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Abstract: The effect of arbuscular mycorrhizal fungi (AMF) on yield and quality was investigated
on a set of seven bread wheat genotypes with varying years of release, including five old genotypes
and two modern varieties. A two-year field trial was conducted in central Italy under rainfed con-
ditions. The effect of AM fungal seed coating was proved by assessing the AM fungal root coloni-
zation and studied on agronomic and quality traits, and in particular on gluten-forming proteins
and grain mineral composition. AMF seed coating led to a general yield improvement in old geno-
types (+24%). Concerning the effects on grain quality, while modern genotypes showed an increase
in protein content (+16%), in the old ones an improvement of gluten quality was observed, with an
increased proportion of HMW-GS from +17% to +92%. The gluten index results were mostly influ-
enced by HMW-GS allelic configuration and amount, showing a significant correlation with gliadin-
to-glutenin ratio and HMW-GS to LMW-GS. Concerning mineral uptake, AM fungal treatment de-
termined a general increase in P content, which was more marked in the modern group (+44%).
Furthermore, AMF significantly increased mean Fe concentration in Verna (+53%) and Bologna
(+45%). Finally, phytate content did not increase with AMF, without affecting mineral bioavailabil-

ity.

Keywords: arbuscular mycorrhizal fungi; breadmaking quality; field inoculation; gluten;
host benefit; intraspecific variability; micronutrients; nutrient acquisition

1. Introduction

Wheat (Triticum aestivum L.) is the major crop in the world, generally cultivated in
temperate areas, and is a staple food in the human diet as a source of carbohydrates and
proteins. Flour-based products include bread, noodles, and bakery products, with specific
requirements for industry in terms of technological quality. Breeding activity across the
20th and 21st century led to the selection of genotypes with good adaptability, higher
productivity and resistance to environmental stress (abiotic and biotic), and good grain
quality. This selection, promoted in Italy by Nazareno Strampelli and developed by Nor-
man Borlaug with the introduction of the Reduction of height genes (Rht), led to the re-
lease of varieties with shortened crop cycle, reduced plant size, and good resistance to
biotic and abiotic stresses. A further target of the breeding was the improvement of end-
use quality [1-3]. The quality of wheat mainly depends on protein content and on the
composition of the storage proteins, also called gluten-forming proteins; these are consti-
tuted by monomeric gliadins (w-, Y- and a- type) and polymeric glutenins (HMW-GS and
LMW-GS), whose mixture determines the viscoelastic properties of dough [4]. Modern
varieties have been selected for favourable alleles and a higher expression of glutenins [5-
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7]. Other wheat traits associated with nutritional and health quality, especially for whole-
meal products, include dietary fibre, bioactive compounds, vitamins, and micronutrients
[8,9].

Despite the strong commitment of genetic improvement to enhance the quantity and
quality of crop production, agronomic management is developing new strategies and
techniques to promote stability in a climate change scenario. The use of microorganisms
as biofertilizers is a promising approach for their potential to reduce chemical inputs. Ar-
buscular mycorrhizal fungi (AMF, phylum Glomeromycota [10]) are known for their fa-
vourable interaction with plants and are associated with the promotion of plant growth,
mineral uptake, and biotic/abiotic tolerance [11]. The resulting symbiosis may be associ-
ated with the increase of wheat grain yield and mineral uptake [12,13]; however, the ef-
fectiveness of the interaction is also subjected to environmental and plant genetic varia-
bility [14]. The genetic variability within the Mediterranean germplasm, especially for old
landraces, is strongly influenced by the basin of origin with consequences for root and
crop adaptation to the environmental factors, also affecting grain quality [15].

In a recent study, a variable effect was reported of the field AM fungal inoculation of
Rhizophagus irreqularis DAOM 197198 with old and modern wheat varieties in terms of
increase in growth and micronutrient (Zn and Fe) uptake in shoots and grains, with mod-
ification in root AM fungal community [16]. However, no information is available on the
effects of AM fungal inoculation on other major quality traits, such as grain protein com-
position.

To this aim, we selected the species R. irregularis since it is ubiquitous and colonizes
the roots of wheat, with beneficial effects in grain and straw production [12]. The isolate
MUCL43194 (also named DAOM 197198 and DAOM 181602) of R. irregularis was selected
because it is easy to grow and reproduce in in vitro culture [17], which is a feature highly
appreciated for large-scale production of biofertilizers [18]. Moreover, in previous studies,
this isolate has been reported to produce a highly anastomized extraradical mycelium [19]
able to increase host nutrient acquisition due to its spreading into the surrounding soil
[20]. Finally, this isolate was successfully traced in field studies using an isolate-specific
molecular probe and was reported to persist within the roots of the inoculated crop at its
original abundance, after the first inoculation, or increased over time in different sites,
although the abundance was very low in some cases [21]. In this study, the compatibility
between R. irregularis MUCL 43194 and wheat varieties with varying years of release was
explored in relation to both crop productivity and improvement of grain quality. Moreo-
ver, differences in protein content and technological quality due to biofertilization treat-
ment were studied in relation to changes in storage protein composition. Finally, nutri-
tional quality was evaluated in terms of Fe and Zn concentration and bioavailability.

2. Materials and Methods
2.1. Experimental Set-Up and Crop Management

The field experiment was carried out in 2014/2015 and 2015/2016, at the Centre of
Agro-environmental Research (CIRAA) in San Piero a Grado (Pisa) on adjacent fields. The
soil at the experimental site in 2014/2015 and 2015/2016 was classified as silty-clay-loam
(sand, silt, and clay: 11.5%, 51.0%, 37.5%) and sandy-clay-loam (sand, silt, and clay: 49.7%,
20.8%, and 29.5%), respectively, according to the USDA soil taxonomy [22]. Soil pH in
2014/2015 was 7.5 and plant available Zn and Fe concentrations were 0.48 mg kg (low
availability) and 21 mg kg™ (medium availability), respectively, whereas in 2015/2016 soil
pH was 7.9 and available Zn and Fe were 0.83 mg kg (low availability) and 20 mg kg
(medium availability), respectively [23]. The climate of the site is cold, humid Mediterra-
nean (Csa), according to the Képpen—Geiger climate classification. The 10-year average
(2009-2018) of mean annual maximum and minimum temperatures is 20.4 and 11.0 °C,
respectively, and annual precipitation is 565 mm, with 367 mm during the wheat cropping
cycle from November to June [16]. Rainfall at the experimental site was higher than the
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10-year average, and varied over the two wheat cropping seasons: in 2014/2015 it was 763
mm and in 2015/2016 it was 622 mm (Figure 1). Conversely, temperature over the crop-
ping cycles was similar to the 10-year average.
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Figure 1. Rainfall ten-day data and minimum and maximum air temperatures during the growth
cycle of wheat in 2014-2015 (up) and 2015-2016 (down) at the experimental sites in San Piero a
Grado, Pisa, Italy. The data were collected from a nearby weather station Bocca d’Arno, Pisa.

For each experiment, a three-factorial experimental design with genotype [seven
bread wheat (Triticum aestivum L.) genotypes with different years of release (Table 1)], AM
fungal inoculation (AM fungal inoculation, +M; mock-inoculated, -M), and year of culti-
vation (Y) was arranged as a split-plot design, with AM fungal inoculation as the main
plot factor and genotype as the split-plot factor. Three replicate plots were set up. The area
of each plot was 100 m? (10 m x 10 m). AM fungal inoculation was carried out by coating
the seeds with 0.55 g m= (5556 spore m=) of Rhizophagus irregularis MUCL43194. Nitrogen
fertilizer was applied, as urea, at tillering and at stem elongation at 40 and 40 kg N ha",
respectively.

Table 1. List of the genetic material including information on year of release (YR), pedigree, glutenin
configuration, and score quality.

Group Genotype Code YR! Pedigree Glu-A1 Glu-B1 Glu-D1 Score
old Gentil Rosso Gl1 - landrace 1 13+19 2+12 7
Risciola G2 - landrace 1 7+8 2+12 8
Frassineto G3 1922 selection from Gentil Rosso 1 7 2+12 7
Autonomia B G4 1938 Frassineto 405/Mentana 1 7+8 2+12 9
Verna G5 1953  Est Mottin 72/Mont Calme 245 - 6 5+10 6
modern Blasco G6 2002 Oderzo/Barra 2 7+8 5+10 15
Bologna G7 2002 HB89092/H89136/Soissons 2 7+8 5+10 15

1'YR = year of release.

2.2. Arbuscular Mycorrhizal Fungal Root Colonization

At the end of tillering (GS26; 2nd April 2015 and 31st March 2016) and at booting
growth stages (G545; 28th May 2015 and 1st June 2016) [24], three plants, randomly se-
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lected in each replicate plot, were excavated with the root system (nine plants per treat-
ment, a total of 126 root samples for each growth stage and year of cultivation). Roots
were separated from soil by gently washing with tap water. AM fungal root colonization
was assessed by clearing and staining using lactic acid instead of phenol [25], and using
the gridline intersect method [26] under a stereomicroscope (Olympus SZX 9, Olympus
Optics, Tokyo, Japan).

2.3. Determination of Grain Yield, Yield Components, and Grain Quality

At physiological maturity (GS90) [24], plants from a 1 m? area for each replicate plot
were manually cut at ground level and number of spikes was determined. Plants were
then partitioned into straw, chaff, and grain. For yield determination (GY), plants from
each plot were harvested by a plot combine. For dry weight determination, samples from
all plant parts were oven dried at 65 °C, up to constant weight. Mean kernel dry weight
(KW) and number of kernels per spike (K/S) were calculated. Grain protein content (GPC)
and gluten index (GI) were assessed as reported by [3].

2.4. Analysis of Protein Composition and Quality

The analysis of gluten protein composition was performed according to [27]. Briefly,
100 mg of flour was suspended in 0.4 mL of KCl buffer (pH 7.8) and centrifuged to remove
soluble proteins. The KCl-insoluble fraction was suspended by extraction solution (1-pro-
panol 50% v/v, 1% DTT), after centrifugation at 10,000 g for 10 min (room temperature).
Extracted glutenins and gliadins were quantified by the Bradford method. The storage
proteins were separated by SDS-PAGE (T 12%, C 1.28%) at 25 mA (4 h at 10 °C) using an
SE 600 apparatus (Hoefer, Inc., Holliston, MA, USA). Gels were stained with Coomassie
Brilliant Blue G250 and digitally acquired (Epson Perfection V750pro). HMW-GS allelic
configuration of the Glul Quality score was determined according to Payne and Lawrence
(1983). Relative subunit expression was performed by densitometric analysis by software
ImageQuantTL (GE Healthcare, Bio-sciences AB). Gels were subdivided into HMW-GS
and B-type LMW-GS for glutenins, and w-type (S-poor) and y-type/a-type (S-rich) for gli-
adins. Storage protein composition was expressed as the ratios between gliadin-to-
glutenin (glia/glut), HMW-GS to B-type LMW-GS (H/L), and S-poor to S-rich gliadin
(S-/S+ glia).

2.5. Phytate and Mineral Determination

For phytate determination, 60 mg of samples was extracted with 10 mL of 0.2 N HCl
at room temperature for 2 h under continuous shaking. All determinations were made in
flour and bread. Phytate in the extract was determined by an indirect method as detailed
by [28] on a UV-vis spectrophotometer (Lambda 35, PerkinElmer, Norwalk, CT). For the
determination of grain Fe and Zn concentration, 0.2 g of samples was digested in concen-
trated nitric acid (HNOs). Iron and Zn concentrations in the digest were measured by an
atomic absorption spectrophotometer (model 373, PerkinElmer, Norwalk, CT) [29].

2.6. Statistical Analysis

Data were subjected to analysis of variance (ANOVA), with genotype (G) and AM
fungal inoculation (AMF) as fixed factors and year (Y) as random effect. A post-hoc Tukey
B significant difference test was used for comparison among means (HSD, P < 5%). Statis-
tical analysis was performed by means of JMP software (Version 8.0.2, SAS Institute Inc.,
2009). The Pearson correlation analyses between fungal, agronomic, and quality parame-
ters were performed on square root and standardized data (standardization by the total
values of the variables). This data matrix was also the input data for building a shade plot
image, representing the studied quantity parameters in all treatments by the depth/colour
of shading. The Pearson analyses and the shade plot representation were performed by
PRIMER v7. For each group of genotypes, old and modern, differences between the AMF-
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treated samples (+M) and the untreated controls (—-M) in percent changes were compared
by unpaired Student’s ¢-test.

3. Results
3.1. AM Fungal Root Colonization

At GS26, AM fungal root colonization was affected by the interaction AM fungal in-
oculation and year of cultivation, while it was not affected by the interaction G x AMF x
Y (Table 2). Arbuscular mycorrhizal fungal inoculation did not modify AM fungal root
colonization in both years and values were higher in 2014/2015 than in 2015/2016 (Figure
2A). However, in 2015/2016 inoculation increased the AM fungal colonization up to values
similar to the inoculated treatments in 2014/2015. By contrast, at GS45, AM fungal root
colonization was affected by the interaction G x AMF x Y (Table 2). In 2014/2015, AM
fungal root colonization was significantly increased by AM fungal inoculation in Risciola
(G2), Verna (G5), and Blasco (G6), whereas in the other genotypes colonization was non
modified (Figure 2B). In 2015/2016, AM fungal colonization was not modified by inocula-
tion in any wheat genotype.
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Figure 2. Effect of the interaction between arbuscular mycorrhizal fungal inoculation (AMF) and
year of cultivation (Y) (AMF x Y) on the arbuscular mycorrhizal (AM) fungal root colonization of
seven wheat genotypes sampled at the end of tillering (GS26) (A). Effect of the interaction among
wheat genotype (G) x AMF x Y on the AM fungal root colonization of wheat samples at the booting
growth stage (GS45) (B). -M: mock-AM fungal inoculated treatment (control); +M: AM fungal inoc-
ulated treatment. Wheat genotypes: G1: Gentil Rosso; G2: Risciola; G3: Frassineto; G4: Autonomia
B; Gb: Verna; G6: Blasco; G7: Bologna. Data are mean + SE. Different letters indicate significant dif-
ferences at P < 5% according to Tukey B test.



Agronomy 2022, 12, 2418

6 of 18

Table 2. P-values of three-way ANOVA on the effect of genotype (G), arbuscular mycorrhizal fungal
inoculation (AMF), and year of cultivation (Y) and their interactions on AMF root colonization (AMF
col.) at the end of tillering and at booting growth stages (GS26 and GS45, respectively) and on the
investigated wheat agronomic and quality parameters. In bold are statistically significant P values
according to the post-hoc Tukey B test.

Traits Parameter G AMF Y GxAMF GxY YxAMFGxAMFxY

AMF root colonization AMF col. GS261 0977  0.487 <0.001  0.514 0.400 0.039 0.606
AMEF col. G545  0.023  <0.001 <0.001  0.882 0.019 0.115 0.038

GY <0.001 <0.001 0.147 0.313 0.367  0.019 <0.001

Yield and their components Spikes <0.001 <0.001 0.697 0.056 0.399 0.811 <0.001
K/S 0.015 0.289  0.225 0.019 0.005 0.006 0.26

KW <0.001 0.002 0.733  <0.001 <0.001 0.716 <0.001

GPC <0.001 <0.001 0913 <0.001 <0.001 0.327 <0.001

GI <0.001 <0.001 <0.001 <0.001 <0.001  0.008 0.011

Grain proteins glia/glut <0.001 <0.001 0.087  <0.001  0.001 0.001 0.001
H/L <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.004

S-/S+ glia <0.001 <0.001 <0.001 <0.001 <0.001 0.012 <0.001

P 0.326  0.008  0.612 0.203 0.117  0.539 0.027

Fe <0.001 <0.001 <0.001  0.004 0.005 0.128 0.398

Grain minerals Zn <0.001 0.104 <0.001 <0.001  0.252 0.420 0.025
phy 0.001 0.398 <0.001  0.002 <0.001 0.854 0.165

phy/Fe <0.001 0275 <0.001  0.024 0.024  0.561 0.207

phy/Zn 0.001 <0.001 <0.001  0.001  <0.001 0.547 0.231

1 AMF col. G526: AMF root colonization at tillering; AMF col. G545: AMF root colonization at boot-
ing; GY: grain yield; Spikes: spike density; K/S: number of kernels per spike; KW: kernel weight;
GPC: grain protein content; GI: gluten index; glia/glu: gliadin-to-gluten ratio; H/L: HMW-GS-to-B-
type LMW-GS ratio; S—-/S+ glia: sulphur-poor to sulphur-rich gliadin fractions ratio; P: grain phos-
phorus concentration; Fe: grain iron concentration; Zn: grain zinc concentration; phy: grain phytate
concentration; phy/Fe: ratio between phytate and iron in grain; phy/Zn: ratio between phytate and
zinc in grain.

3.2. Grain yield and yield components

No significant differences in grain yield were observed between the two crop years.
The interaction G x AMF x Y showed a significant increase in GY only for the old geno-
types Gentil Rosso (G1, +35%), Frassineto (G3, +76%), and Verna (G5, +58%) in 2014/2015,
and for Autonomia B (G4, +55%) in 2015/2016 (Figure 3A) due to AMF fungal treatment.
This productive improvement was mainly associated with a significant increase of spikes
per unit area (Figure 3B) while no relation was observed with the number of kernels per
spike (K/S) and with MKW. These results were also confirmed by the analysis of correla-
tions (Table 3). The main values relative to the two groups of genotypes showed a signif-
icant increase in yield due to AMF only in the old group (+24%, Table 4).
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Figure 3. Effect of the interaction among wheat genotype (G), arbuscular mycorrhizal fungal inocu-
lation (AMF), and year of cultivation (Y) (G x AMF x Y) on grain yield (A) and number of spikes per
m? (B). -M: mock-AM fungal inoculated treatment (control); +M: AM fungal inoculated treatment.
Wheat genotypes: G1: Gentil Rosso; G2; Risciola; G3: Frassineto; G4: Autonomia B; G5: Verna; G6:
Blasco; G7: Bologna. Data are mean + SE. Different letters indicate significant differences at P < 5%
according to Tukey B test.

Table 3. Correlation values among AMF root colonization (AMF col.) at the end of tillering (G26)
and at booting growth stages (GS45) and wheat agronomic and quality parameters. In bold are sta-
tistically significant P values according to the correlation of Pearson ® on square root transformed
and standardized data (standardization based on the variables over the maximum value).

AMEF col.

GY Spikes K/S KW GPC GI Glia/Glut H/L S-/S+Glia P Fe Zn

GS261 GS45

GS45  0.305
GY 0.098 0.244
Spikes  0.045 0.185
K/S  0.008 0.113
Kw 0122 0.011
GPC 0161 0.177
GI 0.211 0.148
glia/glut 0.068 0.244
H/L  0.046 0.419
S-/S+glia 0.059 0.437
P -0.055 0.244
Fe  -0.367 -0.140

0.703

0.417 -0.145

0.277 -0.013 -0.311

-0.003 -0.151 -0.098 0.357

0.366 0.351 -0.091 0.297 0.215

0.048 0.034 0.131 -0.147 0.101 -0.109

0.464 0.385 0.123 0.100 0.049 0.291 -0.181

0.091 0.037 0.108 -0.032 0.042 -0.156  0.505 0.217

0.180 0.126 0.009 0.106 0.380 0.187 0.137 0.459 0.325

0.054 0.034 -0.105 0.183 0.052 0.088 -0.023 0.152 0.065 0.344

Zn -0.258 —0.077 0.020 0.010 -0.042 0.080 0.118 —0.008 0.166 0.048 0.070  0.359 0.383

phy 0435 0.388

-0.02 -0.15

-0.087 -0.121 0.063 -0.062 0.200 0.015  0.210 0.108 -0.354 —0.250

9 2

1 AMF col. GS26: AMF root colonization at tillering; AMF col. G545: AMF root colonization at boot-
ing; GY: grain yield; Spikes: spike density; K/S: number of kernels per spike; KW: kernel weight;
GPC: grain protein content; GI: gluten index; glia/glu: gliadin-to-gluten ratio; H/L: HMW-GS-to-B-
type LMW-GS ratio; S—-/S+ glia: sulphur-poor to sulphur-rich gliadin fractions ratio; P: grain phos-
phorus concentration; Fe: grain iron concentration; Zn: grain zinc concentration; phy: grain phytate
concentration.
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Table 4. Effect of AMF treatment on root colonization, agronomic and quality parameters in the old
and modern groups of bread wheat genotypes. Data are expressed as mean values (+ standard de-
viation) and percent change of the AMF inoculated samples in comparison with the untreated ones
(+M vs. —-M). Statistically significant differences were evaluated according to Student’s t-test at P <

5%.

Parameter Unit Old +Mvs.-M  t-Test Modern +Mvs.-M  t-Test
AMF col. GS261 % 10.7 £5.1 -11% ns 11.3+5.0 6% ns
AMF col. G545 % 14.6 £53 35% * 144 +6.5 48% *

GY mg/m? 416 +91 24% * 482 + 56 8% ns
Spike heads/m? 452 +77 16% * 532 +55 2% ns
K/S n/m?2 23+3.8 5% ns 21.8+24 2% ns
KW mg 40.3+4.0 1% ns 42.1+5.0 8% ns
PC % 11.7+0.9 1% ns 119+1.1 16% *
GI units 61.8+17.5 14% ns 924+77 7% ns
glia/glut - 0.84 +0.09 1% ns 0.80 +£0.10 18% *
H/L - 0.53+0.14 54% * 0.56 +0.11 5% ns
S-/S+ glia - 0.23 +0.07 37% * 0.20 +0.07 50% *
P g/kg 75+19 7% * 84+27 44% *
Fe mg/kg 35.7+10.5 13% ns 36.5+10.0 30% *
n mg/kg 21.1+53 -1% ns 229+6.1 25% *
phy mg/kg 13.0+ 3.0 -10% ns 11.5+4.6 20% ns
phy/Fe mg/kg 65.2+23.7 -3% ns 54.9 +28.6 -10% ns
phy/Zn mg/kg 33.7+13.0 -19% ns 29.1+14.6 5% ns

1 AMF col. GS26: AMF root colonization at tillering; AMF col. GS45: AMF root colonization at boot-
ing; GY: grain yield; Spikes: spike density; K/S: number of kernels per spike; KW: kernel weight;
GPC: grain protein content; GI: gluten index; glia/glu: gliadin-to-gluten ratio; H/L: HMW-GS-to-B-
type LMW-GS ratio; S-/S+ glia: sulphur-poor to sulphur-rich gliadin fractions ratio; P: grain phos-
phorus concentration; Fe: grain iron concentration; Zn: grain zinc concentration; phy: grain phytate
concentration; phy/Fe: ratio between phytate and iron in grain; phy/Zn: ratio between phytate and
zinc in grain; ns = difference not significant; * = difference significant at P < 5% according to Student’s
t-test.

3.3. Protein Content and Composition

The significant interaction G x AMF x Y determined a contrasting response of geno-
types to the AMF treatment. In particular, only modern Bologna (G7) showed, in both
crop years, an increase of GPC (+18%) with seed coating mycorrhization, while Blasco (G6)
only in 2014/2015 (+15%) and Verna in 2015/2016 (+16%) (Figure 4A). In general, GPC
showed a significant increase with AMF treatment only in the modern group (+16%), as
reported in Table 4.
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Wheat genotype
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u-M n+M
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Figure 4. Effect of the interaction among wheat genotype (G), arbuscular mycorrhizal fungal inocu-
lation (AMF), and year of cultivation (Y) (G x AMF x Y) on grain protein concentration (GCP) (A)
and gluten index (GI) (B). -M: mock-AM fungal inoculated treatment (control); +M: AM fungal in-
oculated treatment. Wheat genotypes: G1: Gentil Rosso; G2: Risciola; G3: Frassineto; G4: Autonomia
B; Gb: Verna; G6: Blasco; G7: Bologna. Data are mean + SE. Different letters indicate significant dif-
ferences at P < 5% according to Tukey B test.

Th gluten index (GI) was mainly dependent on genetic structure. Indeed, HMW-GS
allelic configuration influences the quality of gluten technological quality, as confirmed
by a different quality score (Table 1). The two modern genotypes, Blasco and Bologna,
showed the highest GI values, while Gentil Rosso and Verna showed the lowest quality
score and GI. Secondarily, environmental differences, in terms of crop season variability,
were observed with higher mean GI in 2014/2015 than in 2015/2016 (Figure 4B). As for the
effect of the AM fungal treatment on gluten technological properties, a significant mean
increase in GI was observed in +M with respect to —-M (Table 2). In particular, this resulted
in a higher GI in old Gentil Rosso (G1) +M in both years (+45%) and Risciola (G2 +M) and
Autonomia B (G4 +M, +58%) in 2015/2016 (Figure 4). The modern group of genotypes was
not markedly affected (Figure 4B). This is possibly due to the high values already achieved
on the basis of their favourable HMW-GS configuration, especially for Glu-B1 7+8 and
Glu-D1 5+10 (Table 1).

Changes in protein composition were observed in terms of glia/glut, H/L, and S-
poor/S-rich gliadin ratio (S-/S+ glia) (Figure 5). A genetic variability was observed with a
higher mean gliadin content (glia/glut) within the old genotypes, especially in Frassineto
(G3), which also showed the lowest HMW-GS/LMW-GS ratio (H/L) and a high S-/5+ glia
ratio corresponding to a high w-gliadin content. Risciola (G2) and Bologna (G7) had the
highest H/L ratio, showing the highest GI within the group of old and modern genotype,
respectively (Figure 5B). As for the effect of the year of cultivation, no marked variations
were observed except for the proportion of the w-gliadin on the S-rich gliadins (S—/S+ glia)
that resulted as higher in 2014/2015 (Figure 5C). Moreover, the interaction GXAMEFEXY re-
sulted as significant for all the protein composition parameters. Concerning glia/glu, the
AMF seed coating resulted in a significant decrease (—~19%) in Gentil Rosso (G1) and in a
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significant increase (+33%) in Bologna (G7) in both years (Figure 5A). All genotypes except
modern Bologna (G7) showed a higher H/L ratio in both crop years (Figure 5B) ranging
from +19% in Autonomia B (G4) in 2015/2016 to 118% in Frassineto (G3) in 2014/2015. With
regard to the S—/5+ glia ratio, a general mean increase with AMF treatment was observed
in both years except for Gentil Rosso (G1) showing a significant decrease (Figure 5C). The
correlation analysis showed a slight significant association between GI and H/L (Table 3).
Protein content showed no significant correlation with gluten composition traits. Finally,
generally higher S-/S+ glia ratios were observed in the old and modern groups of geno-
types with the AMF treatment (Table 4).

A 2014/2015 2015/2016

K "M = +M

1.0 Lk bk gy =

glia/glut

Gl G2 G3 G4 G5 G6 G7 Gl G2 G3 G4 G5 G6 G7
Wheat genotype

B 2014/2015 2015/2016

"M = +M

H/L

Gl G2 G38 G4 G5 G6 G7 Gl G2 G3 G4 G5 G6 G7
Wheat genotype

c 2014/2015 2015/2016

0.5

0.4
8 03
o
+
® 0.2
)

o
-

o
(<)

Gl G2 G3 G4 G5 G6 G7 Gl G2 G3 G4 G5 G6 G7
Wheat genotype

Figure 5. Effect of the interaction among wheat genotype (G), arbuscular mycorrhizal fungal inocu-
lation (AMF), and year of cultivation (Y) (G x AMF x Y) on glia/glut (A), H/L (B), and S-/S+ glia (C).
—-M: mock-AM fungal inoculated treatment (control); +M: AM fungal inoculated treatment. Wheat
genotypes: G1: Gentil Rosso; G2: Risciola; G3: Frassineto; G4: Autonomia B; G5: Verna; G6: Blasco;
G7: Bologna. Data are mean + SE. Different letters indicate significant differences at P <5% according
to Tukey B test.

3.4. Grain Mineral Composition

The effect of the interaction GXAMFxXY on grain P concentration was significant (Ta-
ble 2) and resulted in general higher values with an AM fungal seed coating ranging from
36% in Risciola (G2) 2014/2015 to 145% in Blasco (G6) 2014/2015, with the exception of
Autonomia B (G4), which did not show a significant difference in both years (Figure 6A).
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In terms of groups of genotypes, both the old and the modern ones showed an increase
with AMF treatment (+40% and +79%, respectively) as reported in Table 4.

Iron (Fe) concentration in grain ranged from 21.7 to 59.2 mg kg and was affected by
the interactions GXAMF and GxY (Table 2). AM fungal treatment significantly increased
Fe concentration only in Verna (G5, +53%) and Bologna (G7, +42%) (Figure 6B). Higher Fe
concentration was observed in 2015/2016 with respect to 2014/2015 in Risciola (G2), Verna
(G5), and Bologna (G7) (Figure 6C). Zinc (Zn) concentration in grain was affected by the
interaction G x AMF x Y as genotypes differently responded to AMF inoculation in the
two years (Figure 6D). A significant and positive effect (86%) of AMF treatment was rec-
orded for Bologna (G7) in 2014/2015 (17.8 vs. 33.0 mgkg" for -M and +M, respectively, P
<5%) and for Risciola (G2) (+53%) in 2015/2016 (20.0 vs. 30.7 mgkg™ for -M and +M, re-
spectively, P <5%).

Phytate concentration (phy) in grain was affected by the interactions G x AMF and G
xY (Table 2). Phytate concentration was significantly decreased by AMF only in Verna
(G5) (Figure 7A). Moreover, phytate concentration was lower in 2015/2016 for the geno-
types Gentil Rosso (G1), Risciola (G2), Verna (G5), Blasco (G6), and Bologna (G7), whereas
in Frassineto (G3) and Autonomia B (G4) the variations were statistically not significant.
Phytate content is considered one of the main drivers of mineral availability in the human
diet; for this reason, the ratio between phytate and Fe and Zn was calculated (phy/Fe and
phy/Zn, respectively). Iron and Zn bioavailability resulted in being markedly influenced
by genetic and environmental factors (Table 2). In particular, Bologna (G7) showed the
lowest phy/Fe and phy/Zn and, consequently, the higher bioavailability (Table S1). These
ratios were mainly influenced by changes in phytate content, resulting in a large variabil-
ity between the two years of cultivation, almost two-times higher in 2014/2015 with re-
spect to 2015/2016 (Figure 7B).

A 2014/2015 2015/2016
d w-M =+M

P (gkg-)

0
Gl G2 G3 G4 G5 G6 G7 Gl G2 G3 G4 G5 G6 G7
Wheat genotype

=2014/2015
=2015/2016

0
Gl G2 G3 G4 G5 G6 G7 Gl G2 G3 G4 G5 G6 G7
Wheat genotype Wheat genotype
D 40 2014/2015 2015/2016

0
Gl G2 G3 G4 G5 G6 G7 Gl G2 G3 G4 G5 G6 G7
Wheat genotype

Figure 6. Effect of the interaction among wheat genotype (G), arbuscular mycorrhizal fungal inocu-
lation (AMF), and year of cultivation (Y) (G x AMF x Y) on grain P (A) and Zn (D) concentration.
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Effect of the interaction G x AMF on grain Fe concentration (B) and of the interaction GxY on grain
Fe concentration (C). -M: mock-AM fungal inoculated treatment (control); +M: AM fungal inocu-
lated treatment. Wheat genotypes: G1: Gentil Rosso; G2: Risciola; G3: Frassineto; G4: Autonomia B;
Gb5: Verna; G6: Blasco; G7: Bologna. Data are mean + SE. Different letters indicate significant differ-
ences at P < 5% according to Tukey B test.

A
1 2014/2015 =2015/2016
e
- [ de ) 3 o
o)}
(o))
E
2
©
=
L
o
0
Gl G2 G3 G4 G5 G6 G7 Gl G2 G383 G4 G5 G6 G7
Wheat genotype Wheat genotype

Figure 7. Effect of the interaction between wheat genotype (G) and arbuscular mycorrhizal fungal
inoculation (AMF) (G x AMF) (A) and between G and year of cultivation (G x Y) (B) on grain phytate
concentration. -M: mock-AM fungal inoculated treatment (control); +M: AM fungal inoculated treat-
ment. Wheat genotypes: G1: Gentil Rosso; G2: Risciola; G3: Frassineto; G4: Autonomia B; G5: Verna;
G6: Blasco; G7: Bologna. Data are mean + SE. Different letters indicate significant differences at P <
5% according to Tukey B test.

3.5. Relationships among AM Fungal Colonization, Yield and Yield Components, Proteins and
Minerals in Grains

Arbuscular mycorrhizal fungal colonization at the end of tillering (G526) was posi-
tively and significantly related to gluten index (GI) and phytate concentration in grain
(phy), whereas it was negatively related to Fe and Zn concentration in grain (Table 3; Ta-
ble S2; Figure S1). Moreover, interestingly, AM fungal colonization at booting growth
stage (G545) was positively and significantly related to grain yield, the ratio between gli-
adin and gluten (glia/glu) and the ratio between high molecular weight glutenin subunits
and B-type low molecular weight glutenin subunits (H/L), and the concentration of P (P)
and phy in grain (Table S2). As expected, grain yield was positively and significantly re-
lated to spike density (spikes), number of kernels per spike (K/S), and kernel weight (KW),
whereas K/S was negatively and significantly related to KW. Finally, nutrient concentra-
tion in grain, such as P, was significantly and positively related to Fe and Zn concentra-
tions in grain, while, as expected, Fe and Zn were positively related to each other, and
negatively related to phy.

Finally, the shade plot image (Figure 8) represents a powerful tool for interpretating
the sample patterns in terms of individual parameters driving those patterns. Indeed, after
the transformation and standardization of data, which give a similar relative power to all
parameters, we can visualize which are the more variable parameters among plots of the
same treatments (e.g., AMF col. GS26 and phy) and the parameters which contribute the
most to the differences among treatments (those highly variable among treatments: e.g.,
GI, glia/glu, H/L, 5-/S+ glia, and P).
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Figure 8. Shade plot based on arbuscular mycorrhizal fungal colonization, yield and yield compo-
nents, and proteins and minerals in grain, highlighting variable patterns in mock-AM fungal inoc-
ulated (-M) wheat genotypes (G) and AM fungal inoculated (+M) G in the two years of cultivation
(2014/2015 and 2015/2016). The input data matrix was square rooted, and data were standardized
by the total value of the variables (parameters). For genotype (G), codes refer to Table 1. Parameters
are: AMF root colonization (AMF col.) at the end of tillering (G26) and at booting growth stages
(GS45); GY: grain yield; Spikes: spike density; K/S: number of kernels per spike; KW: kernel weight;
GPC: grain protein concentration; GI: gluten index; glia/glu: glia-din-to-gluten ratio, HMW/LMW:
HMW-GS-to-B-type LMW-GS ratio; S-/5+ glia: sulphur-poor to-sulphur-rich gliadin fractions ratio;
P: grain phosphorus concentration; Fe: grain iron concentration; Zn: grain zinc concentration; phy:
phytates concentration in grain. The quantity parameters are shown by depth/colour of shading
from white to black (scale from 0 to 100). Wheat genotypes: G1: Gentil Rosso; G2: Risciola; G3:
Frassineto; G4: Autonomia B; G5: Verna; G6: Blasco; G7: Bologna.

4. Discussion

The use of biofertilizers is considered a sustainable agronomic tool in order to im-
prove plant resource use efficiency and promote the development of the soil microbial
community with favourable consequences to crops [11]. Wheat represents the staple basis
for agriculture and food nutrition and any improvement in terms of sustainability and
quality may have a relevant impact on consumers. Most of the studies are generally con-
ducted under controlled conditions and with limited information on the interaction with
wheat genetic variability. The use of AMF has been previously investigated on wheat,
with a demonstrated impact on morphological and yield traits. Under our experimental
conditions, an increase in grain yield due to AMF seed coating was observed only in the
old genotypes, with a mean general increase of +24%, which is consistent with the world-
wide global observations on wheat of +20% percentage change between inoculated and
non-inoculated plants [12]. The increase of grain yield, mostly explained by variations in
spike number, was probably due to a better development in the early stages that led to an
advantage in terms of final crop production, and also due to an improvement in nutrient
uptake, especially P [11]. Previous studies investigating the differential response of wheat
genotypes to the symbiosis showed that some genotypes have consistently low levels of
AM fungal root colonization, whereas others have high levels [30-32]. Moreover, they re-
ported a significant interaction of genotype and AM fungal inoculation on grain yield and
grain and straw P concentration at medium soil fertility [32], and on nutrient concentra-
tion in shoots [31]. Moreover, the mycorrhizal dependency of the wheat genotype with
relatively high P efficiency was demonstrated to be lower than that of the genotypes with
lower P efficiencies [33], and that the output of the interaction is linked to intra-specific
variations in root traits at genotype level [34]. This is also supported by the recent work
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of Stefani et al. [35] that highlighted differences among old and new cultivars of wheat in
the recruitment of AM fungal communities from indigenous AM fungal populations un-
der field conditions. The effectiveness of AM fungal field inoculation is complex and de-
pends on several factors, including root AM fungal root colonization [36] and modifica-
tion in root AM fungal community structure [16,37]. Moreover, wheat genotypes that are
different in terms of root architecture can variably interact with AMF developing in roots
[16]. However, on durum wheat, no influence of breeding activity was observed in rela-
tion to AM fungal symbiosis, as shown by the effect of lower plant size with the introgres-
sion of the Reduced height (Rht) genes [14]. A comparable interaction with AM fungal
treatment in old and modern wheat genotypes was also previously observed [16], with an
increase in spike fertility and kernels per spike. Overall, our results on AM fungal root
colonization demonstrated that this trait did not decrease with the advancement of the
growth cycle. In detail, in 2014/2015 and 2015/2016 at GS26 in absence of AM fungal inoc-
ulation (-M), root colonization percentage was 15.0% and 7.5%, respectively, while at
G545 it ranged from 8.9% to 20.9% and from 8.1% to 11.7%, respectively. Moreover, in
inoculated conditions (+M), root colonization percentage at G526 was 12.3% and 8.8%,
respectively, while at G545 it ranged from 16.5% to 26.1% and from 10.5% to 16.0%, re-
spectively. However, a previous study on durum wheat [28] showed that in field condi-
tions, AM fungal root colonization percentage is higher at early crop stages and declines
with the advancement of the wheat crop cycle, when root dry weight and length is in-
creasing. Thus, our data suggest that in the roots of the studied genotypes AMF are still
growing and that the growth of the wheat root system did not determine a dilution of the
AM fungal root colonization [38,39]. At booting growth stage (G545), the increased root
colonization after inoculation with R. irreqularis MUCL43194 of three genotypes (Risciola,
Verna, and Blasco) during the first year of cultivation and the lack of effects in the other
cases demonstrated the differential compatibility of wheat genotypes with the inoculated
AM fungus in field conditions and a variable competitive ability of the inoculated isolate
over the native AMF. However, since in field conditions the natural AM fungal commu-
nity is present, we cannot discriminate with morphological tools between the inoculated
strain and native AMF. Earlier work, studying AM fungal diversity in wheat roots by mo-
lecular tools, had shown a differential AM fungal pattern in three genotypes (two old and
one modern), supporting the strong effect of host plant identify on root AMF communities
[16] and the large genetic variability in AM fungal compatibility and dependency found
in durum wheat [32,40]. In addition, other works have underlined the importance of AM
fungal community composition within roots rather than the AM fungal colonization in
affecting crop yield and quality [41].

It is known that HMW-GS are the main factors responsible for gluten quality of bread
wheat, while for pasta-making from durum wheat, a great contribution is also due to B-
type LMW-GS [6]. Indeed, the HMW-GS associated to high technological performance are
typically B x 7 and D x 5, characterized by major cysteine residues than other variants [42].
The breeding activity from the 20th century was selected for higher quality genotypes,
with increasing frequencies of the 5 + 10 Glu-D1 and 7 + 8 Glu-B1 pairs for hard wheat
[43], whereas the 2 + 12 Glu-D1 pair is generally preferred for the soft wheat supply chain
[27,44]. Further, not only glutenin configuration, but also expression, has been observed
as correlated with Gl in old and modern wheats [3,6]. The lower dough strength observed
in the old lines and landraces with respect to the modern cultivars is comparable to pre-
vious investigations [1,2,43,45].

Our results suggest a strict and positive relation between AM fungal colonization at
booting growth stage (GS45) and grain yield, glia/glu, HMW-GS to LMW-GS, phospho-
rous, and phytate in grain. Little information is available on the effects of AM fungal in-
oculation on wheat grain quality. In a study conducted on the modern bread wheat gen-
otype Bologna [46], the authors reported no significant changes in storage protein compo-
sition on samples treated with different biofertilizers. In accordance with our results, the
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authors reported a trend of reduction of the glutenins/gliadins for the AM fungal inocu-
lation with Rhizophagus irregularis with respect to the untreated control. Unfortunately,
the consortium with other different microorganisms in those commercial products makes
difficult the explanation of the contribution of the applied AMF. Concerning grain quality,
our results showed a significant effect of AM fungal inoculation on protein content in
modern genotypes and on protein composition in the old ones. This resulted in a higher
proportion of the S-poor storage protein sub-fractions, both in the polymeric glutenins
(HMW-GS, D-type LMW-GS) and in the monomeric gliadins (w-gliadins). This result was
highly evident in the old genotypes (+54%) that benefited from the higher HMW-GS ac-
cumulation in terms of technological gluten characteristics. The novelty that emerged in
the current study consists of the higher HMW-GS observed in the old genotypes, typically
characterized by soft gluten. Consistently, a decrease in the ratio of S-poor to S-rich glia-
dins (w-gliadin) and glutenins (HMW-GS) was observed in accordance with a decrease in
sulphur (S) uptake reported in the literature with AM fungal inoculation [47]. This could
interfere with protein biosynthesis, influencing the proportion of the different gluten frac-
tions [27,48]. On the other hand, AM fungal field inoculation was also associated with
higher concentration of high-quality minerals, such as P and Fe, even if a significant inter-
action was observed with genotype. In previous studies, the usefulness of AMF as biofor-
tifiers for the alleviation of nutrient deficiency in humans was evaluated across a range of
crop species grown under varying conditions [49,50]. The results reported in the current
study confirmed the different contributions of the mycorrhizal pathway on genotype Zn
accumulation, especially in relation to Zn-inefficient genotypes [13,51]. Nutrient bioavail-
ability is generally considered more important than micronutrient concentration itself
[52]. In a previous study conducted on Gentil Rosso (old) and Blasco (modern), the old
genotype showed a higher micronutrient (Fe and Zn) concentration and bioavailability
than the modern one [53,54]. Instead, our results showed a high Fe and Zn availability in
the modern genotype Bologna due to its low phytate content. The observed interactions
of G x AMF confirm the necessity to evaluate the compatibility between plant genotype
and AM fungal isolates in order to improve nutrient use efficiency and nutritional quality
through the application of biofertilizers [12].

5. Conclusions

The use of soil microorganisms, such as AMF, is proposed as an agronomic tool for
improving the resource-use efficiency of crops. This is particularly important in low-input
conditions, such as cereal organic farming adopting old genetic resources, well appreci-
ated by the customers. In this study, the application of AMF at sowing by seed coating
was investigated in relation to the agronomic performance and, in particular, to grain
quality. Indeed, the effectiveness of improving grain yield was particularly relevant in the
old wheat genotypes with respect to modern ones. Concerning the AMF seed coating ef-
fect on grain quality, while modern genotypes showed an increase in protein content, in
old genotypes an improvement of gluten quality was observed in relation to the increase
of HMW-to-LMW glutenin subunits and of the S-poor storage protein sub-fractions. With
regard to mineral uptake, AM fungal inoculation determined a general increase of phos-
phorous content in all the investigated genotypes. Furthermore, AMF treatment signifi-
cantly increased Fe and Zn concentration in the modern genotype Bologna, which also
showed the lowest phytate content and, consequently, the higher bioavailability of these
micronutrients.

The outcome of this study confirmed the effectiveness of the use of AMF as bioferti-
lizer not only to improve crop yield and nutrient uptakes, but also to improve gluten qual-
ity. This resulted as particularly relevant for the old genotypes, often cultivated under
organic farming. Further studies will be necessary under different environmental condi-
tions for deep insight into the effects of AMF inoculation on both wheat nutrient use effi-
ciency and grain nutritional and technological quality.
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AMF = arbuscular mycorrhizal fungi; ANOVA = analysis of variance; G = genotype;
GI = gluten index; glia = gliadin; glut = glutenin; GPC = grain protein content; GY = grain
yield; ha = hectare; H/L = ratio between high molecular weight glutenin subunits and B-
type low molecular weight glutenin subunits; HMW-GS = high molecular weight glutenin
subunits; HSD = honestly significant difference in Tukey’s post hoc test; K/S = number of
kernels per spike; KW = kernel weight; LMW-GS = low molecular weight glutenin subu-
nits; phy = phytate; S-/S+ glia = ratio between S-poor w-gliadin and S-rich a-gliadin and
v-gliadin subunits; Y = year; YR = year of release.
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