
Improving yield of a bean ecotype using biostimulants: focus on bean 
amino acid pro�les and plant responses
Emily Rose Palm a,b, Gaia Santini a , Alberto Niccolai a, Marzia Vergine c,* , Carmine Negro c,  
Werther Guidi Nissim a,b,d , Leonardo Sabbatini a, Raffaella Balestrini e,  
Maria Concetta de Pinto f, Gholamreza Gohari g,h , Vasileios Fotopoulos h ,  
Stefano Mancuso a,i, Andrea Luvisi c , Luigi De Bellis c,d, Liliana Rodol� a, Federico Vita a,f

a Department of Agriculture, Food, Environment and Forestry, University of Florence, 50121, Florence, Italy
b Department of Biotechnology and Biosciences, University of Milano-Bicocca, 20126, Milano, Italy
c Department of Biological and Environmental Sciences and Technologies, University of Salento, 73100, Lecce, Italy
d National Biodiversity Future Center, 90133, Palermo, Italy
e Institute of Biosciences and Bioresources, National Research Council, 70126, Bari, Italy
f Department of Bioscience, Biotechnology and Environment, University of Bari “Aldo Moro”, 70121, Bari, Italy
g Department of Horticultural Science, Faculty of Agriculture, University of Maragheh, 97HF+498, Maragheh, Iran
h Department of Agricultural Sciences, Biotechnology and Food Science, Cyprus University of Technology, 3036, Limassol, Cyprus
i Fondazione per il Futuro Delle Città (FFC), 50121, Florence, Italy
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A B S T R A C T

Biostimulants have emerged as having the potential to sustainably enhance crop performance as well as yield 
quantity and nutritional quality. Although naturally rich in lysine, beans are generally de�cient in sulfur- 
containing amino acids like methionine and cysteine. Improving the nutritional imbalance in beans is highly 
desirable, especially in those with cultural and economic value, like Fagiolo di Sorana, a high-quality Protected 
Designation of Origin (PDO) bean variety from Pistoia, Italy. A spirulina-based (1 g/L and 3 g/L) and a 
commercially available (MC EXTRA; 1 g/L) biostimulant were applied as foliar sprays for two consecutive years 
to Fagiolo di Sorana plants grown under both open �eld and semi-controlled greenhouse conditions. Productivity 
was higher in treated plants: a 7 % increase (p-value, 0.036) was found in whole pod weight in the �rst year of 
the trial with 3 g/L and in the second year trial (p-value, 0.020) for MC EXTRA compared to the control. 
Improved amino acid composition of the beans were found, speci�cally an increase of 200 % (p-value, 0.040) and 
400 % (p-value, 0.053) in methionine content with 3 g/L spirulina and MC EXTRA, respectively, compared to the 
control, thus addressing the bean's typical de�ciency in sulfur amino acids. Bean digestibility increased 3 % (p- 
value, 0.013) with the higher concentration (3 g/L) of the spirulina-based biostimulant relative to the control- 
grown plants. Molecular barcoding identi�ed genetic differences within a collection of ten Tuscan bean land-
races, including the Fagiolo di Sorana variety, thus offering a �rst attempt at the genetic characterization 
essential for preserving landrace germplasm. These genetic data were then coupled with the assessment of 
protein digestibility to identify differences within the landrace collection. Thus, the use of biostimulants presents 
an opportunity to further enhance the yield and nutritional pro�le of this PDO without compromising its 
environmental integrity.

1. Introduction

Widespread acceptance of biostimulants in agriculture is on the up-
ward trend, helping reduce farmers' dependence on high-priced fertil-
izers and making crops more tolerant to water scarcity and salinity 

(Koleška et al., 2017; Roche, 2024). Biostimulants are increasingly 
applied in organic farming as they �t the concept of environmental 
sustainability (Gerhards et al., 2021; Shawky et al., 2023). They can be 
applied to plants or soil, enhancing plant growth, nutrient uptake and 
development, and plant tolerance to environmental stresses (du Jardin, 
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2015; Halpern et al., 2015). While biostimulants do not provide plants 
with essential nutrients like (bio)fertilizers, they are rich in many bio-
logically active compounds. These include plant growth stimulating 
hormones such as auxin and cytokinins, and amino acids like proline 
that aid in buffering osmolarity imbalances induced by abiotic stresses 
(Johnson et al., 2024; Skylas et al., 2022), leading to improved nutrient 
uptake and translocation (Ma et al., 2022), enhanced growth rates and 
crop yields (tomatoes and maize) (Adoko et al., 2021; Francesca et al., 
2021). Thus, the application of biostimulants could increase the �tness 
and yield of important staple crops.

Biostimulants can be made from various sources, including seaweed, 
microorganisms, humic and fulvic acids, amino acids, and plant extracts 
(Rouphael and Colla, 2020). Among the most well-studied algal-based 
biostimulants are those extracted from the brown seaweed Ascophyllum 
nodosum; its stimulating effects on plant growth and abiotic stress 
resistance are well documented (Shukla et al., 2019). The most prom-
ising candidates of biostimulants are those belonging to the prokaryotic 
cyanobacteria group, which include N2-�xing microbes and species like 
spirulina (Arthospira spp.) (Vaishampayan et al., 2001; Singh, 2016). It is 
known that cyanobacteria excrete bioactive substances that act as sig-
nalling molecules, promoting plant growth (Colla et al., 2017) and the 
synthesis of phytohormones (Žižková et al., 2017), which inJuence 
diverse physiological processes in plants (Santini et al., 2021) and help 
protect plants from environmental stress such as heavy metals (Gharib 
and Ahmed, 2023) and salinity (Bauenova et al., 2024; Xu et al., 2023; 
Selem, 2018). At the molecular level, the upregulation of several genes 
involved in the primary and secondary metabolic pathways is expected 
(Barone et al., 2019). A recent study showed dramatic upregulation of 
stress response genes following the application of Spirulina platensis 
extract in wheat cultivated under drought conditions (Ibrahim et al., 
2024), especially those of enzymes involved in detoxi�cation of 
endogenous metabolic byproducts and those regulating metabolic pro-
cesses. Current climate projections for 2050 indicate that drought con-
ditions are likely to increase in both the amount of affected area and 
their intensity in northern (Baronetti et al., 2022) and southern Italy 
(Critto et al., 2016). Therefore, biostimulants may be an especially 
valuable tool in the production of PDO crops (Colla et al., 2017; God-
lewska et al., 2019) by ensuring their bene�cial effects are exerted 
without the application of chemical fertilisers, pesticides, or soil im-
provers (du Jardin, 2015).

The common bean Phaseolus vulgaris L. is an important species and a 
signi�cant source of dietary protein throughout Latin America and 
Eastern Africa (Graham and Ranalli, 1997). Its introduction to the Ital-
ian peninsula in 1532 was well-accepted, given P. vulgaris' resemblance 
to cowpea (Vigna unguiculata), a widely cultivated and consumed 
legume in the Mediterranean (Piergiovanni and Lioi, 2010). Its culti-
vation quickly spread, with farmers throughout the peninsula exerting 
selective pressure for various organoleptic traits, leading to a wide va-
riety of landraces (Piergiovanni et al., 2000). The different environ-
ments of the Italian peninsula have led to the development of many 
ecotypes, currently poorly studied and characterized due to their limited 
distribution areas (Dinelli et al., 2006) and unsuitable production 
characteristics (e.g., a high number of seeds per pod), which negatively 
inJuence their commercial value (Piergiovanni et al., 2000). The genetic 
basis of this ecotypic variation can be explored through the many 
landraces that have been cataloged by germplasm centers. This 
approach facilitates the identi�cation of genetic markers that are both 
linked to abiotic and biotic stress tolerance and to desirable organoleptic 
traits, which can be further explored phylogenetically through recent 
technologies like molecular barcoding. Some landraces have been 
designated as having unique characteristics and are especially tied to the 
local edaphic conditions and culture. For example, in 2002, the Sorana 
bean (“Fagiolo di Sorana”) received the Protected Designation of Origin 
(PDO) from the European Union with strict production rules (Reg. CE n. 
1018 del 13.06.02). An ecotype of P. vulgaris, the Sorana bean grows in a 
restricted area of Pistoia showing unique organoleptic properties linked 

to its site of origin's microclimate and pedo-chemical conditions and 
cultivated under nearly organic agricultural practices. It has nutritional 
properties such as variegated vitamin content (thiamin, riboJavin, 
niacin, vitamin, vitamin B6 and folic acid) and minerals including po-
tassium (K), calcium (Ca), magnesium (Mg), zinc (Zn), copper (Cu) and 
iron (Fe) (Celmeli et al., 2018). The immense variation that exists among 
ecotypes of P. vulgaris provides an ideal context in which to investigate 
the genetic basis of organoleptic and nutritional properties in a globally 
relevant staple crop.

Despite their being among the most important staple crops globally, 
Phaseolus vulgaris seeds are poor in methionine, an essential amino acid 
that contains sulfur and is required for protein synthesis and overall 
nutrition. This de�ciency is signi�cant for diets where beans are the 
main source of protein (Adedeji et al., 2016; Skylas et al., 2022; Skylas, 
2024). The inability of humans to synthesize certain essential amino 
acids and the reduced content of methionine in legumes has long trig-
gered scienti�c interest in increasing the levels of these essential amino 
acids in crop plants, including the testing of recombinant inbred lines 
with the goal of increasing levels of Cys and Met (Viscarra-Torrico et al., 
2021). A few studies have shown that biostimulants can increase the 
amino acid content of plants to which they are applied. The biostimulant 
Arthrospira platensis (spirulina) not only enhanced growth parameters 
but also increased the levels of essential amino acids in lettuce plants 
(Mógor et al., 2018). In the legume Cicer arietinum L. (chickpea), the 
application of chestnut wood distillate as a biostimulant boosted the free 
amino acid content of seeds, especially valine, isoleucine and tyrosine 
(Fedeli et al., 2023). It is clear from the literature that yield and quali-
tative traits of P. vulgaris can be improved through the application of 
biostimulants. For instance, Ecklonia maxima has been proven to 
enhance the yield, protein Javonoids and carotenoid content as well as 
nutritional and nutraceutical properties in several common bean culti-
vars (Kocira et al., 2017, 2018, 2020; Nowak et al., 2023). However, a 
speci�c effect on amino acid production, especially those found at low 
levels in P. vulgaris, has rarely been investigated.

The main goal of this study was to improve the growth of the ecotype 
“Fagiolo di Sorana” and enhance the quality and quantity of harvestable 
product under its ideal edaphic conditions. It was hypothesized that 
both cyanobacteria and algal-based biostimulants would have a positive 
effective on plant biomass and yield due to evidence from earlier studies. 
However, the observed effect of spirulina-based biostimulants on amino 
acid production and digestability in plants was expected to improve 
speci�cally this aspect of the yield quality in Fagiolo di Sorana. For this 
purpose, the bean plants were treated with a foliar application of a 
biostimulant based on Arthrospira extracts and a commercial bio-
stimulant and evaluated using a multidisciplinary approach. Open-�eld 
and greenhouse experiments were conducted over two growing seasons 
to assess the effects of biostimulant treatment on plant physiology and 
yield. Bean seed amino acid pro�les and digestability were evaluated to 
determine if biostimulants have a direct impact on these properties. A 
molecular barcoding approach was used to elucidate the genetic re-
lationships between different Tuscan landraces, focusing speci�cally on 
the trait of seed digestibility to explore the potential of this approach to 
select for speci�c organoleptic traits in staple crops.

2. Materials and methods

2.1. Experimental set-up

2.1.1. Plant material
Sixty common bean (Phaseolus vulgaris L.), ecotype ‘Fagiolo di Sor-

ana’, plants (n = 15 per treatment) were used to test two biostimulants. 
Seeds for the molecular barcoding and digestibility analyses of ten 
Tuscan landraces were obtained from the bean germplasm bank of the 
Department of Agriculture Science and Technology, Food, Environment 
and Forestry at the University of Florence, Italy.

E.R. Palm et al.                                                                                                                                                                                                                                 Plant Physiology and Biochemistry 231 (2026) 110988 

2 



2.1.2. Growing conditions
Open �eld experiments were performed for two consecutive years 

(2019–2020) in Sorana, province of Pistoia, Italy (43◦58′24.5″N 
10◦42′22.2″E). Environmental data related to temperatures and mois-
ture were obtained from the Regional Service of Tuscany Region (SIR) 
website and reported as supplementary data (TOS11000091, www.sir. 
toscana.it). Seeds were sown directly in the �eld in mid-June in both 
years of the trial, and plants were grown following the standard protocol 
outlined in the production disciplinary. The same experiment was also 
repeated on another set of 60 plants in a greenhouse at the University of 
Florence (Italy) (lat. 43◦48′58.6″ N, long. 11◦11′58.1″ E) for two years 
(2019–2020). Seeds were germinated in mid-June of both years of the 
trial on moist �lter paper at 23 ◦C and then transplanted to 15 cm 
diameter black polyvinyl pots �lled with a 60:40 w/w mix of commer-
cial potting soil and 8–16 mm expanded clay, respectively. Plants were 
cultivated under semi-controlled conditions (automatic irrigation twice 
a day), with natural, non-supplemented lighting (average 500 μmol m−2 

s−1 PAR). Temperature and moisture data were continuously collected 
using probes (greenhouse experiment) or downloaded from the SIR 
Toscana website (TOS11000091 station, Sorana). Meteorological data 
collected over the two years for both trials are reported in the Supple-
mentary material (Figs. S2 and S3).

For the barcoding analysis, seeds from each of the eleven landraces 
(Sorana included) were germinated on moistened �lter paper in the 
dark. Once germinated the seedlings were transferred to a growth 
chamber with 250 μmol m−2 s−1, 16L:8D light cycle, day:night tem-
peratures of 23 ◦C:18 ◦C and relative humidity of 70 %. Seedlings were 
allowed to grow until the �rst true leaves had appeared before sampling.

2.1.3. Biostimulant treatments
Two different biostimulants were used in this study: one based on 

spirulina (Arthrospira platensis F&M-C256) dry mass, and the other, MC 
EXTRA, a commercial product from Valagro® (Syngenta Global, Basel, 
Switzerland) based on Ascophyllum nodosum extracts. Spirulina biomass 
was cultivated in Zarrouk medium (Zarrouk, 1966) in semi-batch mode 
and harvested by �ltration. Biomass was then washed with tap water to 
remove excess bicarbonate and dried at low temperature (33 ◦C) for 20 
h. Further details, as well as data related to biomass, biochemical 
composition, and ash content, are reported in Niccolai et al. (2019). The 
spirulina-based biostimulant was tested at two different concentrations 
(1 and 3 g/L, SP1 and SP3, respectively). These concentrations were 
selected based on preliminary, unpublished experimental trials con-
ducted by our research group, which demonstrated their ef�cacy in 
eliciting positive physiological responses without causing phytotoxicity. 
MC EXTRA was applied at a concentration of 1 g/L, in accordance with 
the manufacturer's recommended dosage for foliar application. In both 
conditions (i.e., open �eld and greenhouse), both stimulants were 
diluted at the concentrations described above with distilled water and 
were applied in four foliar treatments. The �rst application (T1) 
occurred when the plants had at least four fully expanded sets of tri-
foliates, roughly one month from the time seeds were sown. Treatments 
were repeated three more times, every 15 days (T2, T3 and T4). At each 
treatment application, the volumes of biostimulant applied were 
increased to ensure complete wetting of the growing leaf surface. Con-
trol plants (CTRL) were treated simply with distilled water.

Leaf samples were collected from plants grown in open �eld condi-
tions at the end of the experiments to measure leaf biochemical pa-
rameters - leaf pigments and polyphenolic contents. Sampling for 
physiological, genetic and biochemical parameters described below 
were performed at T1-T4, as indicated.

2.2. Physiological and productivity parameters

Gas-exchange measurements were performed 24 h after the foliar 
application of the biostimulants at four different times (i.e. T1, T2, T3, 
T4) during both growing seasons in both open �eld and greenhouse 

conditions. Six plants from each treatment group were used for the 
measurements. The LI-6400XT Portable Photosynthesis System (LICOR 
Biosciences; Nebraska, USA) was used to measure gas exchange on 
young, fully expanded leaves from each plant. The analyses were per-
formed from 8:00 a.m. to 1:00 p.m. Carbon assimilation rate (An), and 
stomatal conductance (gs) rates were measured with the following 
LICOR chamber settings: CO2 concentration of 400 μmol CO2 mol−1, 
block temperature of 30 ◦C, light intensity of 1000 μmol m−2 s−1 PAR, 
and relative humidity between 50 and 60 %. The chamber area was 2 
cm2; however, if the considered leaf area was smaller than the chamber, 
the new area was determined and used to adjust photosynthetic 
parameters.

2.3. Pigments and polyphenols content

Spectrophotometric analyses to evaluate leaf pigment concentrations 
and polyphenolic content were carried out on 10 mg of fresh leaves from 
six plants (n = 6) for each treatment. Leaf samples were collected from 
plants grown in open �eld conditions following gas exchange mea-
surements at each application of the biostimulants (T1-T4). The leaves 
were sampled, frozen in liquid nitrogen, and then �nely ground to a 
powder. Subsequently, 1 mL of cold methanol was added to the ground 
leaves, followed by shaking for 30 min and centrifugation at 10,000 g for 
10 min. The resulting supernatant was utilized for absorbance readings 
at 665, 652, and 470 nm to determine the levels of Chlorophyll a (Chla), 
b (Chlb), and carotenoids, respectively. Absorbance readings were per-
formed using a TECAN spectrophotometer with a 96-well black multi- 
plate reader. Pigment quanti�cation was conducted based on the 
equations provided by Wellburn (1994). Total polyphenol content was 
determined according to Ainsworth and Gillespie (2007). BrieJy, 20 mg 
of leaf tissue was frozen in liquid nitrogen and homogenized. 2 ml of 
ice-cold 95 % (vol/vol) methanol was added, and samples were incu-
bated at room temperature for 48 h. Samples were then centrifuged at 
13,000 g at room temperature, and the supernatant was collected. 200 μl 
of 10 % (vol/vol) Folin-Ciocalteu reagent was mixed with 100 μl of 
supernatant and 800 μl of 700 mM Na2CO3. Finally, 200 μl were used for 
absorbance readings at 765 nm using a TECAN spectrophotometer with 
a 96-well black multi-plate reader.

2.4. Yield parameters

To compare plant productivity, we evaluated the number of pods per 
plant and the number of seeds per pod in both treated and non-treated 
plants at harvest from both open �eld and greenhouse conditions. 
Seeds and pods were dried in an oven at 70 ◦C until constant weight to 
remove any residual moisture and weighed to obtain the total pod 
weight and shelled pod weight per plant.

2.5. Quanti?cation of amino acids in bean @our

Dry beans (0.5 g) from plants grown in open �eld conditions in each 
treatment were ground to a �ne powder. The resulting bean Jour was 
used for amino acid determination. Subsamples of bean Jour, approxi-
mately 10 mg each, were weighed into 10 mL headspace glass vials with 
a crimp cap and 3 mL HCl 6 M (with 0.1 % w/v phenol) was added. The 
vials were placed in a preheated oven at 110 ◦C for 24 h. After hydro-
lysis, the samples were allowed to cool to handling temperature and 
treated as described by Dahl-Lassen et al. (2018). Oxidation was per-
formed before hydrolysis to protect samples from degradation during 
the heating phase to analyze the sulfur-containing amino acids. Per-
formic acid was used as an oxidizing agent, and the samples were pre-
pared as described by Dahl-Lassen et al. (2018). Sample characterization 
and quanti�cation were performed using an Agilent 1200 HPLC DAD 
ESI/MS-TOF system (Agilent Technologies, Palo Alto, CA, USA) equip-
ped with a standard autosampler and an analytical column (Agilent 
In�nityLab Poroshell 120 HILIC-Z, 2.7 μm, 2.1 × 150 mm, PEEK-lined, 

E.R. Palm et al.                                                                                                                                                                                                                                 Plant Physiology and Biochemistry 231 (2026) 110988 

3 

http://www.sir.toscana.it
http://www.sir.toscana.it


(p/n 673775-924)). The column temperature was maintained at 25 ±
2 ◦C and the volume injected on the column was 5 μL. Gradient elution 
was performed using 10 mM ammonium formate plus 0.1 % formic acid 
in water as eluent A and 10 mM ammonium formate plus 0.1 % formic 
acid in 90 % acetonitrile as eluent B. The Jow rate was kept constant at 
0.400 mL min−1, as reported by Zhao et al. (2021). The system was 
controlled by Agilent MassHunter acquisition software version B.06.01 
build January 6, 6157. An amino acid standard mix (part number 
5061-3330) including alanine (Ala), arginine (Arg), aspartic acid (Asp), 
cysteine (Cys), glutamic acid (Glu), glycine (Gly), histidine (His), 
isoleucine (Ile), leucine (Leu), lysine (Lys), methionine (Met), phenyl-
alanine (Phe), proline (Pro), serine (Ser), threonine (Thr), tyrosine (Tyr) 
and valine (Val) was obtained from Agilent Technologies Inc. (Santa 
Clara, CA, USA); methionine sulfone, cysteic acid were obtained from 
Millipore Sigma, Inc. (St. Louis, MO, USA) as reported by Zhao et al. 
(2021). Data processing was performed with Agilent MassHunter 
quantitative analysis software version B.07.00 build 7.0.457.0.

2.6. Digestibility assay

Beans collected from the open �eld experiments were tested for dry 
matter digestibility to assess differences induced by biostimulants using 
a modi�ed version of the protocol proposed by Boisen and Fernández 
(1997), which reproduces in vitro the chemical-enzymatic catalysis that 
occurs in the proximal tract of the monogastric digestive system. Beans 
were freeze-dried and ground to a �ne powder. 1 g of ground material 
was transferred in a 250 mL Erlenmeyer Jask and mixed with 25 mL of 
phosphate buffer (0.1 M, pH 6.0). 10 mL 0.2 M HCl was added, and pH 
was adjusted to a value of 2.0. Finally, 3 mL of a freshly prepared pepsin 
water solution containing 30 mg of porcine pepsin with an activity of 0.8 
FIP-U/mg (Applichem, Darmstdat, Germany) was added. A blank was 
also prepared with the same reactives but without beans. Flasks were 
closed with a rubber stopper and incubated under stirring at 39 ◦C for 6 
h. After this time, 10 mL of phosphate buffer (0.2 M, pH 6.8) and 5 mL of 
a 0.6 M NaOH solution were added to the samples and to the blank. The 
pH was adjusted to a value of 6.8 by the addition of HCl or NaOH (1 M 
solutions) followed by the addition of 10 mL of a freshly prepared 
pancreatin 50 %-ethanol solution containing 500 mg of porcine 
pancreatin with an activity of 42362 FIP-U/g (Applichem, Darmstadt, 
Germany). Flasks were further incubated for 18 h under the same con-
ditions described above.

Undigested residues were then collected by centrifugation (Neya 8, 
Neya, India) at 4500 rpm for 30 min, washed with deionised water to 
remove any buffer salts, and then centrifuged with the same parameters 
mentioned above. Both pellets were then dried at 80 ◦C for 6 h and then 
at 45 ◦C, until constant weight and then weighed. The supernatant from 
the two centrifugations was �ltered on 47 mm glass-�ber membranes 
with nominal porosity of 1.2 μm (FILTER-LAB, Barcelona, Spain), dried 
in the same conditions described above, and weighed. Weights of the 
residues on �lter paper were added to the weights of the pellets to ac-
count for any residual biomass or undissolved reagent not sedimented 
during centrifugation, obtaining the overall weight of undigested ma-
terial. The blank was treated following the same steps mentioned above.

The in vitro dry matter digestibility, expressed as a percentage ±
standard error of the mean, was calculated as the difference between the 
weight of the starting material and the weight of the undigested material 
(both expressed in grams) from which the blank value was previously 
subtracted. The analysis was performed in triplicate. Digestibility data 
were integrated by analyzing eleven Italian bean landraces (Sorana 
included) to highlight speci�c landrace properties, according to Niccolai 
et al. (2019).

2.7. Barcoding analysis

DNA barcoding was performed by sequencing three genes (nuclear 
ITS, internal transcribed spacer and two chloroplast intergenic spacers, 

trnL-trnF and trnH-psbA) using primer sequences reported in the litera-
ture (Nicolè et al., 2011). BrieJy, 100 mg of fresh leaf tissue was 
collected from landrace seedlings (Table 1), and DNA was extracted 
according to Allen et al. (2006). The amplicon sequences were obtained 
by assembling the forward and reverse sequence of one amplicon, ac-
cording to Sanger-sequencing method (Euro�ns, Ebersberg). Phyloge-
netic relationships were then established with ITS, trnL-trnF and 
trnH-psbA gene sequences, which were concatenated and analyzed using 
MEGA 11 software (Tamura et al., 2021). For the phylogenetic tree, 
Maximum Likelihood-based on the Tamura-Nei model was used with a 
number of Bootstrap Replications equal to 1000 (Tamura and Nei, 
1993).

2.8. Statistical analysis

Data from amino acids, pigments and polyphenolic analyses were 
assessed for normal distribution through a Shapiro-Wilk test and ho-
mogeneity distribution of variance through Bartlett's test (Bartlett, 
1937). Then, samples from pigment and polyphenolic analyses were 
analyzed using a two-way ANOVA followed by Dunnett's post hoc test (p 
≤ 0.05) (Dunnett, 1955). As biometric (yield) data do not follow a 
normal distribution, statistical analyses were carried out using the 
Kruskal-Wallis test (Kruskal and Wallis, 1952) coupled with Dunn's 
post-hoc test (Dunn, 1964). Analysis of amino-acid composition was 
assessed through one-way ANOVA coupled with Tukey HSD test (p ≤
0.05) (Tukey, 1949), followed by a Principle Component Analysis 
(PCA). The PCA results were graphically processed to highlight the 
contribution of each variable (compounds) and the differentiation of the 
observations (samples). PCA was computed using XLSTAT (version 
2016.02.27444), whereas ANOVA analysis was computed using 
GraphPad Prism version 9.4.0 (GraphPad Software, San Diego, CA). The 
data from digestibility data of Sorana and landrace samples were 
analyzed according to one-way ANOVA coupled with Dunnett's test (p ≤
0.05) (Dunnett, 1955), within treatment groups (CTRL as reference, left 
side) and Tukey HSD test (p-value <0.05) (Tukey, 1949) for landrace 
analyses (Sorana bean as reference, right side).

3. Results

3.1. Photosynthesis data

Figs. 1 and 2 show the data corresponding to carbon assimilation rate 
(An) and stomatal conductance rate (gs) in 2019 and 2020, respectively. 
A few signi�cant trends were observed in the �rst year of analysis 
(Fig. 1), mainly at T3 and T4. An increase in both An and gs at T3 for SP3 
compared to CTRL, and an increase in An at T4 for SP1 compared to 
CTRL. However no discernible trend between the two spirulina con-
centrations and MC EXTRA was found in either year. In 2020, An at T4 
was signi�cantly higher in SP3 (14.04 μmol CO2 m−2 s−1; p-value, 
0.0268) than in the other three treatments: CRTL (6.82 μmol CO2 m−2 

Table 1 
List of Tuscan bean landraces evaluated in the present work for digestibility and 
phylogenesis.

Name Provenience
Fagiolo di Sorana Sorana (PT)
Fagiola Fiorentina Garfagnana (LU)
Piattella Pisana Pisa (PI)
Fagiola di Venanzio Murlo (SI)
Fagiolo dall’Occhio del Valdarno San Giovanni Valdarno (AR)
Turco Grigio Lucca (LU)
Fagiolo rosso di Lucca Lucca (LU)
Zol�no Pratomagno (AR)
Lupinaro di Lucca Lucca (LU)
Fagiolo di Bigliolo due Facce Bigliollo (MS)
Fagiolo Cannellino di Sorano Sorano (GR)
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s−1), SP1 (5.56 μmol CO2 m−2 s−1) and MC EXTRA (6.56 μmol CO2 m−2 

s−1). Results from the greenhouse experiment (Figs. S4 and S5) indicate 
that differences were observed among treatments in both years. Sto-
matal conductance (gs) data of the �rst year indicate signi�cant differ-
ences in the CTRL-SP3 comparison at T1 and T2, showing an increase in 
stomatal conductance in the SP3 data compared to CTRL (T1: 0.133 
mmol H2O m−2 s−1 and 0.056 mmol H2O m−2 s−1, respectively (p-value, 
0.0482); T2: 0.106 mmol H2O m−2 s−1 and 0.066 mmol H2O m−2 s−1, 
respectively (p-value, 0.0367)). In the second year (Fig. S5), the An and 
gs results were statistically signi�cant in T3 and T4, especially in the 
comparisons SP1-CTRL (gs: 0.238 mmol H2O m−2 s−1 and 0.100 mmol 
H2O m−2 s−1, respectively (p-value, 0.003) and SP3-CTRL (An: 15.447 
μmol CO2 m−2 s−1 and 11.376 μmol CO2 m−2 s−1, respectively (p-value, 
0.041) gs: 0.247 mmol H2O m−2 s−1 and 0.100 mmol H2O m−2 s−1, 
respectively (p-value, 0.0009)) at T3 and MC EXTRA-CTRL (An: 20.333 
μmol CO2 m−2 s−1 and 13.400 μmol CO2 m−2 s−1, respectively (p-value, 
0.025) gs: 0.244 mmol H2O m−2 s−1 and 0.142 mmol H2O m−2 s−1, 
respectively (p-value, 0.029)) at T4.

3.2. Pigments and total phenolic contents

Pigment analyses from �eld-grown plants indicate that the applica-
tion of spirulina-based biostimulant mainly affected the concentrations 
of Chl a, b and carotenoids during the �rst year of analysis (Fig. 3A–C,E). 
The values of all three parameters generally increased over time, and 
noteably, values for SP1 and SP3 were consistently greater than CTRL 
and MC EXTRA. Signi�cant differences in Chl a concentrations between 
CTRL (0.822 μg/mg) and SP1 (1.316 μg/mg; p-value, <0.0001) and SP3 
(1.377 μg/mg; p-value, <0.0001), were peaking at T3. At T3, Chl a 
concentrations in MC EXTRA were also signi�cantly higher relative to 
CTRL (1.031 μg/mg and 0.822 μg/mg, respectively; p-value, 0.001) at 

T3, but MC EXTRA was lower than both SP1 and SP3. A similar trend 
was reported for Chl b data, where the biostimulant application lead to 
increased pigments in T3 in all the treatments (SP1, 0.489 μg/mg, p- 
value, <0.0001; SP3, 0.529 μg/mg, p-value <0.0001; MC EXTRA, 0.427 
μg/mg, p-value 0.0394) compared to CTRL (0.038 μg/mg), whereas in 
T4, only the spirulina treatments (SP1, 0.387 μg/mg, p-value <0.0001; 
SP3, 0.351 μg/mg, p-value 0.0035) showed signi�cant increase in Chl b 
content (CTRL, 0.291 μg/mg), even if the T4 overall data indicate a 
general decrease when compared with T3.

Total carotenoid concentrations signi�cantly increased at T3 and T4 
in all three treatment groups relative to CTRL (0.121 μg/mg, 100 %): 
204 % relative to SP1 (0.247 μg/mg; p-value, <0.0001), 222 % for SP3 
(0.269 μg/mg; p-value, <0.0001), and 160 % for MC EXTRA (0.194 μg/ 
mg; p-value, <0.0001) at T3 and 314 % relative to SP1 (0.148 μg/mg; p- 
value, <0.0001), 268 % relative to SP3 (0.126 μg/mg; p-value, 
<0.0001), and 196 % relative to MC EXTRA (0.092 μg/mg; p-value, 
0.0077) at T4 (CTRL, 0.049 μg/mg, 100 %). While the values for Chl a, b 
and carotenoid content declined in all treatment groups at T4, the re-
lationships among samples remained unchanged. Conversely, bio-
stimulant treatment did not signi�cantly affect the pigment contents in 
the second year of analysis, although a general increase in treated plants 
compared to the CTRL (Fig. 3B–D,F) was observed with peak values 
again at T3. The treatment was a signi�cant factor for Chl b content only 
(p-value, 0.0009), while the timing of the application and measurement 
was signi�cant for all three pigments evaluated (Chl a: p-value, 
<0.0001; Chl b: p-value, <0.0001; carotenoids: p-value, <0.0001).

Two distinct patterns emerged regarding the relationships between 
the CTRL and treatment groups in terms of the total polyphenol content 
(Fig. 3G and H). In the �rst year (Fig. 3G), CTRL values were signi�-
cantly higher compared to SP3 sample at T2, and signi�cantly higher 
(CTRL: 2.132 mg GAE/g at T3; 3.887 mg GAE/g at T4) than all three 

Fig. 1. Carbon assimilation rate (An) and stomatal conductance (gs) data of the  rst year of analysis (2019) in open  eld conditions. Measurements were 
carried out on the �rst fully-expanded leaf from the apex of fagiolo di Sorana plants. Data are the mean values ± S.E.M, consisting of one leaf from six plants (n = 6) 
at four sampling times (T1-T4). The statistical signi�cance of the difference between control (CTRL) and treatments (SP1, SP3, MC EXTRA) was assessed by one-way 
ANOVA followed by Tukey HSD test (p-value <0.05). **** <0.0001 *** < 0.001 ** <0.01 * < 0.05. An data, panels A–D; gs data, panels E–H.
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treatment groups (SP1: 1.544 mg GAE/g (p-value, 0.0003), 2.541 mg 
GAE/g (p-value, <0.0001), SP3: 1.656 mg GAE/g (p-value, 0.004), 
2.427 mg GAE/g (p-value, <0.0001) and MC EXTRA: 1.719 mg GAE/g 
(p-value, 0.015), 3.227 mg GAE/g (p-value, <0.0001)) at T3 and T4, 
respectively. In contrast, MC EXTRA recorded the highest values at 2 out 
of 4 time points (T1 (3.728 mg GAE/g, p-value, 0.0002) and T2 (5.350 
mg GAE/g, p-value, <0.0001) of the second year relative to CTRL 
(2.528 mg GAE/g, and 3.430 mg GAE/g at T1 and T2, respectively) 
(Fig. 3H). Both spirulina treatments had signi�cantly greater polyphenol 
contents relative to CTRL (3.430 mg GAE/g) at T2, (SP1: 4.591 mg GAE/ 
g (p-value, 0.0003), and SP3: 5.068 mg GAE/g (p-value, <0.0001)), with 
SP3 that also showed an increase in T4 (SP3: 6.352 mg GAE/g, p-value 
0.1445) compared to CTRL (5.795 mg GAE/g) even if not statistical 
signi�cant. At T3, a signi�cant drop is reported, with CTRL having the 
highest values (4.735 mg GAE/g) relative to SP1 (3.304 mg GAE/g, p- 
value <0.0001) and SP3 (3.228 mg GAE/g, p-value <0.0001) and rep-
resenting the only treatment that signi�cantly increased its polyphenol 
contents in this time point.

3.3. Yield parameters

Yield production (average pod weight, whole and shelled) was 
evaluated for both experimental years in both open �eld (Fig. 4) and 
greenhouse trials (Figs. S6 and S7). Data distribution in Fig. 4A indicates 
that only SP3 signi�cantly increased mean whole pod weight (1.586 g) 
relative to CTRL (1.469 g; p-value, 0.007) and mean shelled pod weight 
(SP3: 1.231 g; CTRL: 1.110 g; p-value, 0.0004) in the �rst year of the 
trial (Fig. 4C), despite the SP3 treatment positively affecting the mean 
bean weight compared to the CTRL sample and other treatments 
(Fig. 4B–D). In the second year, MC EXTRA had signi�cantly higher 
values for both whole pod (1.781 g, p-value, 0.0410) (Fig. 4E and F) and 

shelled pod (1.331 g, p-value, 0.008) (Fig. 4G and H), relative to CTRL 
(1.664 g and 1.223 g for whole and shelled pod, respectively). In 
contrast to the �rst year of the trial, the average whole pod weight of SP3 
(1.56 g; p-value, 0.022) was signi�cantly lower than that of CTRL 
(1.664 g). Results from the greenhouse experiment show yield differ-
ences in both years when treated samples were compared to CTRL. The 
data from the �rst year clearly indicate that the mean shelled pod weight 
was statistically higher only when comparing MC EXTRA (1.053 g; p- 
value, 0.0053) with CTRL (0.866 g) (Fig. S6). Differences are even more 
pronounced in the second-year data (Fig. S7). All treated sample results 
for mean whole pod weight were signi�cantly higher relative to CTRL 
(0.682 g), with the highest values reported for SP3 (0.890 g; p-value, 
0.0083), followed by MC EXTRA (0.859 g; p-value, 0.0124) and SP1 
(0.849 g; p-value, 0.0367). Lastly, SP1 (0.740 g; p-value, 0.0002) and 
MC EXTRA (0.661 g; p-value, 0.0104) mean shelled pod weights were 
signi�cantly higher than CTRL (0.517 g).

3.4. Amino acid content of bean @our

The data presented in Figs. 5 and 6 show the amino acid pro�les of 
bean Jour prepared from dried beans of CTRL and biostimulant treated 
�eld-grown plants. Data were classi�ed based on R-group properties. 
The nonpolar aliphatic amino acid group (Fig. 5A–F) showed statisti-
cally signi�cant differences only with regard to methionine. Alanine 
(Fig. 5A) is predominantly found in the CTRL group, with lower con-
centrations in SP3, while SP1 and MC EXTRA showed values equal to 
SP3. Glycine levels (Fig. 5B) show an increase in MC EXTRA relative to 
CTRL, indicating a slight response to the biostimulant treatment. 
Interestingly, isoleucine levels (Fig. 5C) were lower in all biostimulant 
treated plants relative to CTRL. Leucine content was slightly increased in 
the treated plants (Fig. 5D), but in both cases, differences were not 

Fig. 2. Carbon assimilation rate (An) and stomatal conductance (gs) data of the second year of analysis (2020) in open  eld conditions. Measurements were 
carried out on the �rst fully-expanded leaf from the apex of fagiolo di Sorana plants. Data are the mean values ± S.E.M, consisting of one leaf from six plants (n = 6) 
at four sampling times (T1-T4). The statistical signi�cance of the difference between control (CTRL) and treatments (SP1, SP3, MC EXTRA) was assessed by one-way 
ANOVA followed by Tukey HSD test (p-value <0.05). **** <0.0001 *** < 0.001 ** <0.01 * < 0.05. An data, panels A–D; gs data, panels E–H.
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Fig. 3. Pigments (Chl a, b and carotenoids) and total polyphenolics data collected in two consecutive years (2019, 2020) from fagiolo di Sorana plants 
under biostimulant application in open  eld conditions. Data are the mean values ± S.E.M, consisting of one leaf from six plants (n = 6) at four sampling times 
within each year of analysis. 2-way ANOVA analyses (factors: treatment, sampling time) coupled with Dunnett's Post-hoc tests (p-value <0.05, reference sample, 
Control) were performed. **** <0.0001 *** < 0.001 ** <0.01 * < 0.05. First year data, panels A, C, E, G; second year data, panels B, D, F, H.
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Fig. 4. Whole and shelled pod weight distribution data from the  rst (2019) and the second (2020) year of analyses of fagiolo di Sorana plants grown 
under open  eld conditions. (A, E) Whole pod distribution data of collected beans; (B, F) Mean whole pod weight data; (C, G) Shelled pod distribution data of 
collected beans; (D, H) Mean shelled pod weight data Leaf data. Statistical analyses of mean values (B, D, F, H) were performed according to one-way ANOVA coupled 
with Dunn's test (p-value <0.05). Values are mean ± S.E.M. (n = 500, minimum). **** <0.0001 *** < 0.001 ** <0.01 * < 0.05.
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Fig. 5. Amino acid contents of beans collected in two years (2019, 2020) of fagiolo di Sorana plants grown under open  eld conditions. Data were grouped 
based on amino acid properties of side chains (R group). (A–F) Nonpolar aliphatic AA; (G–I) Positively charged AA; (J–K) Negatively charged AA. Statistical analyses 
were performed according to one-way ANOVA coupled with Tukey HSD test (p-value <0.05). Values are mean ± S.E.M. (n = 6). **** <0.0001 *** < 0.001 ** <0.01 
* < 0.05.
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Fig. 6. Amino acid contents of beans collected in two years (2019, 2020) of fagiolo di Sorana plants grown under open  eld conditions. Data were grouped 
based on amino acid properties of side chains (R group). (L–M) Aromatic AA; (N–S) Polar AA. Statistical analyses were performed according to one-way ANOVA 
coupled with Tukey HSD test (p-value <0.05). Values are mean ± S.E.M. (n = 6). **** <0.0001 *** < 0.001 ** <0.01 * < 0.05.
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signi�cant. Methionine content is signi�cantly affected by biostimulant 
application (Fig. 5E), with a general increase in treated samples 
compared to CTRL (0.181), reaching the highest values in MC EXTRA 
(0.892 μg/mg; p-value, 0.053), followed by SP1 (0.635 μg/mg; p-value, 
0.092) and SP3 (0.470 μg/mg; p-value, 0.040). Conversely, the valine 
content in treated samples appears to be generally lower when 
compared to CTRL (Fig. 5F). Among the positively charged amino acid 
(AA) group (Fig. 5G–I), no signi�cant differences were reported, despite 
a general increase in their contents in treated samples vs CTRL. The same 
trend was reported for the negatively charged AA (Fig. 5J and K) and 
aromatic AA groups (Fig. 6L and M), where biostimulant treatments did 
not signi�cantly alter the aspartic and glutamic acid contents, or 
phenylalanine and tyrosine, respectively. Lastly, the polar AA group 
(Fig. 6N–S) showed a decrease in both asparagine and cysteine content 
in response to biostimulant applications (Fig. 6N and O), with cysteine 
levels signi�cantly lower in SP3 plants (p-value, 0.0128). In contrast, no 
signi�cant differences were reported for glutamine, where a general 
increase was observed relative to CTRL (Fig. 6P). An increase in proline 
content (Fig. 6Q) was found in SP1 plants, but a decrease with the SP3 
(SP1 vs SP3, p-value, 0.0003) and MC EXTRA (SP1 vs MC EXTRA, p- 
value, 0.0001) treatments. Serine levels (Fig. 6R) are higher in all three 
treatment groups, highlighting a potentially noteworthy effect of these 
treatments on serine metabolism. In contrast, the threonine content 
(Fig. 6S) slightly decreased due to the treatments. Notably, this amino 
acid content decreased signi�cantly in SP samples (SP1: 10.21 μg/mg; p- 
value 0.042; SP3: 9.17 μg/mg; p-value 0.025) compared to CTRL (13.30 
μg/mg) (Fig. 6S).

The AA data were further analyzed using a PCA (principal compo-
nent analysis) for both experimental years (Fig. 7), and their results were 
graphically processed to highlight the contribution of each variable 
(amino acid type) in the sample differentiation. The PCA distribution of 
samples (Fig. 7A) is shown along two primary axes, PC1 (which accounts 
for 55.21 % of the variance) and PC2 (19.34 %), thus describing 74.55 % 
of the total variance of the dataset. The CTRL and MC EXTRA groups 
display greater data dispersion, indicating higher variability within 
those treatments in the two years of analyses. In contrast, the SP1 group 
is tightly clustered, suggesting lower variability among its replicates, 
while SP3 shows moderate clustering. The distinct separation of the 
groups along PC1 and PC2 suggests differences in amino acid pro�les. 
Speci�cally, the MC EXTRA and SP1 groups stand out as being the most 
different from the CTRL, thus implying that these treatments may 
signi�cantly alter amino acid composition. On the other hand, SP3 
overlaps more with the CTRL group, indicating less pronounced differ-
ences in amino acid levels. Data related to the correlation circle (Fig. 7B) 
describe how individual amino acids and metabolites contribute to 
sample distribution. Amino acids like alanine, threonine, proline, and 
histidine contribute strongly to positive values along PC1, suggesting 
they are present at higher concentrations in certain groups, likely CTRL. 
In contrast, methionine exhibits a strong negative association with PC1, 
implying that it is more abundant in the groups on the left side of the 
plot, MC EXTRA and SP3. Glycine and serine also strongly contribute to 
PC1, suggesting that they had higher levels in the SP1 and SP3 groups. 
Meanwhile, valine is positively correlated with PC2, while methionine is 
negatively associated. Other amino acids, including arginine, phenyl-
alanine, and leucine, are more moderately distributed between PC1 and 
PC2, playing a less distinct role in grouping samples.

The PCA highlights clear differences in amino acid pro�les between 
the experimental groups. MC EXTRA and SP3, in particular, are distinct 
from the CTRL, thus indicating that these treatments signi�cantly affect 
amino acid metabolism. SP1, on the other hand, appears closer to the 
CTRL group in the multidimensional space of PCA. The analysis effec-
tively underscores how different treatments inJuence speci�c amino 
acid contents, such as methionine, alanine, proline, and threonine.

3.5. Digestibility data

Samples from open-�eld experiments were analyzed to assess the 
digestibility of the total dry mass and determine how the treatment 
inJuenced bean organoleptic properties (Fig. 8A, left side). Further-
more, data were integrated by analyzing 11 Italian bean landraces 
(Fig. 8A, right side), including Sorana. Results reported in Fig. 6A 
indicate a slight increase in dry matter digestibility in SP3 (68.65 %; p- 
value 0.0131) compared to CTRL (65.68 %), while a lower increase is 
reported for SP1 (66.63 %) samples, even if not signi�cant. Bean di-
gestibility in MC EXTRA (64.79 %) treated plants was slightly lower 
compared to that of CTRL (65.68 %). By comparing dry matter di-
gestibility data with data related to landrace collection listed in Table 1
(Fig. 8A, right side), it was observed that the Fagiolo di Sorana ecotype 
showed one of the lowest values (65.68 %), with the Lupinaro di Lucca 
representing the only landrace with a lower dry matter digestibility 
value (57.66 %). The two landraces with higher digestibility (Fagiolo 
dell’Occhio del Valdarno and Cannellino di Sorano, 88.70 % and 91.71 
%, respectively) were 20 % more digestible than the Sorana bean.

3.6. Phylogenetic data

The evolutionary history of the landraces collection was inferred 
using the MEGA11 software to build a phylogenetic tree. The concate-
nated sequence information from three genes analyses (ITS, trnL-trnF 
and the trnH-psbA) was used. The tree was made using the Maximum 
Likelihood method and the Tamura-Nei model. The tree with the highest 
log likelihood (−2382.25) is shown in Fig. 8B, with the Sorana sample 
highlighted in red. The percentage of trees in which the associated taxa 
clustered together is shown next to the branches. Initial tree(s) for the 
heuristic search were automatically obtained by applying Neighbor-Join 
and BioNJ algorithms to a matrix of estimated pairwise distances using 
the Tamura-Nei model, and then the topology with superior log likeli-
hood value was selected. This landrace analysis involved 11 nucleotide 
sequences, with a total of 1312 positions in the �nal dataset (three 
concatenated genes). Branch lengths and bootstrap values for each node 
are reported. Fig. 8B shows that the only sample that clusters alone is 
represented by Fagiolo dall’Occhio del Valdarno, which belongs to a 
different species (Vigna unguiculata) rather than other landraces. By 
observing bootstrap data, the higher values are reported in two nodes 
(84, 93), which clustered most of the samples. In contrast, Fagiolo di 
Sorana did not cluster with other samples despite the value of its related 
node appearing to be lower (47). Also, Zol�no's placement in the tree 
indicates that it represents the closest sample to Fagiolo di Sorana.

4. Discussion

The use of biostimulants in agriculture has garnered signi�cant 
attention due to their multifaceted bene�ts. Here the effects of two 
different biostimulants were tested on a P. vulgaris landrace Fagiolo di 
Sorana grown under its speci�c edaphic conditions. Though both stim-
ulants (spirulina, a cyanobacteria and MC EXTRA, a brown algae 
extract) were expected to increase growth and productivity, the spir-
ulina preparation was hypothesized to have a positive effect speci�cally 
on amino acid content and digestibility of seeds. Yield did increase with 
all treaments (SP1, SP3 and MC EXTRA) as did digestibility and con-
centrations of the amino acid methionine. Data from individual 
morphological and biochemical analyses point to speci�c targets of 
these two biostimulants, while the molecular barcoding data provide 
context for the physiological and organoleptic traits within the group of 
Tuscan bean landraces.

Although our results do not indicate strong differences in gas ex-
change parameters under either experimental condition (i.e., open �eld 
or greenhouse), an increase in yield and mean bean size was observed 
following the biostimulant application. These data could be explained in 
several ways, including the fact that the trial was conducted under the 
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speci�c edaphic conditions to which this ecotype is adapted. This 
ecotype is typically grown in soil rich in sand and gravel but lacking in 
nutrients such as calcium, nitrate and other minerals (Verreschi, 1994). 
Speci�c conditions include a high level of precipitation, leading to a 
unique microclimate. Results do indicate signi�cant differences in 
photosynthetic performance during the �rst year of analysis, mainly in 
SP3 during the intermediate life cycle stage. However, no signi�cant 
differences were observed during the second year. These �ndings were 
further supported by pigment analyses (Chl a, b and carotenoid), which 
showed increased levels of pigment content in the control group plants 
mainly during the �rst year. Discrepancies between the data from the 
two years could be attributed to the varying climatic and pedoclimatic 
conditions in the Sorana region during the two consecutive years of 
experiments, which may have inJuenced plant responses.

Environmental factors such as temperature and precipitation can 
signi�cantly inJuence plant responses to biostimulants. In one study, 
variations in weather conditions during the growing season affected the 
biometric traits and nutritional properties of soybean cultivars treated 
with biostimulants, indicating that the effectiveness of such treatments 
can vary from year to year based on climatic factors (A. Kocira et al., 
2018). This suggests that while spirulina-based biostimulants can 
improve growth and nutritional quality, their ef�cacy may be inJuenced 
by the prevailing climate conditions during cultivation. The effect of 
biostimulant application on plant metabolism may also be observed in 
the total polyphenolic content of leaves. Variability was found again 
between the two years of analysis, with higher values reported in the 
�rst year and increasing values recorded in treated plants (MC EXTRA in 
T2 and SP3 in T3) in the second year. A recent study found that spirulina 
biomass includes a range of phenolic compounds, which may contribute 
to the overall polyphenolic pro�le of the leaves of plants cultivated with 
spirulina supplementation (Papalia et al., 2019). Additionally, Al-Dhabi 
and Arasu (2016) highlighted that spirulina products are rich in poly-
phenols, which can enhance the antioxidant capacity of plant tissues.

The data on amino acid composition shows the alteration occurring 
in plants due to biostimulant application. The nonpolar aliphatic group 
indicates that glycine and methionine increased due to the treatment, 
whereas isoleucine decreased. The increase in methionine content is 
crucial because though common beans are rich in lysine (Añazco, 2023), 
but they are limited in sulfur amino acids, including methionine and 
cysteine (Saboori-Robat et al., 2019) This de�ciency can impact the 
overall protein quality of bean-based diets, especially in populations 
that do not consume complementary protein sources rich in methionine, 
such as grains (Nosworthy et al., 2017). Surprisingly, no signi�cant 
differences were reported for either charged AA groups, although a 
slight increase was observed for all the amino acids, including arginine, 
lysine, and aspartic acid. The aromatic amino acid group showed no 
signi�cant difference, with consistent levels of phenylalanine across 
treatments and a slight increase in tyrosine content, particularly in SP1 
and MC EXTRA. Lysine and aspartic acid are two important amino acids 
that play critical roles in the nutritional pro�le P. vulgaris. Lysine is 
particularly important as it is often the limiting amino acid in many 
plant-based diets, especially those that rely heavily on cereals, which 
usually lack suf�cient lysine content (Añazco, 2023). Common beans are 
a rich source of lysine, making them a valuable protein source for veg-
etarians and vegans (Celmeli et al., 2018). While classi�ed as a 
non-essential amino acid, aspartic acid is also abundant in common 
beans and plays a vital role in various metabolic processes, including 
synthesising other amino acids and neurotransmitters (Vronska and 

Demyd, 2019). These amino acids improve the overall protein quality of 
common beans, making them essential for muscle repair, growth, and 
metabolic health (Añazco, 2023). Lastly, the polar amino acid group, 
representing one of the most signi�cant, showed a mixed trend. While 
asparagine, cysteine, and threonine contents decreased in treated sam-
ples compared to CTRL, glutamine and serine levels increased. These 
differences in amino acid compositions are linked to biostimulant 
treatment, thus affecting protein properties. For instance, Kocira (2019)
demonstrated that biostimulant treatments in common beans resulted in 
reduced concentrations of asparagine and threonine, alongside 
enhanced levels of glutamine and proline, suggesting a selective mod-
ulation of the amino acid pro�le that could enhance nutritional quality 
(Yao et al., 2015). Similarly, Gharib and Ahmed (2023) reported that the 
foliar application of S. platensis led to decreased cysteine levels in 
rosemary plants while increasing glutamine and proline concentrations, 
indicating the potential of spirulina to positively inJuence the amino 
acid composition (Rosa-Sibakov et al., 2016). Furthermore, Abbas et al. 
(2022) found that biostimulants signi�cantly reduced asparagine levels 
in faba beans, while glutamine and proline levels were notably 
increased, underscoring the ability of biostimulants to enhance the 
nutritional pro�le of legumes through targeted modulation of amino 
acid levels (Souza et al., 2020). The multivariate analysis (PCA) in-
dicates that samples can be separated based on treatments and analysis 
year. Spirulina is recognized for its high protein content and rich amino 
acid pro�le, which includes essential amino acids such as lysine and 
methionine (Marjanović et al., 2024). In fact, the direct incorporation of 
spirulina into food products, such as gluten-free bread, has demon-
strated a signi�cant increase in protein content and essential amino 
acids. This indicates that spirulina can effectively augment the nutri-
tional pro�le of common beans when used in food formulations 
(Figueira et al., 2011), resulting in higher levels of threonine, methio-
nine, isoleucine and leucine. Conversely, our biostimulant applications 
(spirulina and MC EXTRA) through foliar applications only led to an 
increase in methionine, with a decrease in the aforementioned amino 
acids. Taken together, the application of spirulina during pre-and 
post-production of beans (i.e. during plant growth as a biostimulant 
and in food formulations, respectively) could result in signi�cant in-
creases of amino acids that would otherwise be lacking in convention-
ally grown beans.

The biostimulant treatment also seems to affect the protein content 
of beans, as shown by digestibility data, with SP3 emerging as the most 
effective treatment. Sorana beans, when compared to other tested 
landraces, exhibited lower digestibility. Studies have shown that there is 
signi�cant variability in the nutritional composition among bean land-
races, which can make them easier or harder to digest. For instance, 
Bosmali et al. (2023) suggest that the nutritional content of bean land-
races is affected by microclimate conditions and genetic factors, as there 
are variations in nutritional components that may affect protein di-
gestibility, such as trypsin inhibitors. This data suggests that genetic 
factors like landrace pedigree and the environmental conditions of 
cultivation areas can inJuence dry matter digestibility. Moreover, dif-
ferences in landrace protein content, with protein content values 
ranging from 16.6 % to 26.2 %, may lead to potential differences in dry 
matter digestibility (Celmeli et al., 2018).

A recent study highlights the genetic diversity and population 
structure of common bean landraces in the Lazio region of Italy, using 
molecular markers to differentiate between various landraces based on 
their phaseolin patterns and growth habits (Catarcione et al., 2023). 

Fig. 7. Principal component analysis (PCA) of amino acid contents identi ed in bean 0our of fagiolo di Sorana plants grown under open  eld conditions 
using reference standard compounds. (A) According to results from multifactorial analysis, the observation factor map linked to the sample distribution. (B) 
Variable factor map related to the contribution of each polyphenol compound in the sample distribution. The different experimental groups are color-coded, with 
CTRL represented in blue, SP1 in green, SP3 in pink, and MC EXTRA in orange. The length of the vectors is correlated to their signi�cance. The angle α formed 
between two vectors, or between a vector and an axis, indicates a positive correlation for 0 ≤ α < 90◦ (r close to 1), a negative correlation for 90◦

< α ≤ 180◦ (r close 
to −1), and no linear dependence for α = 90◦ (r close to 0). PC1, �rst dimension; PC2, second dimension.
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Fig. 8. Dry matter digestibility and phylogenetic tree data. Results are related to samples from the open �eld experiment of fagiolo di Sorana and landrace 
collection (A) and phylogenetic tree based on concatenated gene sequencing (trnL, trnH, ITS) on a bean landrace collection (B). Statistical analyses of Sorana and 
landrace samples were performed according to one-way ANOVA coupled with Dunnett's test (p-value <0.05) within treatment groups (CTRL as reference, left side, 
panel A) and Tukey HSD test (p-value <0.05) for landrace analyses (Sorana bean as reference, right side, panel A). Values are mean ± S.E.M. (n = 6). **** <0.0001 
*** < 0.001 ** <0.01 * < 0.05. For phylogenetic tree analyses, the evolutionary history was inferred by using the Maximum Likelihood method and Tamura-Nei 
model (Tamura and Nei, 1993). The estimated branch lengths (the distance between nodes or tips in a phylogenetic tree) and frequencies are reported in the 
tree �gure.
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This approach not only facilitates the identi�cation of distinct genetic 
groups but also aids in resolving instances of homonymy and synonymy 
among landraces, thereby enriching the understanding of their genetic 
relationships. Our phylogenetic analysis con�rms Fagiolo di Sorana's 
peculiarity, providing an explanation for its amino acid composition and 
growth trends. Distinctive features were, in fact, identi�ed through 
molecular markers, representing a step forward in deciphering landrace 
relationships. Digestibility data indicate that signi�cant differences 
occur among landraces. Integrating genetic markers with morphological 
traits further strengthens the analysis, leading to a comprehensive un-
derstanding of the genetic landscape of landraces.

5. Conclusion

The present study demonstrates that the application of algae-based 
biostimulants to the Tuscan bean landrace Fagiolo di Sorana increases 
bean methionine concentrations and digestibility when grown under its 
restricted PDO protocol. This landrace, known for its highly prized 
product, was tested under open-�eld and greenhouse conditions over 
two consecutive years of experimentation. Results from the multidisci-
plinary approach indicate that treatments applied (the commercial 
product MC EXTRA and the extract obtained from A. platensis F&M- 
C256) affected the yield and amino acid pro�le of the pulses, especially 
methionine, thus indicating that foliar applications may have an 
important nutritional effect. An increase in amino acids such as methi-
onine through the application of biostimulants would have dramatic 
impacts on the nutritional properties of a staple crop, and increase the 
market and cultural value of PDO lines like Fagiolo di Sorana. The in-
crease in methionine content is particularly interesting due to its limited 
content in non-treated samples. Additionally, the barcoding analyses 
identi�ed speci�c features that distinguish Fagiolo di Sorana within a 
Tuscan landrace collection, providing new insights into its genetic re-
lationships. In conclusion, the present results indicate that biostimulants 
could represent an important alternative to traditional manure, leading 
to improved quality and nutritional properties of products from organic 
agriculture.
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Mielniczuk, U., Koszel, M., Findura, P., 2018. Modeling biometric traits, yield and 
nutritional and antioxidant properties of seeds of three soybean cultivars through the 
application of biostimulant containing seaweed and amino acids. Front. Plant Sci. 9. 
https://doi.org/10.3389/fpls.2018.00388.

Kocira, S., Szparaga, A., Treder, K., Findura, P., Bartoš, P., Filip, M., 2020. Biochemical 
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