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Abstract: The aims of this study were to evaluate: (1) the effect of sodium chloride (NaCl) and
mannitol at different osmotic pressures on the germination of three proso millet (Panicum miliaceum L.)
genotypes (VIR 9181, Unikum, and Kinelskoje) under controlled laboratory conditions; and (2) the
effects of irrigation water salinity, maximum crop evapotranspiration (ETm) restitution regimes, and
arbuscular mycorrhizal fungi (AMF) inoculation on forage production in a marginal Mediterranean
soil for the genotypes that showed the highest and lowest seed germination. In the laboratory
experiment, the Unikum genotype showed the highest seed germination (95.1%), whereas the
lowest was found for Kinelskoje (80.4%). Regardless of the osmoticum type, germination was
significantly reduced by osmotic pressure increases. Unikum showed a higher fresh biomass
yield (FBY) (620.4 ± 126.3 g m−2) than Kinelskoje (340.0 ± 73.5 g m−2). AMF inoculation did
not influence FBY under salt conditions, while in the absence of salt conditions it significantly
increased the Unikum FBY (+50.7%) as compared to the uninoculated treatment (552.5 ± 269 g m−2).
The 25% ETm significantly reduced FBY in both genotypes (−86.2% and −84.1% for Unikum and
Kinelskoje, respectively) sd compared to the 100% ETm treatments (1090.3 ± 49.7 g m−2 in Unikum
and 587 ± 72.2 g m−2 in Kinelskoje). The obtained results give novel information about proso millet
forage production in low-input agriculture in marginal semi-arid Mediterranean land.
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1. Introduction

In semi-arid and arid regions, salinity is one of the major causes of land degradation [1,2] and
leads to huge economic losses due to the reduction in total arable land area and crop productivity [3].
Salts effects on agricultural soils are generally tied to soluble minerals present in irrigation water
and high fertilization input [4,5]. In Europe, about 3.8 million ha are affected by soil salinization
due to natural saline soils in Spain, Hungary, Greece, and Bulgaria, or irrigation with saline water in
significant areas of Sicily and the Ebro Valley in Spain and in other smaller parts of Italy, Hungary,
Greece, Portugal, France, Slovakia, and Romania [6]. Plants growing in saline soil are subjected
to three distinct physiological stresses: (1) toxic effects of specific ions such as sodium and chloride,
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which disrupt the structure of enzymes and other macromolecules, damage cell organelles, reduce
photosynthesis and respiration, inhibit protein synthesis, and induce ion deficiency [7,8]; (2) osmotic
effects due to physiological drought because plants must maintain lower internal osmotic potential
to prevent water from moving from the roots into the soil [9]; and (3) nutrient imbalances caused by
depression in uptake and/or transport [10,11].

Among a wide array of rhizosphere microorganisms, arbuscular mycorrhizal fungi (AMF) are
an essential component of sustainable and low-input agricultural systems [12]. AMF symbiosis can exert
positive effects on crop production [13–16] and improve plant tolerance to abiotic stresses [17–21] such
as drought and salinity. Possible AMF-mediated adaptation mechanisms inducing plant tolerance to
saline conditions [22] include: (1) nutrient uptake improvement, especially phosphorus (P) [23–25];
(2) accumulation of soluble sugars into the roots [26]; (3) K+/Na+ ratio adjustment [27,28]; and
(4) antioxidant enzymatic activities [29]. Although AMF can be found in saline soils, some of their features,
such as spore germination, fungal hyphae growth [20], formation of mycorrhizal arbuscules [30,31], and
root colonization levels [32] may also be negatively affected by high salinity. Despite these mycorrhizal
behaviors, the positive influence on crop production exerted by AMF inoculum under salinity stress
conditions is not yet fully understood.

Proso millet (Panicum miliaceum L.) is a C4 annual plant, which moved from Eastern and Central
Asia to Europe about 3000 years ago [33]. It is a mycorrhizal plant that has previously been reported to
strongly benefit from AMF inoculation [34]. Moreover, proso millet is the world’s sixth most important
cereal grain [35] and it is mainly cultivated in Africa and Asia [36]. In Europe, it is cultivated in
61,233 ha, with an average grain yield of 1.9 Mg ha−1 [37]. This crop has many desirable agronomic
traits, including a short growing season (60–90 days), and low nutrient and water requirements,
as well as excellent tolerance to salt, drought, high temperature, and other extreme conditions [38].
For these reasons, proso millet can be also cultivated in marginal lands where other cereals do not
fully succeed [39]. In several countries, it is harvested primarily for human consumption [40], but
it is also used as fodder [41]. However, specific scientific literature on proso millet used as a forage
crop, especially in the Mediterranean area, is lacking. In Iran, fresh biomass yields ranging from
16.1 Mg ha−1 [42] to 43.6 Mg ha−1 [43] have been reported.

The semi-arid zones of Southern Italy are particularly prone to erosion due to a combination of
climatic and edaphic factors, including soil salinity. In Sicily, marginal land reclamation programs
are being now evaluated, and sustainable practices, such as proso millet cultivation with AMF
biofertilization, could represent a valid option.

The aims of this study on proso millet were to evaluate: (1) in laboratory conditions, the effect of
osmo-salinity stress on seed germination of different genotypes; and (2) in a marginal Mediterranean
soil, the effect of AMF inoculation with different saline water levels and crop evapotranspiration
restitutions (ETm) on the milk-dough fresh biomass yield (FBY) for forage production.

2. Materials and Methods

2.1. Laboratory Experiment

The laboratory experiments were carried out at the Department of Agriculture, Food and
Environment of the University of Catania (Italy). Three different genotypes of Panicum miliaceum L.
(VIR 9181, Unikum, and Kinelskoje) were chosen for seed imbibition and germination tests. The used
seed lots had 1000-seed weights of 4.85 g for VIR 9181, 5.63 g for Unikum, and 6.60 g for Kinelskoje.
The studied treatments are listed in Table 1.

Salinity stress was induced by adding NaCl at concentrations able to give the same osmotic
potentials as the mannitol solutions. Osmotic potential in both solutions was verified using
an automatic cryoscopic osmometer (Gonotec Osmomat 030 model, Berlin, Germany).
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Table 1. Proso millet fresh weight yield components of main culm yield.

Treatment Number Osmotic Agent Osmotic Agent Weight (g L−1) Osmotic Pressure (MPa)

1 Distilled water 0 0
2 NaCl 4.1 −0.250
3 NaCl 7.6 −0.500
4 NaCl 11.1 −0.750
5 Mannitol 21.6 −0.250
6 Mannitol 42.5 −0.500
7 Mannitol 63.4 −0.750

2.1.1. Seed Water Uptake

For each treatment, seed water uptake at 2, 4, 17, and 21 h of imbibition, was measured. For this
purpose, 30 millet seeds of uniform size were hand-selected for each genotype and placed in Petri
dishes (Ø 9 cm) with 9 mL of each studied solution under dark conditions at a temperature of
25 ± 1 ◦C. Each treatment was replicated three times. After initiation, millet seeds were removed at
each measuring time, drained, blotted with absorbent paper, weighed and placed again into the Petri
dishes. Percentage seed water uptake was determined as:

Seed water uptake (%) = [(final weight − initial weight)/initial weight] × 100

2.1.2. Seed Germination

Hand-selected seeds of uniform size were surface sterilized with 5% (w/v) calcium hypochlorite
for 5 min and rinsed four times with deionized water. These seeds were then transferred to Petri
dishes (20 seeds per Ø 9 cm Petri dish) containing one Whatman® Filter Paper moistened with 9 mL
of the studied solutions. Each treatment was replicated three times. Petri dishes were tightly sealed
with Parafilm® to avoid water depletion. Seeds were allowed to germinate in a growth chamber at
a temperature of 25 ± 1 ◦C in the dark. Seeds were scored as germinated when a radicle extrusion
≥2 mm long was observed. Germination percentage (GP) was calculated according to the International
Seed Testing Association (ISTA) method [44]:

GP = Number of normally germinated seeds/total seeds number × 100

Moreover, seedling vigor index (SVI) was calculated by the following formula according to Ali
and Idris [45]:

SVI = (seedling length (cm) × germination percentage)/100

2.2. Field Experiment

The two millet genotypes that showed the highest (Unikum) and lowest (Kinealskoje) germination
percentages in a preliminary laboratory trial were evaluated in an open field study (summer 2014)
to test genotype-specific response under stress conditions. The experiment was conducted at the
Experimental Farm “Cibali” of the Istituto Agrario Siciliano Valdisavoia (37◦31′ N, 15◦04′ E, 84 m a.s.l.)
in Catania (Italy) in volcanic soil with sandy texture, electrical conductivity of 1.9 dS m−1, and
pH 6.3. Over the short experimental period the main daily meteorological variables of maximum,
minimum, and average temperature, rainfall, solar radiation, and potential evapotranspiration (ET0)
were provided by the INAF (Catania Astrophysical Observatory), from agrometeorological stations
located approximately 500 m from the experimental site (Figure 1a,b).
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at 5 dS m−1 = Salt-Y), restitution of crop evapotranspirated water (25% ETm and 100% ETm), and 
millet genotypes (U = Unikum; K = Kinelskoje). Maximum crop evapotranspiration (ETm) was 
calculated in agreement with Food and Agriculture Organization of the United Nations “Irrigation 
and Drainage Paper 56” [45] through the reference evapotranspiration (ET0) and crop coefficient (Kc). 

Sowing, weeding and thinning operations were done manually. The two genotypes were sowed 
on 10 June 2014, with 360 seeds m−2, adopting an inter-row distance of 15 cm and a sowing depth of 
about 2 cm. During the sowing, AMF inoculation (based on Rhizophagus intraradices, Funneliformis 
mosseae, Glomus spp., and other microorganisms) was manually carried out at 600 propagules m−2, 
distributing commercial inoculum (AEGIS SYM PASTIGLIA) along the row. All plots, for the first 
eight days after sowing (DAS), received the same water volume (about 6 mm of fresh water every 
two days) for seed germination. Subsequently, at 10 DAS when the crop had the first two leaves fully 
expanded, water restitution and NaCl treatments took place until harvest, distributing a total of 30.6 
mm for 25% ETm and 159.3 mm for 100% ETm. After millet plants emerged, eight randomly selected 
plants per treatment were marked and were monitored weekly for culm height, leaf number, and 
phenological phase, in agreement with the Biologische Bundesantalt, Bundessortenamt and CHemische 
Industrie (BBCH) scale [46]. Moreover, the SPAD (Soil and Plant Analyzer Development) index, an 
indirect measure of chlorophyll content, was measured three times from 34 to 48 DAS (Minolta 
SPAD-502, Konica-Minolta, Osaka, Japan). 

On 4 August 2014, millet was harvested at the milk-dough stage, and fresh biomass yield and 
its components were detected. In four plants per subplot, the leaf area surface was measured using 
WinDias 2.0 (©DELTA-T Devices Ltd. 1995–2000, Cambridge, UK). 

2.3. Statistical Analysis 

Data were analyzed by ANOVA in order to evaluate the treatment effects. A post hoc test was 
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A split-plot design with plots of 2 m × 1 m replicated two times was adopted. AMF inoculation
was the main factor (AMF-Y = inoculated plots and AMF-N = not inoculated plots). Sub-plots involved
salt stress with NaCl in irrigation water (without NaCl (0.5 dS m−1 ) = Salt-N and with NaCl at
5 dS m−1 = Salt-Y), restitution of crop evapotranspirated water (25% ETm and 100% ETm), and millet
genotypes (U = Unikum; K = Kinelskoje). Maximum crop evapotranspiration (ETm) was calculated in
agreement with Food and Agriculture Organization of the United Nations “Irrigation and Drainage
Paper 56” [45] through the reference evapotranspiration (ET0) and crop coefficient (Kc).

Sowing, weeding and thinning operations were done manually. The two genotypes were sowed
on 10 June 2014, with 360 seeds m−2, adopting an inter-row distance of 15 cm and a sowing depth
of about 2 cm. During the sowing, AMF inoculation (based on Rhizophagus intraradices, Funneliformis
mosseae, Glomus spp., and other microorganisms) was manually carried out at 600 propagules m−2,
distributing commercial inoculum (AEGIS SYM PASTIGLIA) along the row. All plots, for the first eight
days after sowing (DAS), received the same water volume (about 6 mm of fresh water every two days)
for seed germination. Subsequently, at 10 DAS when the crop had the first two leaves fully expanded,
water restitution and NaCl treatments took place until harvest, distributing a total of 30.6 mm for 25%
ETm and 159.3 mm for 100% ETm. After millet plants emerged, eight randomly selected plants per
treatment were marked and were monitored weekly for culm height, leaf number, and phenological
phase, in agreement with the Biologische Bundesantalt, Bundessortenamt and CHemische Industrie (BBCH)
scale [46]. Moreover, the SPAD (Soil and Plant Analyzer Development) index, an indirect measure of
chlorophyll content, was measured three times from 34 to 48 DAS (Minolta SPAD-502, Konica-Minolta,
Osaka, Japan).

On 4 August 2014, millet was harvested at the milk-dough stage, and fresh biomass yield and
its components were detected. In four plants per subplot, the leaf area surface was measured using
WinDias 2.0 (©DELTA-T Devices Ltd. 1995–2000, Cambridge, UK).

2.3. Statistical Analysis

Data were analyzed by ANOVA in order to evaluate the treatment effects. A post hoc test
was performed to compare means using Fisher’s Least Significant Difference (LSD) test (α = 0.05).
An arcsine transformation was applied to all data expressed as a percentage before performing ANOVA.

3. Results

3.1. Laboratory Experiment

3.1.1. Seed Water Uptake

Seed water uptake dynamics during the first 21 h of imbibition were significantly (p < 0.001)
influenced by the osmotic pressure. Regardless of the genotype, significantly higher water uptake was
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measured after 4, 17, and 21 h in the control (0.0 MPa) as compared to other osmotic pressure levels
(Figure 2a). Considering genotypes, after 2 and 4 h, the water uptake in Kinelskoje was significantly
higher (p < 0.001) than in the other two genotypes, whereas no differences were found after 17 and
21 h (Figure 2b).
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Figure 2. Time course of water uptake as affected by (a) osmotic pressure and (b) millet genotypes.

At 21 h from the start of seed imbibition, water uptake was significantly (p < 0.05) affected by
the interaction between millet genotypes and osmotic pressure (Figure 3a). Kinelskoje presented
the highest water uptake at 0.0 MPa (38.7%) but was the most sensitive among the three genotypes
to the decrease of water potential from −0.250 MPa to −0.500 MPa. At the lowest water potential
(−0.750 MPa), all genotypes showed the same water uptake (on average 25.7%).
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Figure 3. (a) Water uptake at 21 h and (b) germination percentage at 96 h of millet genotypes under
osmotic pressure. Different letters show statistical differences of the treatments at p < 0.05 (Least
Significant Difference—Fisher test).

3.1.2. Seed Germination

The germination percentages of VIR 9181 and Kinelskoje were negatively affected by the decrease
in water potential. In VIR 9181, significant differences in seed germination were observed from
0.0 to −0.250 MPa, with a decrease of −4.72%, while no differences from −0.250 to −0.750 MPa were
found (Figure 3b). In Kinelskoje, significantly (p < 0.05) lower germination values were observed at
−0.250 and −0.500 MPa (on average −8.0%), and at −0.750 MPa (on average −19.8%), compared to
water control (Figure 3b). Unikum seed germination was not affected by osmotic pressure, showing
the highest germination (95.1% ± 0.75) (Figure 3b) and seedling vigor index (SVI) (3.65 ± 0.30) values
(Table 2). In addition to water uptake and germination rate, low water potential (−0.750 MPa) was
the most detrimental factor for seedling growth and, regardless of the treatment applied, resulted
in the strongest significant (p < 0.01) decrease of SVI (−70.9%) compared to the control (Table 2).



Agronomy 2018, 8, 8 6 of 16

No differences were found in seed water uptake, germination, and seedling vigor index in relation to
the osmoticum (NaCl and mannitol).

Table 2. Seedling vigor index (SVI) of millet genotypes in relation to osmotic pressure.

Osmotic
Pressure (MPa)

Genotypes
Mean

Kinelskoje Unikum VIR 9181

0.0 3.93 ± 0.17 5.48 ± 0.07 5.35 ± 0.16 4.92 ± 0.19
−0.250 2.48 ± 0.29 4.08 ± 0.46 2.66 ± 0.23 3.07 ± 0.25
−0.500 2.45 ± 0.32 3.01 ± 0.36 2.93 ± 0.36 2.79 ± 0.20
−0.750 1.08 ± 0.13 2.04 ± 2.04 1.18 ± 0.10 1.43 ± 0.13
Mean 2.48 ± 0.24 3.65 ± 0.30 3.03 ± 0.33 3.05 ± 0.18

ANOVA SS DF MS F Prob. F Sign. F
LSD

p < 0.05 p < 0.01

G 15.7309 2 7.8654 17.2022 2.33 × 10−6 ** 0.39247 0.52356
OP 108.764 3 36.256 79.2911 1.30 × 10−18 ** 0.45319 0.60456
S 0.0147 1 0.0147 0.0321 8.59 × 10−1 0.32045 0.42749

G × OP 6.1833 6 1.0306 2.2539 5.37 × 10−2 0.78495 1.04713
G × S 0.3383 2 0.1692 0.3700 6.93 × 10−1 0.55504 0.74043

OP × S 0.5102 3 0.1701 0.3719 7.74 × 10−1 0.64091 0.85498
G × OP × S 4.1026 6 0.6838 1.4954 2.00× 10−1 1.11009 1.48086

Residual 21.9472 48 0.4572
Total 157.5909 71

G = genotype; OP = osmotic pressure; S = solute (NaCl and mannitol). SS =, DF =, MS =, F =, Prob. F =, Sign. F =,
LSD = Least Significant Difference; ** p < 0.01.

3.2. Field Experiment

3.2.1. Fresh Biomass Yield (FBY)

FBY was significantly influenced by all the studied factors. With respect to the average of
the other studied factors, Unikum showed a significantly higher FBY (+82.5%) than Kinelskoje
(340.0± 73.5 g m−2). AMF-inoculated plots (AMF-Y) showed a greater FBY (+19.4%) than uninoculated
plots (AMF-N) (437.7 ± 112.3 g m−2). The lowest ETm restitution (25%) resulted in a significant
decrease (−85.5%) in FBY as compared to 100% ETm (838.6 ± 77.5 g m−2). Irrigation with saline water
significantly reduced (−28.6%) FBY as compared to the absence of salt stress (560.1 ± 116.1 g m−2).

Under salt stress conditions, AMF inoculation did not exert significant effects on FBY in either of
the millet genotypes (Figure 4). In the treatment without NaCl addition in irrigation water (Salt-N),
only in Unikum did the AMF-Y treatment result in a significant (p < 0.01) FBY increase (+50.7%),
as compared to the AMF-N treatment (552.5 ± 269.0 g m−2).

Considering water restitution, at 100% ETm, the treatment with NaCl addition in irrigation water
(Salt-Y) resulted in a significant (p < 0.01) FBY decrease in both Unikum (−13.6%) and Kinelskoje
(−45.9%), as compared to the Salt-N treatments (1169.8 g m−2 in Unikum and 761.9 g m−2 in
Kinelskoje). At 25% ETm in Unikum, the Salt-Y treatment resulted in a significant (p < 0.01) reduction
(−60.3%) of FBY as compared to the Salt-N treatment (215.4 ± 100.6 g m−2), whereas in Kinelskoje, no
statistical difference was observed between salt treatments, with a mean value of 252 ± 63.8 g m−2.
The 25% ETm significantly (p < 0.05) reduced FBY in both genotypes (−86.2% and −84.1% for Unikum
and Kinelskoje, respectively) compared to the 100% ETm treatments (1090.3 ± 49.7 g m−2 in Unikum
and 587± 72.2 g m−2 in Kinelskoje). The AMF inoculation at 100% ETm restitution did not significantly
affect the FBY compared to the uninoculated treatment (grand mean 838.6 ± 112.4 g m−2). Conversely,
at 25% ETm, a significant (p < 0.01) increase of FBY was observed in AMF-inoculated plants (Figure 5).
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crop evapotranspirated water at 100%.

At harvest time, the relative moisture of FBY ranged from 70.3% (25% ETm, AMF-Y, Salt-N) to
88.2% (100% ETm, AMF-N, Salt-Y) in Kinelskoje and from 74.9% (25% ETm, AMF-N, Salt-N) to 89.3%
(100% ETm, AMF-Y, Salt-N) in Unikum.

3.2.2. Shoot Density

Shoot density was significantly (p < 0.01) affected by genotype and water restitution.
Comparing the two genotypes, Unikum showed a higher shoot density (+35%) than Kinelskoje
(131 ± 7.3 plants m−2). Regardless of the genotype and AMF inoculation treatments, 25% ETm
restitution resulted in a significant (p < 0.001) decrease (−25.5%) in shoot density compared to 100%
ETm restitution (176 ± 13 plants m−2). The significant interaction (p < 0.01) between water restitution
and AMF inoculation showed a positive effect of AMF inoculum at the lower ETm restitution and
a negative one at full ETm restitution (Figure 6).
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Figure 6. Effect of arbuscular mycorrhizal inoculation on shoot density under different water restitution
levels. Different letters show statistical differences of the treatments at p < 0.01 (Least Significant
Difference—Fisher test). AMF-Y = AMF-inoculated treatment; AMF-N = AMF uninoculated treatment;
25% ETm = restitution of crop evapotranspirated water at 25%; 100% ETm = restitution of crop
evapotranspirated water at 100%.

3.2.3. Culm Height and Fresh Culm Weight

The treatment effect on culm height is reported in Table 3.

Table 3. Bio-morphological proso millet characteristics. ETm: maximum crop evapotranspiration.

Treatments Culm Height
(cm)

Panicle
Length (cm)

Leaf Number
(plant−1)

Kinelskoje

AMF-Y
Salt-Y

25% ETm 13.3 ± 2.37 2.06 ± 1.35 3.75 ± 0.45
100% ETm 25.1 ± 2.09 10.6 ± 1.11 5.50 ± 0.33

Salt-N
25% ETm 18.1 ± 3.59 11.2 ± 0.64 4.88 ± 0.23

100% ETm 42.8 ± 2.27 13.7 ± 0.39 4.50 ± 0.46

AMF-N
Salt-Y

25% ETm 12.1 ± 1.43 0.00 ± 0.00 3.38 ± 0.26
100% ETm 16.2 ± 1.02 10.9 ± 0.33 5.00 ± 0.19

Salt-N
25% ETm 11.0 ± 0.58 0.00 ± 0.00 1.63 ± 0.63

100% ETm 27.1 ± 2.54 12.5 ± 2.39 5.00 ± 0.27

Unikum

AMF-Y
Salt-Y

25% ETm 15.5 ± 1.39 0.00 ± 0.00 4.38 ± 0.18
100% ETm 30.5 ± 1.79 16.0 ± 1.27 4.75 ± 0.25

Salt-N
25% ETm 17.1 ± 2.79 9.81 ± 2.28 4.25 ± 0.25

100% ETm 47.4 ± 1.68 21.2 ± 0.87 4.75 ± 0.25

AMF-N
Salt-Y

25% ETm 17.5 ± 2.44 0.00 ± 0.00 4.00 ± 0.38
100% ETm 33.6 ± 0.86 17.3 ± 0.60 5.13 ± 0.13

Salt-N
25% ETm 12.0 ± 0.92 0.00 ± 0.00 4.38 ± 0.18

100% ETm 31.1 ± 0.95 13.7 ± 1.15 5.25 ± 0.16

ANOVA Sign. LSD Sign. LSD Sign. LSD

Genotype (G) ** 2.476 ** 1.410 * 0.314
Mycorrhizal inoculation (M) ** 2.476 ** 1.410 ns -

Water salinity (S) ** 2.476 ** 1.410 * 0.314
Water restitution (W) ** 2.476 ** 1.410 ** 0.416

G × M * 2.647 ns - ** 0.588
G × S ** 3.502 ns - ns -
G × W ** 3.502 ** 1.994 ** 0.588
M × S ** 3.502 ** 1.994 ns -
M × W ** 3.502 ** 1.994 ** 0.588
S × W ** 3.502 ** 1.994 ns -

G × M × S ns - ns - ns -
G × M × W ns - * 2.820 ns -
G × S × W ns - ns - ns -
M × S × W ns - * 2.820 ns -

G × M × S × W ns - ns - ns -

* = p < 0.05; ** = p < 0.01; ns = not significant.

Unikum showed a significantly (p < 0.05) greater culm height (+23.6%) than Kinelskoje
(20.7 ± 1.5 cm). Only in Kinelskoje did AMF inoculation result in a significant culm height increase
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(+49.7%) as compared to the AMF-N treatment. Regardless of water restitution levels, in the Salt-N
treatments, AMF inoculation significantly (p < 0.05) increased culm height (+54.6%), whereas in the Salt-Y
treatments, no differences were detected between AMF-Y and AMF-N (grand mean = 20.5 ± 1.6 cm).
Salt stress resulted in a significant (p < 0.05) culm height decrease in Kinelskoje (−32.6%) compared to
the Salt-N treatment (24.7 ± 2.5 cm), whereas no difference was observed in Unikum (25.6 ± 2.1 cm on
average). At 100% ETm water restitution, AMF inoculation resulted in a significantly (p < 0.05) greater
culm height than the uninoculated treatments, whereas at 25% ETm water restitution, AMF inoculation
did not signify a significant effect on culm height (14.6 ± 1.1 cm on average). Considering the interaction
between water restitution and genotype, Unikum showed a significantly (p < 0.05) higher culm height
(+28.3%) than Kinelskoje (27.8± 2.0 cm) at 100% ETm water restitution, whereas no difference was found
at 25% ETm water restitution (14.6 ± 1.1 cm on average).

The treatments effect on culm fresh weight is reported in Table 4. The two genotypes did not
show significant differences in culm fresh weight (grand mean = 1.2 ± 0.1 g plant−1). Salinity stress,
significantly affected the culm fresh weight which was lowered by −39.5% (25% ETm) and −42.5%
(100% ETm) as compared to the Salt-N treatments. At full ETm restitution and in absence of salt
treatment, AMF inoculation determined a significant (p < 0.05) culm fresh weight increase (+86.8%)
compared to the un-inoculated control whereas under salinity stress, no AMF effect was detected.
No significant response to AMF inoculation was observed at 25% ETm restitution whatever the
irrigation water salinity.

Table 4. Proso millet fresh weight yield components.

Treatments Culm (g) Panicle (g) Leaves (g)

Kinelskoje

AMF-Y
Salt-Y

25% ETm 0.37 ± 0.11 0.16 ± 0.11 0.63 ± 0.23
100% ETm 1.36 ± 0.29 0.42 ± 0.11 1.10 ± 0.16

Salt-N
25% ETm 0.96 ± 0.17 0.47 ± 0.07 0.93 ± 0.08

100% ETm 2.82 ± 0.24 0.57 ± 0.06 1.13 ± 0.15

AMF-N
Salt-Y

25% ETm 0.22 ± 0.04 0.00 ± 0.00 0.22 ± 0.04
100% ETm 0.81 ± 0.09 0.54 ± 0.08 0.67 ± 0.12

Salt-N
25% ETm 0.34 ± 0.04 0.00 ± 0.00 0.15 ± 0.08

100% ETm 1.74 ± 0.27 0.59 ± 0.11 1.10 ± 0.18

Unikum

AMF-Y
Salt-Y

25% ETm 0.41 ± 0.18 0.00 ± 0.00 0.58 ± 0.17
100% ETm 1.69 ± 0.29 0.84 ± 0.15 1.04 ± 0.23

Salt-N
25% ETm 0.54 ± 0.12 0.53 ± 0.11 0.79 ± 0.06

100% ETm 3.38 ± 0.44 1.12 ± 0.16 1.40 ± 0.12

AMF-N
Salt-Y

25% ETm 0.40 ± 0.07 0.00 ± 0.00 0.61 ± 0.23
100% ETm 1.61 ± 0.20 0.94 ± 0.25 1.18 ± 0.15

Salt-N
25% ETm 0.47 ± 0.10 0.00 ± 0.00 0.47 ± 0.10

100% ETm 1.58 ± 0.22 0.85 ± 0.17 1.34 ± 0.11

ANOVA Sign. LSD Sign. LSD Sign. LSD

Genotype (G) ns - ** 0.148 * 0.140
Mycorrhizal inoculation (M) ** 0.249 ** 0.148 * 0.140

Water salinity (S) ** 0.249 ** 0.148 ** 0.185
Water restitution (W) ** 0.249 ** 0.148 ** 0.185

G × M ns - ns - * 0.198
G × S ns - ns - ns -
G × W * 0.266 ** 0.210 ns -
M × S ** 0.352 ** 0.210 ns -
M × W ** 0.352 * 0.159 ns -
S × W ** 0.352 ns - ns -

G × M × S ns - ns - ns -
G × M × W ns - ns - ns -
G × S × W ns - ns - ns -
M × S × W ns - ns - ns -

G × M × S × W ns - ns - ns -

* = p < 0.05; ** = p < 0.01; ns = not significant.
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3.2.4. Panicle Length and Fresh Panicle Weight

The treatment effects on panicle length are reported in Table 3. In the absence of salt at both water
restitution levels, significant positive effects (p < 0.05) of AMF inoculation were observed on panicle
length. In presence of the salt stress, AMF inoculation did not result in significant differences in panicle
length, with grand mean values of 0.5 ± 0.4 cm (25% ETm) and 13.7 ± 1.0 cm (100% ETm). However,
the panicle growth was completely inhibited by the lowest water restitution (25% ETm) in AMF-N
treatment. At 100% ETm water restitution, Unikum showed a panicle length significantly (p < 0.05)
higher (+43.0%) than Kinelskoje (11.9 ± 0.7 cm), whereas no difference in this parameter was observed
at 25% ETm (2.9 ± 1.0 cm on average).

The treatment effects on panicle fresh weight are reported in Table 4. Here, 100% ETm AMF
inoculation did not exert a positive effect on panicle fresh weight, since no difference was observed
between the two AMF treatments, with a grand mean value of 0.7 ± 0.1 g plant−1. Comparing
genotypes, the 100% ETm water restitution resulted in a significantly (p < 0.05) higher panicle fresh
weight (+77.2%) in Unikum than Kinelskoje (0.5 ± 0.1 g plant−1). No differences were found between
the two millet genotypes at the lowest water restitution (25% ETm, with a grand mean 0.2 ± 0.1 g
plant−1). Regardless of the other factor levels, Unikum showed a significantly (p < 0.05) higher panicle
fresh weight (+53.6%) than Kinelskoje (0.4 ± 0.1 g plant−1). Salt-Y treatment negatively affected the
panicle fresh weight, with a significant (p < 0.05) decrease (−29.9%) compared to the Salt-N treatment
(0.5 ± 0.1 g plant−1). AMF inoculation resulted in a significantly (p < 0.05) higher panicle fresh weight
(+41.5%) than uninoculated treatment (0.4 ± 0.1 g plant−1).

3.2.5. Leaf Number and Leaf Fresh Weight

The treatment effects on leaf number and leaf fresh weight are reported in Tables 3 and 4,
respectively. Leaf number was significantly (p < 0.05) higher in Unikum (+9.7%) as compared to
Kinelskoje (4.2 ± 0.2 leaves culm−1). In Kinelskosje, AMF inoculation resulted in a significant (p < 0.05)
increase in leaf number (+24.2%) and fresh weight (+76.2%) compared to the uninoculated plants
(3.8 ± 0.3 leaves culm−1 and 0.5 ± 0.1 g culm−1), whereas AMF inoculation did not show any effects
in Unikum (4.6 ± 0.1 leaves culm−1 and 0.9 ± 0.1 g culm−1). Regardless of the millet genotype, at
100% ETm restitution and despite the salt treatments, AMF inoculation did not affect leaf numbers,
whereas at 25% ETm restitution, a positive (p < 0.05) effect of AMF inoculation was observed in the
absence of salt stress.

The two genotypes, at 100% ETm water restitution, did not show significant differences in the
number of leaves. On the contrary, at the lowest water restitution level (25% ETm), a significant
(p < 0.01) reduction in the number of leaves was observed in both genotypes. In particular, Kineslkosje
showed a decrease (−19.8%) compared to the Unikum (4.3 ± 0.1 leaves culm−1).

Considering the stresses, salt irrigation and water restitution resulted in a significant (p < 0.01)
fresh weight decrease in leaves with Salt-Y (−17.7%) and 25% ETm (−51.1%) as compared to Salt-N
(0.9 ± 0.04 g culm−1) and 100% ETm water restitution (1.1 ± 0.04 g culm−1).

3.2.6. Leaf Chlorophyll Content (SPAD index)

AMF inoculation resulted in a significant (p < 0.01) increase (+13.7%) in leaf SPAD values compared
to the AMF-N treatment (37.8 ± 1.2) in Kinelskoje, but not in Unikum (grand mean SPAD value =
40.9 ± 0.8) (Figure 7a). At 25% ETm restitution, Kinelskoje showed a significant (p < 0.01) decrease
(−18.1%) in leaf SPAD value as compared to full water restitution (44.4 ± 0.5), whereas no statistical
difference was found in Unikum, with an average leaf SPAD value of 40.9 ± 0.8 (Figure 7b). No effect
was found due to irrigation water salinity levels, regardless of other studied factors.
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4. Discussion 

4.1. Laboratory Experiment 

In Mediterranean areas, the germination process is affected by abiotic stresses such as high 
salinity and drought, which results in a lower seed water absorption [47] and affects the mobilization 
of stored reserves or the synthesis of proteins directly in germinating embryos [48], thus jeopardizing 
growth processes.  

Almansouri et al. [48], in a study on durum wheat, showed a reduction or inhibition in 
germination in response to a decrease in water potential. However, these authors, at an osmotic 
pressure similar to the one tested in our study (−0.580 MPa), did not find any effect on final 

Figure 7. Effect of the studied factors on the SPAD value. (a) Genotype X AMF inoculation; (b) genotype
X ETm restitution. Different letters show statistical differences of the treatments at p < 0.01 (Least
Significant Difference—Fisher test). AMF-Y = AMF-inoculated treatment; AMF-N = AMF uninoculated
treatment; 25% ETm = restitution of crop evapotranspirated water at 25%; 100% ETm = restitution of
crop evapotranspirated water at 100%.

3.2.7. Leaf Area Surface

Salt treatment did not result in any different leaf area surface in the plants present in the AMF-N
plots. The AMF inoculation resulted in a significant (p < 0.05) increase (+80.5%) in leaf area surface with
Salt-N treatment as compared to Salt-Y treatment (26.6 ± 5.3 cm2 plant−1) (Figure 8a). Regardless of the
genotypes, in the absence of AMF inoculation, at 25% ETm water restitution we observed a significant
(p < 0.05) decrease in leaf area surface (−68.1%) compared to 100% ETm restitution (47.2 ± 3.7 cm2

plant−1). No significant difference was found in presence of AMF inoculation (Figure 8b) with either of
the water restitution levels.
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Figure 8. Effect of the studied factors on leaf area surface. (a) Salt X AMF inoculation; (b) ETm
restitution X AMF inoculation. Different letters show statistical differences of the treatments at p < 0.05
(Least Significant Difference—Fisher test). AMF-Y = AMF-inoculated treatment; AMF-N = AMF
uninoculated treatment; Salt-Y = treatment with NaCl addition in irrigation water; Salt-N = treatment
without NaCl addition in irrigation water; 25% ETm = restitution of crop evapotranspirated water at
25%; 100% ETm = restitution of crop evapotranspirated water at 100%.

4. Discussion

4.1. Laboratory Experiment

In Mediterranean areas, the germination process is affected by abiotic stresses such as high salinity
and drought, which results in a lower seed water absorption [47] and affects the mobilization of
stored reserves or the synthesis of proteins directly in germinating embryos [48], thus jeopardizing
growth processes.
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Almansouri et al. [48], in a study on durum wheat, showed a reduction or inhibition in germination
in response to a decrease in water potential. However, these authors, at an osmotic pressure similar to
the one tested in our study (−0.580 MPa), did not find any effect on final germination percentage in
response to iso-osmotic solution of NaCl and mannitol. In our case, seed water uptake was negatively
affected by the external water potential decrease due to the reduced diffusivity of water to the seed
coats, but the seed moisture was sufficient to ensure good germination in all genotypes.

Generally, seed germination decreased with increasing salt concentrations and salt-specific
effects [49,50]. In our study, the three different genotypes were not affected by the levels of salt applied,
showing tolerance to high salinity. Sabir and Ashraf [51], with 18 millet accessions collected from
different areas of Pakistan, demonstrated an inter-cultivar variation for NaCl tolerance (0.0, −0.300,
−0.600 and −0.900 MPa). These authors reported a general significant salt-induced depression on
seed germination in all the accessions, except for the four which showed the highest percentages at
−0.900 MPa. In our experiment, although salt stress range was more limited (up to −0.750 MPa) as
compared to the Sabir and Ashraf [51] study, the three genotypes were not affected by salt levels,
suggesting salt tolerance. The lack of differences in seed water uptake, germination, and seedling vigor
index obtained in our study comparing osmotica (NaCl or mannitol) can be explained by a similar
penetrating behavior of NaCl and mannitol in the plant tissue that contributes to adjusting the internal
osmotic potential decrease in the germinating seeds, thus allowing sufficient water uptake to be
maintained under a high external water potential.

4.2. Field Experiment

The FBY showed genotype and salinity-specific responses indicating Unikum, among the studied
genotypes, as the best-performing genotype under salinity and water stress conditions. Particularly,
without AMF inoculation, Unikum did not show different FBY on comparing the two studied salt
stress levels, suggesting that this genotype is more adept under saline conditions. In addition, Unikum
was the genotype that took advantage of the AMF inoculation in the absence of saline stress, suggesting
that the use of biofertilizers can be a valid agronomic practice to maximize fodder production when
this genotype is used. In presence of salt treatment, regardless of the genotype, the effect of AMF
inoculation was inhibited, resulting in the mycorrhizal inoculum not promoting the FBY. This finding is
not in line with that of Daei et al. [52] who reported, in durum wheat cultivated under saline conditions
(7.41 dS m−1), a significant increase on growth and grain yield of mycorrhized plants due to enhanced
nutrient uptake. Juniper and Abbott [7] showed that the germination of spores of all the AMF fungi
tested was delayed and the hyphal growth from propagules was reduced in the presence of NaCl. This
latter result could explain the absence of a significant AMF effect on FBY at the end of crop cycle. AMF
inoculation resulted in a better FBY response under water stress conditions, whereas no effects were
seen in well-watered plots. This finding is in agreement with the results obtained by Porcel et al. [53]
and Saia et al. [54] in different pedo-climatic conditions on sorghum and berseem clover. They reported
a positive AMF effect under water shortage and no AMF effect at full ETm restitution. At 100%
ETm restitution, AMF inoculation significantly decreased shoot density and increased culm height.
In contrast, under water stress conditions (25% ETm) AMF inoculation increased shoot density but did
not influence culm height. These results suggest that: (1) under water stress conditions (25% ETm),
in the presence of AMF inoculation the increase in FBY can be attributed to higher shoot density;
and (2) under well-watered conditions (100% ETm), the absence of a significant difference in the FBY
between AMF treatments can be attributed to an increase of mycorrhized plant weight despite the
lower shoot density. Considering the panicle emission and development, a positive effect was exerted
by AMF inoculation in both ETm restitution levels, especially in the absence of salt stress, suggesting
that the mycorrhizal fungi promoted the transition from a vegetative to a reproductive phenological
phase (Oladele and Awodun 2014) [55]. All experimental factors exerted significant influences on leaf
characteristics. AMF inoculation promoted a positive effect on leaf size and fresh and dry weight (data
not shown), in agreement with Augé et al. (2015) [56] and Fagbola et al. (2001) [57] which reported
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respectively an improved leaf water status and leaf dry weight in mycorrhized plants. Considering the
SPAD value, AMF inoculation increased this parameter, confirming the mycorrhizal positive effect on
plant physiological activity (Zhou et al. 2015) [58].

Saline water irrigation negatively influenced the leaf fresh weight, without significant effects on
leaf number, dry weight, and surface, supporting that salt stress mainly reduces leaf water content
(Fidalgo et al. 2004) [59]. Moreover, salinity stress did not exert any significant effects on SPAD
values in either of genotypes, despite this stress resulting in chlorophyll damage, with a reduction in
photosynthetic activity and leaf senescence acceleration (Shi and Guo, 2006; Beltrano et al. 2013) [60,61].
No reduction in leaf chlorophyll content was observed, probably due to the relatively brief exposition
to salt stress because of the short growing season. Water stress conditions (25% ETm) exerted highly
negative effects on leaf characteristics; in these conditions, AMF inoculation could partially overcome
such negative effects, confirming their beneficial role in plant water status under drought stress
(Beltrano and Ronco 2008; Grümberg et al. 2015) [62,63].

5. Conclusions

Osmotic stress resulted in a genotype-specific response, with the strongest reduction in seed water
uptake, germination, and seedling vigor index observed at −0.750 MPa. Unikum germination (95.3%)
was not affected by osmotic pressures with a higher SVI as compared to Kinelskoje and VIR 9181.
Unikum was the best genotype in the laboratory trial, and this finding was also confirmed in open field
conditions producing more than double the FBY of Kinelskoje. Although the AMF inoculation effect
was negatively influenced by irrigation with saline water, it exercised a positive effect (+377.3%) on FBY
under water stress. The present study gives novel information about proso millet forage production,
highlighting the potential role of AMF in bio-fertilizers in low-input sustainable agriculture in marginal,
semi-arid Mediterranean land, but further large-scale studies are needed to confirm our findings.
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