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Abstract
Ancient wheats are characterized by high nutritional value, low nitrogen requirements, and good adaptability which make them
particularly suitable for marginal areas or low-input agricultural systems. Among environmental-friendly fertilizers, plant growth-
promoting rhizobacteria represent a promising tool thanks to their ability to colonize soil and plant roots. In this study, a consortium
of plant growth-promoting rhizobacteria was applied on three ancient wheat varieties (durum wheat: Senatore Cappelli, Saragolla;
emmer: Molisano). Colonization and survival of bacteria in wheat seedling roots were investigated on in vitro cultures. The effects
of the bacteria on crop growth, yield, and grain protein accumulation were studied in a 2-year open field experiment (split-plot
arranged on a randomized block). Three different fertilization strategies were compared: (i) one bacterial application at sowing, (ii)
two bacterial applications at sowing and tillering stages, (iii) zero bacterial application. Scanning electron microscope imaging
revealed the ability of the bacteria to colonize effectively seedling roots thanks to biofilm formation on root surfaces. In both years,
double bacterial application positively affected plant physiology, growth, and yield. Plants with double bacterial application showed
highest physiological traits, and resulting enhanced yield and grain protein contents. The applied bacterial consortium positively
performs on ancient wheats, even if the magnitude of its success depends on timing and rate of application.
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Introduction

Species belonging to Triticum genus, generally designated as
wheat, are one of the most important energy commodities of
human diet as well as a valid resource for non-food and in-
dustrial applications (Boukid et al. 2018). During the last

decades some species, termed as “ancient wheats”, have
gained increasing consideration thanks to their high nutritional
values, bioactive compound accumulation (Cooper 2015;
Dinelli et al. 2009), positive health implications (Dinu et al.
2018; Dixit et al. 2011), and higher diversity of rhizosphere
bacterial community than modern cultivars (Germida and
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Siciliano 2001; Pérez-Jaramillo et al. 2016). In Italy, ancient
wheat reintroduction is increasing thanks to a growing interest
in niche products and to their strong territorial value as well as
their contribution to biodiversity.

Triticum turgidum L. spp. dicoccum (Schrank ex Schübler)
Thell. (emmer wheat) is the ancient durum wheat representing
the transition from the wild tetraploid spp. dicoccoides (wild
emmer wheat) to durum wheat (Mefleh et al. 2018). In Italy,
emmer has adapted to marginal areas or to low-input cropping
systems; emmer cultivars are mainly represented by landraces
or pure lines (in 2016, the Italian National Register of
Cultivars exhibited 9 emmer cultivars; Mefleh et al. 2018).
At the beginning of the twentieth century, in the major
Islands (Sardinia and Sicily) several durum wheat landraces
were predominant all belonging to theMediterranean type: tall
(up to 180 cm), prone to lodging, and late in flowering
(Mefleh et al. 2018). A first specific breeding program was
carried out to obtain pure lines: ‘Senatore Cappelli’, extracted
from the North African population “Jean Retifah” in 1915,
was the most outstanding and widespread pure line thanks to
its higher yield and better-quality traits (Mefleh et al. 2018).

However, genotype expression is strongly influenced by
pedoclimatic and agronomic conditions, in particular N avail-
ability, which plays a major role both in terms of yield and
quality traits. Nevertheless, N is subjected to several losses,
i.e., volatilization N2 and N2O produced by denitrification and
nitrification (only N2O) and leaching of nitrates, resulting in
negative impacts on environment and agroecosystems (Plaza-
Bonilla et al. 2014). In such a context, alternative and safe
fertilization strategies to improve agroecosystems sustainabil-
ity are needed. A potential strategy could be the application of
plant growth–promoting rhizobacteria (PGPR), a promising
environmental-friendly fertilization approach (Bashan et al.
2014; Bergottini et al. 2015; Bhattacharyya and Jha 2012;
Sun et al. 2016). Some positive effects on crop yields, nutrient
uptake—to be called bio-fertilizers (Pérez-Montaño et al.
2014)—and agroecosystems have already been quoted in the
literature (Choudhury and Kennedy 2004; Pérez-Montaño
et al. 2014; Vejan et al. 2016). The mechanisms involved
consist in easier availability of nutrients in the rhizosphere,
releasing of phytohormones (e.g., auxins, cytokinins,
gibberellins; Spapen et al. 2009) and siderophores (Dal
Cortivo et al. 2017) and a stimulation of pigment production
(Bashan et al. 2006).

The PGPR strains belong to several genera (e.g.,
Azotobacter, Azospirillum, Bacillus, Burkholderia,
Gluconacetobacter, Herbaspirillum, Pseudomonas,
Rhizobium) , and associate with all plant species
(Rosenblueth and Martínez-Romero 2006). Positive effects
of PGPR on Poaceae family, i.e., growth and yield, have been
demonstrated (Di Benedetto et al. 2017; Gholami et al. 2009;
James et al. 2001; Karimi et al. 2018; Roncato-Maccari et al.
2003; Suman et al. 2016; Turan et al. 2012), also under

drought and salinity stress (Kumar et al. 2015; Kaushal and
Wani 2016). Genera Azospirillum, one of the most intensively
studied PGPR (Bashan and de-Bashan and de-Bashan 2010),
was found to be highly abundant within the rhizosphere of
wheat or grasses (Mahbouba et al. 2013).Azospirillum species
can be also successfully applied as biofertilizers in consortium
with other microbial species (Raja et al. 2006; Rajasekar and
Elango 2011; Sarma et al. 2015; Shahzad et al. 2017). In
particular, the association of Azospirillum brasilense with
Gluconacetobacter diazotrophicus, Herbaspirillum
seropedicae, and Burkholderia ambifaria demonstrated a syn-
ergetic effect resulting in better plant growth and development
compared with uninoculated plants (Botta et al. 2013) as well
as positive effects on plant secondary metabolism (Pagnani
et al. 2018). A. brasilense, G. diazotrophicus, and
H. seropedicae are well-known endophytic diazotrophs with
the abovementioned PGPR characteristics (Bar and Okon
1993; Fuentes-Ramirez et al. 1993; Hartmann and Zimmer
1994; Vande Broke et al. 1993). In addition, B. ambifaria
promotes plant growth and development through several
mechanisms (Bevivino et al. 1994) and seems to inhibit the
growth of pathogenic microorganisms by means of the pro-
duction of antibiotics, siderophores, and cyanides (Bevivino
et al. 1998).

With this work, we raised the hypothesis that PGPR con-
sortium could positively affect growth, development, yield,
and quality traits of low N requirement genotypes of ancient
wheat, representing a new strategic agronomic tool for low-
input and sustainable farming systems. To unravel this hy-
pothesis, two ancient varieties of durum wheat, Senatore
Cappelli and Saragolla, and one ancient population of emmer,
Dicocco Molise Colli, were chosen. A first approach involved
an in vitro study of the bacterial association with such selected
wheat genotypes, to verify root colonization and bacterial sur-
vival. Subsequently, a 2-year field experiment was carried out
to investigate on the effectiveness of the PGPR consortium
and its influence on morphological, physiological, yield, and
quality traits of the selected cereal genotypes.

Materials and methods

Bacterial strains, media, and inoculum preparation

A four-bacteria consortium was applied: A. brasilense strain
Cd (Eskew et al. 1977) originally provided by Y. Okon
(Hebrew University of Jerusalem, Israel); G. diazotrophicus
strain Pal5 and H. seropedicae strain Z67 were provided by J.
Döbereiner (C.N.P.B.S., Embrapa, Rio de Janeiro, Brazil);
B. ambifaria gv VII strain PHP7 (Coenye et al. 2001) was
originally provided by T. Heulin (C.P.B., CNRS, France).
The bacteria were grown at 30 °C on their specific cultural
medium: A. brasilense in OK medium (Martinez-Drets et al.
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1984); G. diazotrophicus in LGI medium (Cavalcante and
Döbereneir 1988); H. seropedicae in J-NFb medium
(Döbereneir 1991); B. ambifaria in PCAT medium (Burbage
and Sasser 1982).

Bacterial broth cultures were prepared in selective media.
Once reached stationary phase, cell density of each strain was
determined spectrophotometrically by comparing obtained
600 nm optical densities with growth calibration curves. The
inoculumwas obtained bymixing together the four strains to a
final density of 1010 cells mL−1. For the in vitro seedling
inoculation, the consortium was washed three times in PBS
and diluted with sterile water at a final abundance of 106 cells
mL−1. For field experiment, a final density of 108 cells
mL−1 m−2, diluted in irrigation water, was utilized.

Seed material

Three different winter cereal genotypes (ancient wheats) were
compared:

– Two ancient durum wheat, Triticum turgidum L. subsp.
durum (Desf.) Husn., varieties Senatore Cappelli (re-
ferred below as Cappelli) and Saragolla, provided by
“Council for Agricultural Research and Economics,
Research Centre for Cereal and Industrial Crops”,
Foggia, Italy;

– One emmer, Triticum turgidum L. spp. dicoccum
(Schrank ex Schübler) Thell., population (Dicocco
Molise Colli, referred below as Molisano), coming from
“Agenzia Regionale per lo Sviluppo Agricolo, Rurale e
della Pesca (ARSARP)”, Campobasso, Italy.

All the selected genotypes were utilized for both in vitro
and open field experiments.

In vitro seedling inoculation

The bacterial inoculum suspension was applied in vitro to
assess the ability of the consortium to colonize the roots of
the selected ancient wheat genotypes. Treated plants were
compared with a Control, to ascertain plantlets’ sterility.
Experiments were carried out simultaneously, selecting three
pools of 15 seeds for each cultivar of Cappelli, Saragolla, and
Molisano.

Seeds were firstly sterilized by subsequent immersions in
70% ethanol (3 min), 20% hypochlorite with few drops of
Tween 20 (20 min), and 70% ethanol (1 min). After each step
seeds were rinsed several times with sterile water. Seed pools
for treated experiment were inoculated through immersion for
40 min in the inoculum suspension, while control was treated
with sterile water for the same time. Seeds were then trans-
ferred to sterile culture boxes containing Murashige & Skoog
agar medium (Murashige and Skoog 1962) and incubated in a

growth chamber (22 °C; 16/8 h light/dark; 120 μmol m−2 s−1

photosynthetically active radiation (PAR), 65% relative hu-
midity (RH)). After 10 days, developed fresh roots were col-
lected and excised in 5-mm sections.

Collected sections were dehydrated in 30, 50, 70, and
100% ethanol (20 min for each step) and then treated for
20 min with hexamethyldisilazane (HMDS, Sigma-Aldrich,
St. Louis, MO, USA), and left to dry under hood flow for
several minutes. Dried samples were then immobilized on
stabs and covered with gold. The observations were carried
out with a Gemini SEM 500 scanning electron microscope
(SEM) (Zeiss, Oberkochen, Germany); all the micrographs
were acquired using an accelerating voltage of 5 kV and in
SE2 signal (type II secondary electrons).

Field experiments

A 2-year field experiment was carried out during 2015–2016
and 2016–2017 growing seasons (referred below as 2016 and
2017, respectively) at the experimental field of the University
of Teramo (Mosciano Sant’Angelo, Italy, 42° 42′ 40.0″N, 13°
54 ′ 10.0″ E, 15 m a.s.l.). The climate is typically
Mediterranean with annual rainfall mainly concentrated be-
tween October and April.

The soil is medium-clay with the following characteristics:
19% sand, 49% silt, 32% clay, 1.16% organic matter, pH 7.9, a
total N content of 1.0 g kg−1 (arable layer, beginning of ex-
periment), 18% total CaCO3, 10.3% active CaCO3, and
3184 ppm CEC. The previous crops were fallows in 2014–
2015 and durum wheat in 2015–2016; rotations of winter
cereals with sunflower or horticultural crops (i.e., tomato
and melon) were carr ied out in previous years .
Meteorological data were recorded with a meteorological sta-
tion located near the experimental field. Daily average tem-
peratures, and daily and cumulated rainfall referred to the
whole crop cycles are shown in Fig. A1 in the ESM. The
experimental design consisted in a split-plot arranged on a
randomized block with three replications, where the cereal
genotypes (Cappelli, Molisano, and Saragolla) represented
the main plots (factor 1) and the bacterial application the
sub-plots (factor 2). Based on the timing and rate of bacterial
application, we obtained three different levels of the factor 2:
one bacterial application at sowing (Sow); two bacterial appli-
cations (or double dose) at sowing and tillering stages (STil);
zero bacterial application, which represented the untreated
Control. Both bacterial applications were carried out using
the same concentration in the working inoculums. To elimi-
nate the possible variability due to the bacterial cultural medi-
um, Control and Sow treatments were treated with the same
amount of autoclaved bacterial suspension (only at tillering
stage for Sow treatment). Application timing of bacterial sus-
pensions is shown in Fig. A1 in the ESM. Seeds were sown on
November 20, 2015, and December 02, 2016, with a plot-
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seeder at a rate of 350 viable seeds m−2, calculated for each
through a priori kernel weight and germination percentage
determination. Soil was plowed and harrowed twice prior to
sowing. Each experimental unit consisted of a 10 m2 (1.5 m ×
6.7 m) plots with 8 plant rows. The crop phenological phases
were assigned when 50% of plants per plot reached the con-
sidered phase (DC), according to Zadoks Decimal Code
(Zadoks et al. 1974). In both years, crop was protected only
against fungal disease through the application of
Azoxystrobin (Amistar, Syngenta Italia, Milano, MI) at the
dose of 1 L ha−1 at DC37 stage.

Growth analysis, yield, and grains’ protein content

Within each experimental unit, 15 whole main wheat shoots
were randomly collected starting from inflorescence emer-
gence until hard dough (Stagnari et al. 2014). Totally, 6 sam-
pling dates (DC59, DC65, DC73, DC77, DC83, DC87 corre-
sponding to 1381, 1500, 1729, 1923, 2061, and 2121 GDD
(Growing Degree Days) in 2016 and to 1263, 1399, 1529,
1651, 1809, and 1948 GDD in 2017) were carried out.
Sampled plants were separated into leaves, stems, and ears.
For each plant section, growth induced by PGPRwas assessed
through dry weight (DW) measurement (Bashan et al. 2017),
after oven drying at 80 °C until constant weight. At harvest
(July 01, 2016, and June 28, 2017, respectively) the ears in
one square meter plot surface were counted; ears number
(num m−2), ears length (cm), and stem length (cm) were reg-
istered on 40 randomly selected plants. Yield (t ha−1) was
determined by weighting the total amount of kernels obtained
by hand threshing. Grain nitrogen (N) concentration was de-
termined with the Kjeldahl method; the analyses were per-
formed in duplicate. Grain protein content (GPC, %) was then
calculated as grain N concentration multiplied by 5.7
(Sosulski and Imafidon 1990).

SPAD readings

The estimation of chlorophyll content was obtained with a
SPAD (soil-plant analysis development) meter (502 Plus por-
table chlorophyll meter, Konica Minolta, Inc., Tokyo, Japan).
Several measurements were taken on the mid-section of 10
fully expanded leaves per experimental unit, on 6 sampling
dates, starting from flag leaf emergence until soft dough phe-
nological stages (DC41, DC49, DC59, DC65, DC73, and
DC85). Measurements were made on the flag leaf, or other-
wise on the greenest leaves (Schepers et al. 1992).

Leaf-reflectance measurements

Canopy reflectance was measured for each experimental unit
with a Spectroradiometer (Handheld 2 Pro Portable Field
Spec, ADS Inc., Boulder, CO, USA) and the normalized

difference vegetation index (NDVI) was then calculated as
follows (Rouse 1973):

NDVI670 ¼ R800−R670ð Þ
R800þ R670ð Þ

Statistical analysis

A 2-way analysis of variance (ANOVA), according to a split-
plot design, was applied to test (F test) the effects of ancient
wheat genotype (main factor) and bacterial application (sec-
ondary factor) on the selected variables (R software; R Core
Team 2017). Separation of the means was set at 1% and 5%
(p < 0.01 and p < 0.05, respectively) level of significance by
LSD test. Dynamics of aerial and spikes biomass accumula-
tion data were subjected to one-way ANOVA (R software; R
Core Team 2017). Prior to ANOVA, data were analyzed to test
the normality and homoscedasticity assumptions.

Results and discussion

In vitro assay

The effects of PGPR inoculum were evaluated on in vitro
seedling roots (10 days old) through scanning electronmicros-
copy (SEM). In Figs. 1, 2, and 3 are shown the images obtain-
ed for roots of Molisano, Saragolla, and Cappelli genotypes,
respectively. The bacterial consortium colonized effectively
wheat seedling roots: inoculated samples (Figs. 1B, 2B and
3B at × 1000 magnitude) showed the presence of bacterial
biofilms on root surfaces, while completely clean root surfaces
were observed in the Control (Figs. 1A, 2A, and 3A). The
capability of bacterial consortium to form biofilm and to ad-
here is particularly appreciable at × 10,000 magnitude, where
the differences between wheat seedling root surfaces of
Control (Figs. 1C, 2C, and 3C) and those from inoculated
roots (Figs. 1D, 2D, and 3D) are remarkable. Biofilm forma-
tion is strictly related to quorum sensing signals (principally
acylated homoserine lactones—AHLs) and production of ex-
tracellular polymeric substances (EPSs) (Primo et al. 2015). In
A. brasilense, B. ambifaria, G. diazotrophicus, and
H. seropedicae strains, AHL and EPS participation to cell
aggregation and biofilm formation on plant root surfaces has
been already established (Balsanelli et al. 2014; Burdman
et al. 2000; Meneses et al. 2011; Vial et al. 2007). The biofilm
formation on plant surfaces is a crucial process in the bacterial
cell attachment to the plants (Beauregard et al. 2013), provid-
ing bacteria a mechanism for their establishment and mainte-
nance of colonization sites (Bogino et al. 2013; Seneviratne
et al. 2011; Vanderlinde et al. 2009) and representing a pro-
tective niche against other microorganisms found in soil
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(Ramirez-Mata et al. 2018). Furthermore, biofilm seems to
favor resource uptake, playing also a role in reducing biotic
and abiotic crop stress (Altaf and Ahmad 2016; Weller and
Thomashow 1994).

Polymicrobial agglomerations are necessary to develop in-
oculum of biofilm and consortia of biofilm for increasing crop
productivity at a large scale (Rekadwad and Khobragade
2017). Mixed-species biofilms, in fact, result very strong

Fig. 1 Scanning electron
microscope micrographs of
‘Molisano genotype, obtained
from seedling roots developed
after 10 days of in vitro growth.
The differences between × 1000
micrographs gathered from
control (A) and inoculated (M+
PGPR, B) samples show that
bacterial consortium colonized
effectively treated wheat seedling
roots. The bacterial adhesion on
root surfaces is evident at ×
10,000 magnitude; the control
sample (C), in fact, presents clean
surface while bacterial biofilm
formation is evident in the treated
one (D)

Fig. 2 Scanning electron
microscope micrographs of
Saragolla genotype, obtained
from seedling roots developed
after 10 days of in vitro growth.
The differences between × 1000
micrographs gathered from
control (A) and inoculated (S+
PGPR, B) samples show that
bacterial consortium colonized
effectively treated wheat seedling
roots. The bacterial adhesion on
root surfaces is evident at ×
10,000 magnitude; the control
sample (C), in fact, presents clean
surface while bacterial biofilm
formation is evident in the treated
one (D)
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(Prasanna et al. 2011; Seneviratne et al. 2011) and can pro-
mote multiple beneficial functions.

Biofilm formation is usually ascribed to strains belonging
to PGPR group (Bashan et al. 1991; Dobbelaere et al. 1999;
Dutta and Podile 2010; Fulchieri et al. 1993; Jain and
Patriquin 1985; Molina-Favero et al. 2008; Pagnani et al.
2018; Vacheron et al. 2013). Some studies have already pro-
posed the inoculation of Azospirillum spp., in particular
Azospirillum brasilense (Naiman et al. 2009; Namvar and
Khandan 2013; Pereyra et al. 2009; Pérez-Montaño et al.
2014) as one of the more interesting PGPR for wheat (Díaz-
Zorita and Fernández-Canigia 2009; Majeed et al. 2015;
Pérez-Montaño et al. 2014). A meta-analysis conducted by
Veresoglou and Menexes (2010) showed that T. aestivum
ssp. vulgare seems the more responsive species when inocu-
lated with Azospirillum spp.; however, only 12 studies on
T. turgidum L. ssp. durum were found.

Field experiments

The two crop growing seasons distinguished in terms of cli-
matic conditions (Fig. A1 in the ESM), with the lowest cumu-
lated rainfall being registered during 2016 (− 21%November–
July period). In particular, the amount of total rainfall (until the
second bacterial application) was of 472 mm in 2017 vs.
150 mm in 2016; however, within the 14 days after the first
inoculation, 76.8 mm of precipitation was recorded in 2016
vs. 0.0 mm in 2017, and after the second bacterial application

27.6 mm vs. 1.8 mm in 2016 and 2017, respectively (Figs.
A1-B and A1-C in the ESM, respectively). In general, higher
temperatures during the winter period (November–February)
were registered in 2016 (10.2 °C and 8.4 °C in 2016 and 2017,
respectively), while 2017 was characterized by higher temper-
atures during the spring (March–June; 15.9 °C and 17.0 °C in
2016 and 2017, respectively) (Fig. A1-A). In the 3 days fol-
lowing the inoculation, the average temperatures were similar
at sowing (9.4 vs. 9.0 °C in 2016 and 2017) and different at
tillering (10.0 vs. 13.2 °C in 2016 and 2017) (Fig. A1 in the
ESM). Weather conditions, especially water availability, are
determinant in the effectiveness of bacterial application, both
for bacterial survival and migration to the rhizosphere (Dal
Cortivo et al. 2017). However, as reported by Dal Cortivo
et al. (2017) and Basaglia et al. (2003), an excessive rainfall
could hamper root colonization. It has to be pointed out that in
our experiment treatments showed very similar patterns dur-
ing the two crop growing seasons, and some better results
were even obtained in 2016 (apparently more unfavorable
for bacterial colonization). Other factors could be involved,
such as crop rotation. Some studies highlighted the contribu-
tion of rhizobia inoculation to the rotational benefits of le-
gumes (Trabelsi et al. 2012); however, there are no specific
studies about the relations between PGPR and previous
crops.

The trends of aerial biomass accumulation (leaves and
stems) of ancient wheat varieties during grain filling are re-
ported in Fig. 4. Molisano showed the lowest values (− 39 and

Fig. 3 Scanning electron
microscope micrographs of
Cappelli genotype, obtained from
seedling roots developed after
10 days of in vitro growth. The
differences between × 1000
micrographs gathered from
control (A) and inoculated (C+
PGPR, B) samples show that
bacterial consortium colonized
effectively treated wheat seedling
roots. The bacterial adhesion on
root surfaces is evident at ×
10,000 magnitude; the control
sample (C), in fact, presents clean
surface while bacterial biofilm
formation is evident in the treated
one (D)
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− 41% in 2016 and − 50 and − 49% in 2017 with respect to
Cappelli and Saragolla) and, regardless of genotypes, bacterial
application allowed higher values than Control treatments
(Fig. 4). A similar behavior was observed for biomass accu-
mulation in spikes (Fig. 5): Molisano showed the lowest ear
dry weight values and differences with the other genotypes
exacerbated in 2017 (− 14% and − 46% on average, in 2016
and 2017, respectively). These results were confirmed by

yield data (Table 1), with a general significant increasing of
grain yield (p < 0.01) thanks to the application of the double
dose of inoculum; considering genotype effect, Cappelli
showed greater values than Molisano (+ 16% and + 45% in
2016 and 2017, respectively) and Saragolla (+ 19% on aver-
age). Molisano seemed the more sensitive genotypes to the
variable climatic conditions (Stagnari et al. 2008), lowering
its yield in 2017 (− 46% on average), probably due to the

Fig. 4 Dynamics of aerial
biomass accumulation (leaves
and stems, g plant-1) as recorded
in 2016 (A) and 2017 (B) for three
ancient wheat genotypes
(Cappelli, Saragolla, and
Molisano) treated with three dif-
ferent bacterial application treat-
ments (white circle: Sow, one
bacterial application at sowing;
white triangle: STil, bacterial ap-
plications at sowing and tillering
stage; black rhombus: Control,
zero bacterial application) during
crop cycle (at DC59, DC65,
DC73, DC77, DC83, DC87 phe-
nological stages, corresponding to
1381, 1500, 1729, 1923, 2061,
and 2121 GDD in 2016 and to
1263, 1399, 1529, 1651, 1809,
and 1948 GDD in 2017). Data are
means ± standard errors for n = 3
independent replicates. *p < 0.05;
n.s., not significant, according to
one-way analysis of variance
(ANOVA) for each sampling
date; degrees of freedom: blocks,
2; treatments, 2; residuals, 4
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abundant rains during the winter which may have favored
culm elongation than biomass accumulation (Table 1) (Fig.
5B). Consequently, it resulted in higher lodging, lower num-
ber of grains per spike—see sample length values in Table 1
(− 27% in 2017 with respect to 2016)—and scarce spike bio-
mass accumulation (Fig. 5). Such behavior was recorded also
for Cappelli and Saragolla, although at lower extent (Table 1;
Fig. 4). Our results are supported by the literature which

indicates an increasing in plant dry weight and grain yield
following the inoculation with N2-fixing bacteria (Pérez-
Montaño et al. 2014), probably thanks to N2-fixing process
(Nelson and Mele 2006; Venieraki et al. 2011) and auxin pro-
duction with consequent enhancement of cereal yield (Behl
et al. 2012; Neiverth et al. 2014; Saia et al. 2015). Several
studies on wheat report a synergistic effect of multiple
PGPR inoculation (Combes-Meynet et al. 2011; Upadhyay

Fig. 5 Dynamics of biomass
accumulation in spikes (g plant-1)
as recorded in 2016 (A) and 2017
(B) for three ancient wheat geno-
types (Cappelli, Saragolla, and
Molisano) treated with three dif-
ferent bacterial application treat-
ments (white circle: Sow, one
bacterial application at sowing;
white triangle: STil, bacterial ap-
plications at sowing and tillering
stage; black rhombus: Control,
zero bacterial application) during
crop cycle (at DC59, DC65,
DC73, DC77, DC83, DC87 phe-
nological stages, corresponding to
1381, 1500, 1729, 1923, 2061,
and 2121 GDD in 2016 and to
1263, 1399, 1529, 1651, 1809,
and 1948 GDD in 2017). Data are
means ± standard errors for n = 3
independent replicates. *p < 0.05;
n.s., not significant, according to
one-way analysis of variance
(ANOVA) for each sampling
date; degrees of freedom: blocks,
2; treatments, 2; residuals, 4
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et al. 2012). The effect of the combination of bio-inoculants
(Anabaena torulosa + Pseudomonas striata and/or Anabaena
torulosa + Azotobacter chroococcum) on plant growth and nu-
trient uptake under Mediterranean environments is noticeable
(Swarnalakshmi et al. 2013) as well as the effect of inoculated
PGPR with arbuscular mycorrhizal fungi (AMF) (Isopi et al.
1995; Saia et al. 2015). Besides, a recent study from northern
Italy indicates that when PGPR are applied in combination with
conventional N-fertilizers, wheat growth and yield are highly
dependent on the N input level to obtain sustainable yields with
high bakery quality (Dal Cortivo et al. 2017). The double bac-
terial application enhanced both the number of grains per spike
(as indirectly indicated by ear length) and number of spikes per
m−2 (Table 1). Greater differences were recorder in 2016, when

Molisano showed higher spike length and spike m−2 than
Saragolla and Cappelli (+ 12% and + 41% and + 20% and +
24%, respectively). In view of these results, for Molisano the
lowest yield in 2017 was attributable to a reduction of single
grain weight.

In terms of GPC (lower values in 2017 compared with
2016) (see Table 1), significant differences (p < 0.05) emerged
between inoculated and Control treatments, while Sow and
STil treatment resulted not significant (except for Saragolla
in 2016); Saragolla and Cappelli exhibited higher values than
Molisano. As already reported by previous studies on sun-
flower (Akbari et al. 2011) and soybean (Dashti et al. 1997),
PGPR consortium stimulates protein seed accumulation,
thanks to the improved physiological and metabolic activities

Table 1 Ear length (cm), stem length (cm), number of spikes per square
meter (ears, num m−2), grain yield (t ha−1), and grain protein
concentration (GPC, %) as recorder for three ancient wheat genotypes
(two durum wheat varieties, Cappelli and Saragolla; one emmer
population, Molisano) subjected to three different bacterial application

treatments (Sow: one bacterial application at sowing; STil: two bacterial
applications at sowing and tillering stage; Control: zero bacterial
application) at harvest in 2016 and 2017. Data are averages of n = 3
independent replicates†. Different capital letters indicate significant
differences at p < 0.05 (Fisher’s LSD test)

Ear length (cm) Stem length (cm) Ears (num m−2) Grain yield (t ha−1) GPC (%)

Contr Sow STil o.m. Contr Sow STil o.m. Contr Sow STil o.m. Contr Sow STil o.m. Contr Sow STil o.m.

2016

Cappelli 7.51 7.49 8.01 7.67
B

105 113 115 111 199 209 222 210
B

2.51 2.51 2.68 2.57
A

16.6 16.8 18.1 17.2
A

Saragolla 7.94 8.08 8.53 8.18
B

108 110 109 109 177 172 205 184
C

2.09 2.13 2.25 2.16
B

17.0 17.1 18.6 17.6
A

Molisano 8.86 9.00 9.71 9.19
A

108 110 112 111 252 259 273 261
A

2.15 2.20 2.29 2.21
B

11.5 12.5 13.3 12.5
B

o.m. 8.10
B

8.19
B

8.75
A

107 111 112 209
B

213 A-
B

233
A

2.25
B

2.28
A-
B

2.40
A

15.0
B

15.5 AB 16.7
A

G * n.s. * ** *

B * n.s. * ** *

G×B n.s. n.s. n.s. n.s. n.s.

2017

Cappelli 5.00 5.80 6.53 5.78
B

118 120 121 120 189 202 229 206
B

2.43 2.40 2.55 2.46
A

12.5 13.2 14.2 13.3
A

Saragolla 7.10 7.18 8.08 7.45
A

125 126 126 126 178 178 203 186
B

2.02 2.03 2.14 2.06
B

13.3 13.3 14.5 13.7
A

Molisano 6.00 6.60 7.53 6.71
A-
B

122 123 124 123 248 254 283 262
A

1.62 1.69 1.78 1.69
C

10.2 10.5 12.2 11.0
B

o.m. 6.03
B

6.53
A-
B

7.38
A

122 123 124 205
B

211
B

238
A

2.02
B

2.04
B

2.15
A

12.0
B

12.3
B

13.6
A

G * n.s. * ** *

B * n.s. * ** *

G×B n.s. n.s. n.s. n.s. n.s.

o.m., overall mean; G, genotype; B, bacterial application; G × B, genotype × bacterial application
†Degrees of freedom: blocks, 2; genotype 2; bacterial application, 2; genotype × bacterial application, 4; residual, 12

*p < 0.05; **p < 0.01; n.s., not significant
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of inoculated plants (Ram et al. 2002). Moreover, thanks to
N2-fixation (Boddey et al. 2003; Prabha et al. 2017), N uptake
is facilitated as well as the synthesis of essential elements.
PGPR have an effect also by modulating hormones, enzymes,
and siderophores (Badawi et al. 2011; Tilak et al. 2005; Verma
et al. 2010).

The NDVI and SPAD assessments confirmed the positive
effects of bacterial inoculum on the physiological traits of
ancient wheats (Table 2). The highest NDVI values were in-
duced by STil condition. These results were confirmed by
SPAD data, although the effect of genotype resulted some-
times significant (Table 2). Earlier studies exhibited very sim-
ilar findings, as in the case of hemp plants inoculated with the
same PGPR (Pagnani et al. 2018), or in studies correlating
SPAD values with leaf nitrogen accumulation (Evans 1983).

The investigated bacterial consortium revealed a positive in-
fluence on the growth of ancient wheats, which followed a sig-
nificant colonization rate of the root system (in vitro experiment)
and resulted in interesting physiological and yield responses
(open field experiment). PGPR significantly influenced also
quality traits of ancient wheats, as demonstrated by highest grain
protein content. However, further research is needed to deeply
investigate the interaction of PGPR with protein biosynthesis to

achieve the goal of better grain quality production. The applica-
tion of PGPR revealed to be a significant potential
environmental-friendly tool for ancient wheat fertilization,
which could allow the enhancement of local productions,
safeguarding biodiversity and increasing the quality of final
products in marginal areas and low-input agricultural systems.
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