinity assessed by dissecting microscopy 
confirmed the presence of root symbiosis in the mycorrhized samples 
and the absence of fungi in non-mycorrhized samples, for both varieties 
and under both stress conditions. The two varieties showed significantly 
different affinities for mycorrhization, with Iride and Ramirez roots 
presenting a high (mean = 64.94%) and a low (17.36%) percentage of 
AMF affinity (Fig. 4). 

2.3. Metabolomics on the different conditions 

Based on previous results of chemical characterisation and mycor
rhizal affinity, volcano analysis was performed to determine root 
metabolite enrichment and depletion patterns under the given treat
ments. Metabolites with fold changes higher than 1.2 (p-value < 0.05, 
216 and 96 compounds for Iride and Ramirez, respectively) were 
selected for this analysis (Tables S4 and S5). A Venn diagram was con
structed to identify the shared and unique metabolites between the Iride 
and Ramirez varieties. The results showed that only 4.1% of the me
tabolites were common between the two (Fig. 5). The compounds listed 
in Tables S5 and S6 were loaded onto the PlantCyc Pathway Tool, where 
the principal metabolic pathways involved in the wheat varieties’ 
response to water deficit and mycorrhizal conditions were identified 
(Figs. 6 and 7). 

Fig. 2. Unsupervised hierarchical cluster analysis of metabolite profile in Ramirez durum wheat roots, either mycorrhized or not, under drought or well- 
watered conditions. 
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With respect to primary metabolism, amino acid and lipid biosyn
thesis were mostly affected by mycorrhizal inoculation and water deficit 
in both varieties. Iride samples showed elicitation of amino acid accu
mulation by mycorrhizal inoculation, especially for l-methionine and l- 
histidine biosynthesis. Moreover, amino acid biosynthesis was modu
lated in Ramirez by the AMF-drought interaction, particularly with 
respect to L-citrulline and L-proline content. However, lipid biosynthesis 
was negatively modulated in both varieties. In Iride, phospholipid 
desaturation was notably reduced, with decreased levels of glycer
olipids, including 1-oleoyl-2-(3E)-hexadecenoyl-phosphatidylglycerol, 
1-linoleoyl-2-(3E)-hexadecenoyl-phosphatidylglycerol, and 1-α-linole
noyl-2-palmitoyl-phosphatidylglycerol. However, this reduction was 
mild for the [+ AMF + STRESS] samples. In Ramirez, palmitoleate was 
downregulated by water deficit and by the combined effects of AMF and 
water deficit. 

Interestingly, extensive modulation of specialized metabolism was 
observed in both the varieties (Figs. 6 and 7). Among the N-containing 
compounds, alkaloids represented the most intensely modulated class of 
compounds, resulting in accumulation in the mycorrhizal water-stressed 
and non-stressed roots of both varieties. Under drought stress, (13S, 
14R)-13-O-acetyl-1,8-dihydroxy-N-methylcanadine and vindolidine 
accumulated in Iride [-AMF] roots, whereas increased levels of ecgonine 
methyl ester, (S)-tetrahydropapaverine, theobromine, 6-hydroxyproto
pine, and 7,8-dihydroberberine were observed after AMF inoculation. 
Lastly, 6-hydroxy-allocryptopine and noroxopluviine concentrations 

increased by AMF under well-watered conditions. In Ramirez, (S)-nan
dinine, (S)-stylopine, and noscapine appeared to increase under water 
scarcity, while the last compound, together with betaxanthine, showed 
high levels under AMF treatment. 

Phenylpropanoid content was positively modulated by drought in 
both varieties. In Iride, higher levels of lignans (5′-demethylyatein, 
thujaplicatin, and 6-methoxypodophyllotoxin) and flavonoids (3,7,4′- 
trimethylquercetin, isorhamnetin 3-sulfate, rotenolone, genistein, 6-C- 
glucosyl chrysin, and dalcochinin) were detected. Whereas, in Ramirez, 
higher levels of flavonoids (kaempferol 3-O-(3′′-O-p-coumaroyl, 6′′-O- 
feruloyl)-glucoside, patulitrin, cyanidin 3-O-[2′′-O-(xylosyl)-6′′-O-(p- 
coumaroyl) glucoside] 5-O-glucoside, naringin and luteolinidin) were 
observed. In contrast, accumulation of phenylpropanoid compounds 
following mycorrhizal root colonisation was observed only in Iride 
samples. 

Terpenoid levels showed opposite trend between the two cultivars, 
which were considered to surge and decline in Iride and Ramirez, 

Fig. 3. Orthogonal projection to latent structures discriminant analysis (OPLS-DA) supervised modeling of Iride (A) and Ramirez (B) root metabolomic profiles, 
either mycorrhized or not, under drought or well-watered conditions. 

Fig. 4. Boxplot representation of arbuscular mycorrhiza fungal root affinity 
(AMF %) of roots from Iride and Ramirez varieties, irrespective from the wa
tering regime. 

Fig. 5. Biosynthetic metabolic processes (A) and synthesis of specialized me
tabolites (B) modulated in [-STRESS + AMF], [+STRESS + AMF] and 
[+STRESS-AMF] Iride roots. Volcano Plot analysis (p < 0.05, fold change ≥
1.2) was performed on the metabolomics dataset, and differential metabolites 
were loaded into the PlantCyc Pathway Tool (https://www.plantcyc.org/). 
Metabolic subcategories are represented by the x-axis, while the y-axis stand for 
the cumulative log fold change (FC). The large dots correspond to the average 
(mean) of all FCs for the different metabolites in the class, while the small dots 
represent the individual log FC. 
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respectively. This effect was the result of both, the action of water deficit 
and the coupled effect of drought and AMF inoculation. Higher levels of 
taxunin, desoxyhemigossypol-6-methyl ether, gypsogenate-28-beta-D- 
glucoside, and soyasapogenol B were observed under low water avail
ability, whereas AMF induced an increase in the concentrations of (4S)- 
4-(5,5-dimethylcyclohex-1-en-1-yl)cyclohex-1-ene-1-carbaldehyde and 
3-hydroxylubimin. In contrast, under water deficit conditions, Ramirez 
mycorrhizal and non-mycorrhizal roots showed decreased levels of 
isolipitenone, valencene, and (3E)-4,8-dimethylnona-1,3,7-triene. 

Finally, the phytohormone profile was significantly modulated in 
both varieties. More specifically, gibberellin content exhibited a marked 
reduction in both Iride and Ramirez mycorrhized and water-stressed 
roots, whereas cis-tuberonic acid (a precursor of jasmonate) was nega
tively modulated only in the high-affinity variety colonised by AMF. 

3. Discussion 

Host plant affinity to AMF is highly variable and depends on many 
factors, including root anatomy, environmental characteristics (tem
perature, soil moisture, and fertility), and inoculum potential (Sharda 
and Koide , 2010; Eissenstat et al., 2015; Turrini et al., 2016). Moreover, 
significant variation in wheat genotype affinity to AMF has been re
ported (Singh et al., 2012; De Vita et al., 2018) and was confirmed by 
our experiment. Iride samples showed high levels of AMF symbiosis 

(64.94% on average), whereas a low rate of mycorrhization was 
observed in Ramirez roots (17.36%). 

Despite the extensive research carried out and great progress made to 
date, much work is still needed to clarify the mechanics and implications 
of plant-AMF symbiosis. Interestingly, recent studies have investigated 
the molecular basis of wheat species variability for mycorrhizal affinity 
and 11 putative quantitative trait loci (QTLs) linked to plant-AMF 
symbiosis, located on chromosomes 1A, 2A, 2 B, 5A, 6A, 7A and 7B, 
were detected (De Vita et al., 2018; Ganugi et al., 2021). De Vita et al. 
(2018) reported that markers associated with root colonisation are 
mainly co-located with genes coding proteins involved in stress re
sponses, plant growth and developmental processes, cellular homeo
stasis, biosynthesis of specialized metabolites, and pathogen resistance. 

In our study, metabolic regulation after AMF treatment in both va
rieties was evident only under water deficiency, while no visible 
mycorrhizal effect occurred under well-watered conditions. Conversely, 
the affinity to AMF of the two varieties, reported a markedly different 
plant response to fungal inoculum, reflecting the cultivar-specific ability 
to recruit AMF and promote effective root-mycorrhizal symbiosis. 
Consequently, cultivar-specific responses to AMF were observed by 
metabolomics under water deficiency, indicating the differences at the 
biochemical level, with a more remarkable alteration of metabolic 
pathways for Iride samples. This conclusion is in agreement with the 
analyses of Mäder et al. (2000), who suggested the potential use of AMF 

Fig. 6. Biosynthetic metabolic processes (A) and 
synthesis of specialized metabolites (B) modulated in 
[-STRESS + AMF], [+STRESS + AMF] and 
[+STRESS-AMF] Ramirez roots. Volcano Plot analysis 
(p < 0.05, fold change ≥ 1.2) was performed on the 
metabolomics dataset, and differential metabolites 
were loaded into the PlantCyc Pathway Tool (https: 
//www.plantcyc.org/). Metabolic subcategories are 
represented by the x-axis, while the y-axis stand for 
the cumulative log fold change (FC). The large dots 
correspond to the average (mean) of all FCs for the 
different metabolites in the class, while the small dots 
represent the individual log FC.   
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inoculation in dryland agriculture. 
Water scarcity negatively affects plant developmental processes, 

such as photosynthesis, transpiration, and water and nutrient uptake, 
depending on the stress level, plant genotype and growth stage (Kapoor 
et al., 2020). Usually, following limited water availability, plants start to 
produce reactive oxygen species (ROS), altering carbohydrate/protein 
synthesis and lipid metabolism, and can cause cell death and oxidative 
damage (Sharma et al., 2012). However, plants have evolved adaptive 
mechanisms to overcome water shortages, including the initial limita
tion of transpiration through stomatal closure and subsequent cyto
plasmic accumulation of osmoprotectant solutes. In addition, plants 
activate many processes to cope with the deleterious effects of water 
scarcity, including greater water uptake, improved stomatal conduc
tance, and increased water-use efficiency. 

In our study, this process of osmotic adjustment involved the mod
ulation of amino acids, alkaloids, phenylpropanoids, lipids, and hor
mones, confirming the findings from previous studies (Shao et al., 2009; 
Marček et al., 2019). Moreover, metabolic analysis revealed that AMF 
contributes to mitigating stress, resulting in the increased and decreased 
accumulation of numerous biochemical compounds and activation or 
deactivation of physiological pathways, as previously suggested 

(Bernardo et al., 2019). 
Concerning amino acids, the accumulation of citrulline in drought- 

stressed Ramirez samples supported the results of Akashi et al. (2008), 
and Kusvuran et al. (2013), , who reported that higher levels of citrulline 
in response to environmental stresses in the vegetative tissues of 
watermelon, melon, and chickpea, respectively. Thus, the increase in 
citrulline content, synthesised by plants from ornithine and carbamoyl 
phosphate, may play a key role in protecting cellular enzymes from 
oxidative damage. Similarly, the higher levels of 5-amino-2-oxopenta
noate could suggest an osmolarity increment during water limitation 
because proline biosynthesis, the biochemical pathway in which this 
compound is involved, is known to accumulate in dehydrated plant 
tissues of many species, including maize, wheat, and pea (Rampino 
et al., 2006; Charlton et al., 2008; Witt et al., 2012). Under the same 
water deficit conditions, Ramirez plants inoculated with AMF showed a 
downregulation of proline biosynthesis and a lower accumulation of 
citrulline than the non-AMF plants, indicating that AMF plants experi
enced less stress under drought conditions. 

Increased levels of these organic compounds were observed in both 
varieties under water scarcity, which is in agreement with previous 
experiments on wheat (Guo et al., 2020; Stallmann et al., 2020). It is 

Fig 7. Biosynthetic metabolic processes (A) and 
synthesis of secondary metabolites (B) modulated in 
[-STRESS+AMF], [+STRESS+AMF] and [+STRESS- 
AMF] Ramirez roots. Volcano Plot analysis (p < 0.05, 
fold change > = 1.2) was performed on the metab
olomics dataset, and differential metabolites were 
loaded into the PlantCyc Pathway Tool (https:// 
www.plantcyc.org/). Metabolic subcategories are 
represented by the x-axis, while the y-axis stand for 
the cumulative log fold change (FC). The large dots 
correspond to the average (mean) of all FCs for the 
different metabolites in the class, while the small dots 
represent the individual log FC.   
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known that alkaloids play a role in protecting plants from attacks by 
vertebrate and invertebrate herbivores (Shymanovich et al., 2015). 
Nevertheless, the accumulation of these compounds in plants has been 
reported to be involved in drought stress tolerance in many species, 
including Senecio longilobus (Briske and Camp, 1982), Catharanthus 
roseus (Jaleel et al., 2007), and Papaver somniferum (Szabó et al., 2003). 
Several alkaloids were found in higher quantities in AMF-colonized 
roots, as previously reported for tomato, ragwort roots (Rivero et al., 
2015; Hill et al., 2018) and some medicinal plants, including Campto
theca acuminata and Camptotheca. Roseus (Yu et al., 2010; de la 
Rosa-Mera et al., 2011). Moreover, the greatest alkaloid accumulation 
by AMF was observed under low water availability, occurring more 
markedly in the Iride samples, which showed a higher number of 
upregulated alkaloids. 

Increased concentrations of phenylpropanoids were observed in Iride 
samples under water deficit conditions, highlighting the pivotal role of 
these specialized metabolites in mitigating plant water scarcity, as re
ported previously for wheat (Ma et al., 2014; Kaur and Zhawar, 2015) 
and tomato (Sánchez-Rodríguez et al., 2011). AMF inoculation under 
drought conditions revealed the combined effects of mycorrhizae and 
stress on osmoprotectant production. In contrast, mycorrhizal roots of 
Ramirez wheat, both well-watered and under stressed conditions, 
showed decreased phenylpropanoid concentrations. Apparently, the low 
AMF affinity of this wheat variety could be the reason for decreased 
phenylpropanoid accumulation, which seems to play a crucial role in 
plant–microorganism interactions. For example, evidence supports the 
importance of flavonoids in mycorrhizal formation, including hyphal 
growth and spore germination (Mierziak et al., 2014). Elevated flavo
noid biosynthesis during mycorrhizal development has been found in 
white clover, melon roots and Medicago truncatula (Akiyama et al., 2002; 
Ponce et al., 2004; Schliemann et al., 2008). Interestingly, increased 
levels of these compounds emphasise the improved ability of mycor
rhizal plants to resist stress (Harrison and Dixon, 1993). 

Accumulation of terpenoids in plants under drought stress conditions 
has been widely demonstrated (Munné-Bosch et al., 1999; Vaughan 
et al., 2015), revealing their antioxidant potential against oxidative 
damage. However, water shortage modulated the terpenoid content in 
Iride and Ramirez, exhibiting increased and decreased concentrations of 
these specialized metabolites, respectively. Similarly, under both 
well-watered and stress conditions, AMFinoculation did not lead to an 
increased terpenoid concentration in Ramirez samples, whereas higher 
levels of isoprenoids were achieved in Iride, supporting previous results 
concerning lettuce and sweet potato (Farmer et al., 2007; Baslam et al., 
2013). 

However, the dissimilar mycorrhizal modulation of terpenoid con
tent in the 2 durum wheat varieties could be ascertained to factors that 
have been found to lead to variability in AMF-associated terpenoid 
accumulation. As reviewed by Welling et al. (2016), decreased terpenoid 
accumulation in Ramirez could be affected by the wheat genotype and 
the specificity of AMF. Moreover, decline in symbiosis between plants 
and AMF, resulting in low mycorrhizal affinity, could have limited 
terpenoid accumulation in the host plant. 

Significant changes in the lipid content of the 2 wheat varieties were 
observed in roots exposed to water deficiency. In particular, glycer
olipids, which are involved in phospholipid and fatty acids biosynthesis, 
decreased in the stressed samples. Glycolipids and phospholipids are 
important membrane components and are primary targets of environ
mental stress (Hou et al., 2016). Drought stress activates distinct phos
pholipases that preferentially hydrolyse membrane phospholipids, 
leading to their degradation (Wang et al., 2020). Nevertheless, evidence 
suggests that AMF inoculation has evolved the ability of plants to 
positively modulate lipid composition to enhance stress tolerance 
(Begum et al., 2019). Interestingly, the reduction of phospholipid 
desaturation under water scarcity appeared to be greatly reduced in the 
mycorrhized roots of the Iride variety, probably revealing an increase in 
unsaturated lipids, which play an essential role in plant membrane 

stabilisation (Zhang et al., 2005). Moreover, the level of phosphatidyl
ethanolamine (PE), a non-bilayer-forming lipid, was markedly increased 
relative to that of the bilayer-forming lipid phosphatidylcholine (PC), 
thus contributing to overcoming drought stress by enhancing membrane 
flexibility (Vigh et al., 1986). In the mycorrhized roots of Ramirez, 
palmitoleate (16:1) concentration under water stress notably decreased, 
whereas it appeared to increase under well-watered conditions. Palmi
toleate (16:1) is synthesised by the fungus in intraradical mycelia 
starting from palmitic acid, which, in turn, is acquired from the host 
plant. Nevertheless, plant lipid transfer to AM fungi appears to be 
reduced by drought stress (Trépanier et al., 2005). Consequently, the 
low water availability and the limited contribution of mycorrhization to 
overcome this deficiency related to the low AMF affinity of Ramirez 
could explain the reduction in palmitoleic acid concentration. 

Finally, substantial evidence has emerged for water deficit and 
mycorrhizal modulation of wheat hormone levels. First, low water 
availability negatively modulated gibberellin content in both varieties 
(gibberellin A36 and A19 in Iride; A9, and A19 in Ramirez), suggesting 
their crucial role in conferring abiotic stress tolerance to plants, as re
ported by Colebrook et al. (2014). This result agrees with the results of 
Wang et al. (2008) and Krugman et al. (2011), who revealed, reduced 
gibberellin levels in maize and a decrease in GA 2-beta dioxygenase 
(GA2OX1) expression involved in gibberellin biosynthesis in wild ac
cessions of emmer. In addition, water deficiency led to the down
regulation of 6-deoxocastasterone in Iride samples, a plant hormone 
involved in brassinosteroid biosynthesis. Brassinosteroids are steroidal 
hormones that regulate many physiological responses such as seed 
germination, cell elongation, and root development (Wei and Li, 2016). 
Nevertheless, despite the additional role of these hormones in increasing 
drought tolerance in many species (Haubrick et al., 2006; Kagale et al., 
2007), plant responses to stress are not mediated by changes in brassi
nosteroid content (Jager et al., 2008). 

4. Conclusions 

Iride and Ramirez wheat varieties showed high and low levels of 
AMF symbiosis, respectively, reflecting the cultivar-specific affinity to 
mycorrhization which translated into a more remarkable alteration of 
metabolic pathways in the Iride samples. Nevertheless, AMF inoculation 
under water deficiency led to a broad metabolic reprogramming in both 
varieties, highlighting the contribution of fungi to mitigating stress. 

The results of this study emphasise the potential for further -omics 
based approaches exploiting the variability between durum wheat va
rieties and the mechanisms underlying the cultivar-specific affinity to 
mycorrhization. 

5. Experimental 

5.1. Experimental design, plant growth conditions, and AMF inoculation 

The experiment was conducted in a growth chamber at the Depart
ment of Agriculture (DAGRI), University of Florence, Italy. We used 2 
varieties of Triticum turgidum ssp. durum, “Iride” and “Ramirez”, which 
we had previously determined to differ in the extent of AMF affinity 
(Ganugi et al., 2021). In particular, Iride shows high mycorrhizal af
finity, whereas Ramirez shows low mycorrhizal affinity (Ganugi et al., 
2021). Both selected varieties were modern accessions and were 
genetically uniform (all seeds within the variety belonged to the same 
genotypes). Silty-clay agricultural soil (Table S6) was collected from a 
farm located in Grosseto, Italy (42◦53′04′′N11◦ 16′17′′ N). The soil was 
sampled at a depth between 0 and 10 cm at 3 different points, 20 m away 
from each other, along the diagonal of a 500 m2 plot, to obtain 3 in
dependent replicates. Subsequently, it was transferred to the laboratory 
to be air-dried, crushed, sieved (pore size: 2 mm), and then mixed with 
silica sand (0.2–1 mm size) and peat (Terriccio universal, Tuttofiori, 
TerComposti, Brescia, Italy) (3.5:3:3.5, w/w) to improve aeration and 
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drainage. The resulting soil mixture (Table S6) was homogenized and 1 
kg of soil was placed in square pots (22 cm × 10.5 cm). 

Subsequently, all pots were transferred to a climatic chamber with a 
cycle of 16 h light and 8 h dark, at a temperature of 15 ◦C during the light 
cycle and 25 ◦C during the night cycle. The experiment was conducted 
with 2 mycorrhizal ([+AMF] and [-AMF] for AMF-inoculated and non- 
inoculated plants, respectively) and 2 stress conditions ([+ STRESS] and 
[-STRESS] for well-watered and water-deficit plants, respectively). The 
experiments were arranged in a completely randomised design, with 4 
seeds per pot and 9 replicates per condition ([+AMF + STRESS], 
[+AMF-STRESS], [-AMF + STRESS], and [-AMF-STRESS]), amounting 
to a total of 72 pots (36 for Iride and 36 for Ramirez). The plant seeds 
were subjected to mycorrhizal treatments before sowing. Seeds were 
inoculated with the commercial product, MICOSAT F® SEMI wp (CCS 
AOSTA Srl. Italy) with 2 a.m. fungal species (Rhizoglomus irregulare and 
Funneliformis mosseae) at a concentration of 460 sp/g (230 sp/g of each). 
Furthermore, the commercial product also had beneficial rhizosphere 
bacteria (1 × 107 CFU/g) and saprophytic fungi (Trichoderma koningii; 3 
× 108 sp/g). One gram of the product (for each cultivar) was dissolved in 
250 mL of sterilised water as per manufacturer’s instructions, 108 seeds 
of each cultivar were tanned, and 3 seeds were sown into each pot. After 
3 months of growth and regular watering (60% of field water holding 
capacity), watering was stopped in [+AMF + STRESS] and [-AMF +
STRESS] only. Sampling was performed to detect the first mild pheno
typic symptoms of water stress in some plants which occurred after the 
15th day of irrigation interruption. All root samples from each pot were 
immediately frozen in liquid nitrogen and stored at − 80 ◦C for down
stream analysis. Root samples from 3 plants growing in each pot were 
pooled together as one sample. All root samples were subjected to 
mycorrhizal colonisation. The samples that did not show mycorrhizal 
colonisation under the [+AMF] treatment, and samples that showed 
mycorrhizal colonisation under [-AMF] conditions were discarded 
before further analysis. Thus, 3 individual replicates were selected for 
further metabolomic and mycorrhizal count analyses. The percentages 
of AMF root symbiosis were estimated using the gridline intersect 
method with a dissecting microscope (Wild, Leica, Milano, Italy) at 
25x or 40x magnification, after clearing with 10% KOH and staining 
with 0.05% trypan blue in lactic acid (Giovannetti and Mosse, 1980). 

5.2. Metabolomic analysis 

Root tissues were crushed to a fine powder with a mortar and pestle 
and immediately stored at − 80 ◦C for subsequent analysis. Two root 
aliquots (0.5 g) per sample (a total of 6 technical replicates per condi
tion) were extracted in 5 mL of 0.1% formic acid in an aqueous solution 
of 80% methanol using Ultra-Turrax (Ika T-25, Staufen, Germany), as 
previously reported (Ganugi et al., 2021). The extracts were centrifuged 
(12,000×g) and the obtained supernatants were transferred into vials 
and stored at − 20 ◦C until the analysis. The screening of root metabolites 
was carried out using liquid chromatography coupled with 
quadrupole-time-of-flight mass spectrometry, with an electrospray ion
isation source (UHPLC-ESI/QTOF-MS), according to a previously re
ported metabolomic analysis (Rocchetti et al., 2019). Briefly, 
reverse-phase chromatographic separation was performed using an 
Agilent pentafluorophenyl (PFP) column (2.0 × 100 mm, 3 μm) (Santa 
Clara, CA, USA) and a mobile phase of acetonitrile in water (6%–94% in 
33 min) with a flow rate of 200 μL min− 1. The mass spectrometer was 
run in positive SCAN mode (range of 100–1000 m/z, 1 Hz, 30,000 
FWHM). The Agilent Profinder B.07 software (Santa Clara, CA, USA) 
was then used to process the spectral data through the “find-by-formula” 
algorithm. Alignment was performed for both mass and retention time, 
and the compounds were annotated using the PlantCyc 12.6 database 
(Schläpfer et al., 2017) by means of the monoisotopic mass, isotope 
ratio, and isotope accurate spacing, according to Level 2 with reference 
to the COSMOS Metabolomics Standards Initiative (Salek et al., 2013). 
Only compounds present in 100% of the replicates within at least one 

condition were retained and analysed. 

5.3. Statistical analysis and data interpretation 

Metabolomic data analysis was performed using Agilent Mass Pro
filer Professional B.12.06 (Agilent Technologies) (Lucini et al., 2019). 
The abundance was Log2 transformed, normalised at the 75th percen
tile, and normalised to the median in the control. Based on fold change 
values, unsupervised hierarchical cluster analysis (HCA) was performed 
using the Ward agglomerative algorithm of the Euclidean distances to 
describe phytochemical patterns. Subsequently, the raw dataset was 
loaded into SIMCA 16 (Umetrics, Malmo, Sweden), pareto-scaled, and 
then elaborated in a supervised manner according to orthogonal pro
jections to latent structures discriminant analysis (OPLS-DA). ANOVA of 
the cross-validated residuals (CV-ANOVA) (p < 0.01) and permutation 
testing (N = 200) were conducted to validate and exclude model over
fitting. Subsequently, the goodness-of-fit R2Y and 
goodness-of-prediction Q2Y were also calculated. Based on the OPLS-DA 
model and adopting 95% and 99% confidence limits for the suspected 
and strong outliers, Hotelling’s T2 distance was used to investigate the 
outliers. Metabolites with a variable importance in projection (VIP) 
score ≥1 were recorded. Volcano analysis (p < 0.05, 
Benjamini-Hochberg correction; fold change >1.2) was performed to 
identify the differential compounds, and the output was analysed using 
the Omic Viewer Pathway Tool of PlantCyc software (Stanford, CA, 
USA) to identify the related biochemical pathways (Paley et al., 2017). 
Finally, a Venn diagram was created using the online tool Venny 2.1, to 
identify the differential metabolites shared between Iride and Ramirez. 
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