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A B S T R A C T

The common bean (Phaseolus vulgaris L.), a key crop within the Fabaceae family, is one of the most widely grown 
and consumed legumes in the world. However, many genotypes and landraces remain understudied, including 
the Sorana ecotype, traditionally cultivated in Italy along the Pescia river. It is well-adapted to alluvial, sandy 
soils with low calcium content. To investigate its adaptive mechanisms to calcium deficiency, we grew Sorana 
bean plants under control (2 mM Ca²+), moderate (0.4 mM), and severe (0.2 mM) calcium deficiency conditions, 
from sowing to pod harvest. Both calcium-deficient conditions negatively affected plant biomass, photosynthetic 
pigment levels, polyphenol content, and stomatal conductance. Interestingly, moderate calcium deficiency 
enhanced yield, harvest index, and pod harvest index, indicating great sink strength and a shift in resource 
allocation. Bean skin thickness, a defining trait of this ecotype, was also influenced by calcium availability. At the 
molecular level, abscisic acid-related genes showed differential expression depending on calcium concentration, 
suggesting a threshold-dependent activation of stress-response pathways. Our results indicate that Sorana adapts 
to calcium-poor environments by prioritizing seed production over vegetative growth. This strategy, along with 
its distinctive agronomic traits, positions Sorana as a valuable genetic resource for breeding programs aimed at 
improving crop resilience and yield under suboptimal soil conditions.

1. Introduction

Fabaceae family is an important group of species, which represents 
the third largest family of higher plants, with ~20,000 species, most of 
which are of ecological, agronomic, and economic importance (Smýkal 
et al., 2015). The family is distributed worldwide and given their high 
protein content (ranging from 20 % to 40 % in seed grain legumes), they 
provide one-third of all dietary protein (Gepts et al., 2005). Within the 
Fabaceae family, the common bean (Phaseolus vulgaris L.) was first 
domesticated in Perú and Mexico around 8000 years ago and currently is 
one of the most widely grown and consumed legumes in the world 

(Zhang et al., 2022). Common bean genotypes can be cultivated in a 
wide range of climates and in all continents except for Antarctica 
(Nicoletto et al., 2019). However, nearly half of the world’s dry bean 
production is provided by the American continent and, in Europe, 
cultivation is largely focused on countries surrounding the Mediterra
nean basin. Worldwide, common bean is estimated to occupy 37.75 
million of hectares with a mean dry yield production of 755.1 Kg per 
hectare in 2023 (FAO, 2023). Despite its wide range of growing envi
ronments, when compared to other bean species like cowpeas (Vigna 
unguiculata L.), the common bean is less adapted to extreme environ
ments characterised by high temperatures, low fertility and acidic soils, 
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or low rainfall (Beebe, 2012). Furthermore, environmental differences 
can impact yield quality (Nicoletto et al., 2019), which is in turn asso
ciated with different genomic loci (Wu et al., 2020).

In addition to common bean varieties, local landraces are of great 
ecological and economical value, since they are well-adapted to specific 
environments due to a great genetic diversity (De Ron et al., 2004; Kwak 
and Gepts, 2009; Catarcione et al., 2023) and have specific properties 
that are valued by local communities (Loko et al., 2018). In Italy, there 
are myriads of landraces differently adapted to restricted soil types and 
climatic conditions that confer them interesting traits with potential use 
in agriculture (Piergiovanni and Lioi, 2010). Nevertheless, many of 
these ecotypes are currently poorly studied and characterized, due to 
their limited distribution areas (Dinelli et al., 2006). One particular 
example is the Sorana bean landrace, which grows in alluvial sandy soils 
characterized by reduced insolation period with high humidity. This 
landrace is grown on the banks of the Pescia river, whose waters are 
poor in mineral salts, nitrates and especially calcium (Verreschi, 1994). 
This bean is mainly characterized by its pearly white colour and its 
extremely thin skin (Verreschi, 1994). Its great digestibility, due to the 
thin skin, and its organoleptic properties increase its market value, 
fluctuating between 20 and 30 € per kilogram (Verreschi, 1994). To 
recognise its value and prevent any fraudulent actions, in 2002, the 
Sorana bean received the Protected Geographical Indication (PGI) from 
the European Union, becoming one of the few ecotypes receiving this 
mention and leading to strict rules for its production (Piergiovanni and 
Lioi, 2010; Belletti et al., 2017). Despite this, the adaptive traits of this 
landrace to the soil conditions where it is grown, with special emphasis 
on low calcium levels, have been poorly studied so far.

Calcium is an essential macronutrient that plays a vital role in sta
bilizing cell membranes, maintaining cell wall structure and regulating 
various cell functions, such as signalling and nutrient sensing. Although 
calcium deficiency is relatively rare compared to other macronutrients, 
it can occur specially in acidic and sandy soils or highly rainfall areas 
(White and Broadley, 2003; Olle and Bender, 2009; De Bang et al., 
2021). Among the different symptoms caused by calcium deficiency in 
plants, reports have been made of stunted root and plant growth, as well 
as increased disease incidence or influence on antioxidative responses 
(Ramalho et al., 1995; Schmitz-Eiberger et al., 2002; Palta, 2010; Zhang 
and Zwiazek, 2016). Calcium deficiency is especially noteworthy in 
fruits, as it leads to unique symptoms, such as blossom-end rot in to
matoes, peppers, and zucchini (Ikeda and Kanayama, 2014). Further
more, the availability of calcium in the soil is particularly important for 
crop production, as it can influence the uptake and balance of other 
essential nutrients (Saito and Uozumi, 2020; Weng et al., 2022). For 
instance, potassium, iron, magnesium or nitrogen transporter activities 
in Arabidopsis are regulated by Ca2+-dependent calcineurin B like (CBL) 
– CBL protein kinase pathways (Riveras et al., 2015; Liu et al., 2017; 
Kudla et al., 2018; Wang et al., 2018). Considering the importance of 
Ca2+ signalling in response to abiotic stresses, calcium nutrition also 
plays a role in improving plant stress responses to abiotic stresses, such 
as drought and salinity (Kumari et al., 2022). Related to perception and 
signalling of calcium deficiency, abscisic acid (ABA) exogenous treat
ment has shown to increase calcium concentrations in tomato fruit, 
therefore suggesting its involvement in calcium uptake and reallocation 
(de Freitas et al., 2011). At the leaf level, calcium homeostasis, signal
ling, and transport are also of crucial importance for the correct func
tioning of guard cells, and therefore, plant photosynthesis (Jezek and 
Blatt, 2017). Voltage activated ion channels, such as vacuolar Ca²⁺-AT
Pases (ACAs), Ca²⁺/H⁺ antiporters (CAXs), TPC1, H⁺-pyrophosphatases 
(AVPs) or GORKs play important roles in calcium control of stomatal 
dynamics (Jezek and Blatt, 2017 and references therein).

In this work, we characterized the responses of P. vulgaris Sorana 
ecotype to calcium deficiency, which is traditionally grown in calcium 
poor soils in the region of Tuscany, Italy. We aimed to identify putative 
mechanisms of adaptation of this particular ecotype to nutritional 
deficiency. For this purpose, we supplied common bean plants (Sorana 

ecotype) with different concentrations of calcium in pot conditions and 
evaluated yield and several biometric, biochemical, physiological and 
molecular parameters. We hypothesized that the Sorana ecotype is 
better adapted to deficiency-level concentrations of Ca in the soil than to 
concentrations generally considered optimal for plant growth. There
fore, Sorana plants grown under Ca-deficiency conditions would have 
improved growth, yield and overall better plant status as compared to 
plants grown under standard calcium conditions. Our findings improve 
the understanding of adaptative traits to calcium deficiency in P. vulgaris 
and highlight the necessity to better characterize landraces that may 
serve as valuable genetic resources for breeding programs aiming to 
improve crop resilience and nutritional efficiency under suboptimal soil 
conditions.

2. Materials and methods

2.1. Experimental design

Calcium deprivation experiments were conducted from September to 
November 2020 under semi-controlled conditions in the greenhouse of 
DAGRI Department at the University of Florence (lat. 43◦48′58.6″ N, 
long. 11◦11′58.1″ E), where environmental conditions were monitored. 
Plants were grown using non-supplemented lighting (average 500 µmol 
m− 2 s− 1 PAR), mean air temperature of 28 ◦C (maximum 34.5 ◦C, 
minimum 24.9 ◦C), mean air humidity of 46 % (maximum 60.5 %, 
minimum 34.4 %), and an average photoperiod of 15:9 (L:D). P. vulgaris 
Sorana ecotype seeds were pre-germinated in petri dishes containing 
wet filter paper until radicle emergence (5–6 days) and then trans
planted to pots and grown using half strength Hoagland’s nutrient so
lution (Hoagland and Arnon, 1950) in a hydroponic system where plants 
were watered using a circulating bench sub-irrigation system with 
outflow occurring after 15 min. The electrical conductivity (EC) and pH 
value of the solution reservoir were monitored daily with a portable 
conductivity meter and adjusted with HNO3 to maintain the pH at values 
between 6 and 6.5. Concomitantly to the transplant, three different 
experimental conditions were tested: half-strength Hoagland’s solution 
(2 mM Ca2+, CTRL), calcium deprivation at 1:5 (C1, 0.4 mM Ca2+), and 
calcium deprivation at 1:10 (C2, 0.2 mM Ca2+). In total, 20 plants (two 
per pot) per treatment and ecotype were grown (Fig. S1). For biometric 
and yield parameters, sampling was performed at harvest (70 days post 
treatment, dpt), while for the rest of parameters studied, sampling 
occurred at four different time points: 7 dpt, 14 dpt, 21 dpt and 28 dpt.

2.2. Biometric and yield analysis

At harvest, the fresh and dry weight of the total plant and the pod 
yield in plants from all conditions was determined. For fresh weight, the 
entire plant and pods were weighed immediately after harvesting. Then, 
the plants and pods were dried at 50 ◦C for 72 h in an oven, and the dry 
weight was measured. Dried beans were separated from the pods to 
annotate their total weight in each condition. The harvest index (HI) was 
calculated as the ratio of the dry weight of the dried shelled beans to the 
total dry weight of the plant, expressed as a percentage (Pinto et al., 
2018). The pod harvest index (PHI) was calculated as the ratio of the dry 
weight of the shelled beans to the total dry weight of the pods, also 
expressed as a percentage (Assefa et al., 2013). These indices provide an 
estimate of the efficiency of biomass allocation of P. vulgaris Sorana 
ecotype in different conditions.

2.3. Microscopy observations

Sorana bean skin was peeled off, cut with a scalpel in small pieces 
(about 0.5 cm) and fixed in 2.5 % (v/v) glutaraldehyde in 10 mM Na- 
phosphate buffer (pH 7.2) overnight at 4 ◦C. After rinsing with the 
same buffer, samples were post-fixed in 1 % osmium tetroxide (OsO4) 
for one hour, washed with ddH2O, and then dehydrated in an ethanol 
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series (30, 50, 70 and 90 % for 15 min each step, and 2 times 100 % for 
30 min each step) at room temperature. Dehydrated skin segments were 
infiltrated in 3:1 (v/v) absolute ethanol/London Resin White resin (E/ 
LRW) for one hour, 1:1 E/LRW for one hour,1:3 E/LRW for one hour and 
100 % London Resin white overnight at 4 ◦C according to Balestrini et al. 
(1996). The samples were then embedded in gelatin capsules and 
polymerized for 24 h at 60 ◦C. Semi-thin sections (1.5 μm) were cut 
using an ultramicrotome, stained with 1 % toluidine blue in 1 % Na 
borate and analysed under a microscope equipped with a camera 
(Leica).

2.4. Leaf gas exchange determinations

Net photosynthetic rates and stomatal conductances were measured 
on young, fully expanded leaves for each treatment at the described time 
points. An open gas exchange system Li-6400 (LiCor Inc., Lincoln, NE, 
USA) was used as described in Palm et al. (2017). Leaf gas exchange 
measurements were taken on four plants from each treatment and time 
point under the following stabilized conditions: CO2 concentration: 400 
μmol CO2 mol− 1; Flow rate: 300 mmol s− 1; PAR: 1000 μmol m− 2 s− 1; 
Relative air humidity (RH): 40–50 %; Temperature: 20 ◦C. Chlorophyll 
fluorescence was measured on the same leaves used for gas exchange 
measurements using the integrated fluorescence chamber head 
(Li-6400–40; Li-Cor Inc.) of the open gas exchange system. Maximum 
quantum yield (Fv/Fm) was determined after overnight dark acclima
tion of leaves using a dark leaf clip. Effective quantum yield (ΦPSII) was 
measured on light adapted- leaves and was calculated as ΦPSII = (Fm’- 
Fs)/Fm’, expressing the proportion of the light absorbed by chlorophyll 
associated with PSII used in photochemistry (Maxwell & Johnson, 
2000). Photosystem II efficiency (Fv’/Fm’) of light adapted leaves was 
measured immediately following the collection of gas exchange values 
and after a saturating pulse of 7000 μmol m− 2 s− 1 was applied. Fluo
rescence data were used also to calculate the Non Photochemical 
Quenching (NPQ) as NPQ = (Fm- Fm’)/Fm’ (Redondo-Gómez et al., 
2006); and the Electron Transport Rate (ETR) as ETR = ΦPSII * PFDa 
*0.5, where PFDa is the absorbed light in mmol photon m− 2 s− 1 and 0.5 
is an index that accounts for the energy partitioning between photo
systems (Baker, 2008).

2.5. RNA extraction and cDNA synthesis

Total RNA extraction was achieved using the Plant/Fungi Total RNA 
Purification Kit (Norgen Biotek Corp) according to the manufacturer’s 
protocol from 100 mg of ground leaf tissue. RNA integrity and quality 
were checked on an agarose gel and by using a TECAN spectropho
tometer Infinite 200 (TECAN, Austria) with a specialized NanoQuant 
Plate™. cDNA was synthesised from 2 μg of total RNA using the Bio-Rad 
iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA) ac
cording to the manufacturer’s instructions.

2.6. Gene selection and primer design

To assess the molecular response to calcium deprivation, eleven 
P. vulgaris genes were selected based on their involvement in calcium- 
related pathways in guard cells, stomatal dynamics, and homeostasis 
processes (Ng et al., 2001; Jezek and Blatt, 2017). Specifically, the genes 
PvACA.L and PvACA4 are members of the Ca²⁺-ATPase (ACA) gene 
family. They code for P-type Ca²⁺-ATPases that play a role in restoring 
basal cytosolic calcium levels after signalling events. In Arabidopsis, 
AtACA4, localized to the tonoplast, allows to sequester calcium into 
vacuoles (Geisler et al., 2000). The gene PvCAX11 putatively code for a 
Ca²⁺/H⁺ antiporter responsible for sequestering calcium into the vacu
ole, thereby contributing to calcium homeostasis and playing a role in 
regulating cytosolic calcium levels during signalling events that affect 
growth and development (Pittman and Hirschi, 2024). The gene PvABI5 
is a bZIP-type transcription factor that operates downstream of the ABA 

signalling pathway, and it is regulated by ABA and stress-related kinases 
(Finkelstein and Lynch, 2000). The gene PvSLAC1 (Slow Anion 
Channel-Associated 1) is involved in stomatal regulation and encodes a 
S-type anion channel in guard cells that is activated by ABA and other 
stress signals to mediate anion efflux, leading to stomatal closure 
(Vahisalu et al., 2008). The gene PvTPC1, homologue to the AtTPC1’ 
two-pore channel 1’ gene of Arabidopsis thaliana encodes a 
depolarization-activated Ca-permeable channel localized into the 
vacuolar membrane. It facilitates the release of Ca²⁺ from vacuoles into 
the cytosol, contributing to Ca signalling in response to environmental 
stress (Peiter et al., 2005). In plants, the SnRK family, particularly the 
sub-family SnRK2s characterized by the OST1 (Open Stomata 1) domain 
like the gene PvSnRK2.OST1, are involved in ABA-dependent stress 
signalling. In P. vulgaris, a comprehensive genome-wide identification 
revealed 42 SnRK genes (Cervera-Torres et al., 2022). The gene PvGORK 
(Gated Outwardly-Rectifying K⁺ channel) belongs to the SKOR/GORK 
gene family, expressed in guard cells, coding for channels that mediates 
K+ efflux involved in stomatal closure (Hosy et al., 2003). The genes 
PvAVP1 and PvAVP2 putatively encode vacuolar H⁺-pyrophosphatases 
(V-PPases) that hydrolyse pyrophosphate (PPi) to drive protons into the 
vacuole, generating a proton gradient that supports secondary transport 
of ions and metabolites (Schilling et al., 2017). In Arabidopsis, AVP2 has 
been reported to be K+ insensitive and Ca2 + hypersensitive 
(Drozdowicz et al., 2000). The gene PvANN1 (Annexin 1) putatively 
codes for a calcium-binding protein that associates with membranes in a 
calcium-dependent manner, and annexins may also act as 
calcium-permeable channels (Mortimer et al., 2008). The RT-qPCR 
primer pairs for each selected gene (Table S1) were designed using the 
Primer 3 software (http://primer3.ut.ee/) and then double-checked 
using Netprimer software (http://www.premierbiosoft.com/n 
etprimer/).

2.7. RT-qPCR and gene expression analysis

The cDNA was diluted 1:5 and used for quantitative gene expression 
analysis on a Rotor-Gene Q system (Qiagen). Each RT-qPCR was set up in 
a 15 µL reaction volume, containing 7.5 µL of Rotor-Gene SYBR® Green 
Master Mix, 5.5 µL of primer mix (prepared by combining 16 µL of each 
10 µM primer with 168 µL of nuclease-free water), and 2 µL of diluted 
cDNA. The thermal cycling protocol included an initial reverse tran
scription step at 55 ◦C for 10 min, followed by a 10-minute denaturation 
at 95 ◦C, and then 40 amplification cycles consisting of 15 s at 95 ◦C and 
1 min at 60◦C. Reactions were carried out with two biological replicates 
and two technical replicates per sample, except for the T1 sample, which 
had three biological replicates. Gene expression levels were normalized 
against two P. vulgaris reference genes, i.e. PvACT11 (Borges et al., 2012) 
and PvCUL4 (O’Rourke et al., 2014) (Table S1), using the 2–ΔΔCT method 
(Livak and Schmittgen, 2001). Expression values were reported as 
relative expression ratios.

2.8. Biochemical determinations

At four different time points (7 dpt, 14 dpt, 21 dpt and 28 dpt), leaves 
were taken from the midpoint of the central leaf axis from six plants per 
condition, frozen in liquid nitrogen, and finely grounded to a powder 
with the help of a pestle and mortar. Subsequently, 1 mL of cold 
methanol was added to 10 mg of grounded leaves, followed by shaking 
for 30 min and centrifugation at 10,000 x 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 performed using a 
TECAN spectrophotometer with a 96-well black multi-plate reader. 
Pigment quantification was conducted based on the equations provided 
by Wellburn (1994).

Total polyphenol content was determined according to Ainsworth 
and Gillespie (2007). Briefly, 20 mg of leaf tissue powder were 
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homogenized with 2 mL of ice-cold 95 % (vol/vol) methanol. Samples 
were then centrifuged at 13,000 g at room temperature and the super
natant was collected. Then, 200 µL of 10 % (vol/vol) Folin-Ciocalteu 
reagent was mixed with 100 µL of supernatant and 800 µL of 700 mM 
Na2CO3. 200 µL of this mixture was used for absorbance reading at 
765 nm, using a TECAN spectrophotometer with a 96-well black 
multi-plate reader (TECAN, Austria).

2.9. Statistical analyses

Biometric and pulse coat parameters were analysed using Krus
kal–Wallis one-way analysis of variance and least significant difference 
(LSD) post hoc test. Biochemical and leaf gas-exchange parameters were 
analysed using two-way ANOVA (Treatment × Time), followed by 
Tukey-adjusted pairwise comparisons using estimated marginal means 
(emmeans). Gene expression data were statistically analysed by using 
“rtpcr” package (Mirzaghaderi, 2025), through 2-way repeated mea
sures ANOVA with Satterthwaite’s method, assessing the effects of the 
main factors “treatment” and “time”, as well as their interaction, at 
p ≤ 0.05. A Bonferroni corrected t-test was also used to assess differences 
between control and treated samples within each of the four time points 
(p ≤ 0.05).

3. Results

3.1. Biometric and yield parameters

First, we evaluated the effect of calcium deficiency on biometric and 
yield parameters in P. vulgaris Sorana landrace. All calcium deprivation 
treatments significantly reduced total plant biomass, both fresh and dry 
mass (Figs. 1A, 1B). On the other hand, fresh pod bean yield per plant 
was not significantly affected in C1 (0.4 mM Ca2+) conditions but was 
strongly reduced (55.78 % lower) in the C2 (0.2 mM Ca2+) treatment 
(Fig. 1C). However, dry bean yield per plant significantly increased for 
C1 (28.1 % higher), while it decreased for C2 treatment (38.43 % lower), 
both compared to the control conditions (Fig. 1D). Considering indi
vidual pods, both C1 and C2 treatments significantly increased their dry 
mass, 52.14 % and 67.36 %, respectively (Fig. 1E). After pod shelling, 
bean dry mass was also significantly higher in C1 and C2 conditions, in 
both cases with ~100 % increase on average (Fig. 1F). To evaluate the 
efficiency of Sorana ecotype to convert its biomass into harvestable 
seeds, we calculated the harvest and pod harvest indices (HI, and PHI, 
respectively) per plant. Only C1 conditions significantly increased the HI 
from 13.06 % to 29.41 % and the PHI from 50.75 % to 62.95 %, when 
compared to control conditions (Figs. 1G, 1H).

The reduced thickness of coat layers is a unique characteristic of the 

Fig. 1. Biomass, yield and (pod) harvest indices of Sorana bean (P. vulgaris) plants under different calcium deficiency conditions. Boxplots indicating shoot fresh (A) 
and dry (B) weight; fresh (C) and dry (D) mass of the total yield; Dry weight of the whole (E) and shelled pods (F); Harvest Index (G) and Pod Harvest Index (H). 
Whiskers represent the limits of the 1.5 interquartile range. Different letters represent different levels of statistical significance according with a significance of 
p < 0.01, based on Kruskal–Wallis one-way analysis of variance and least significant difference (LSD) post hoc test. Control = 2 mM Ca2+; C1 = 0.4 mM Ca2+; 
C2 = 0.2 mM Ca2+. n = 8 plants for fresh and dry weight; n = 20 plants for yield-related measurements.
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"Fagiolo di Sorana", affecting its digestibility and, in turn, its high eco
nomic value. To evaluate how calcium deficiency affects this trait, we 
also evaluated the morphology of the pulses. The seed coat layer is 
composed of an outer macrosclerid layer and an inner osteosclerid cell 
layer (Fig. 2A - C). We found that, although the outer macrosclereid 
layer was not significantly different between calcium conditions 
(Fig. 2D), the inner osteosclerid layer was significantly thinner (~20 %) 
in both calcium deficiency conditions (Fig. 2E). This contributed to a 
reduction in the total seed coat thickness, making it significantly thinner 
in C1 and C2 conditions than in control conditions (Fig. 2F). Overall, 
biometric and yield results indicate a shift in resource allocation from 
vegetative growth to reproduction under calcium moderate stress.

3.2. Leaf gas exchange parameters

The reduced plant biomass and higher yield observed in mild Ca2+

deficiency conditions were accompanied by a few significant differences 
in leaf gas exchange parameters during the experiment (Table S2). 
Maximum quantum yield was the only parameter completely stable 
during the whole experiment, with no significant differences according 
to the time, calcium treatment and its interaction (Fig. 3D; Table S2). 
Other parameters, such as Non-Photochemical Quenching (NPQ) or 
photosystem II efficiency of light-adapted leaves (Fv’/Fm’) were only 
significantly affected by treatment duration (Figs. 3E, 3G; Table S2). The 
net assimilation rate (An), the average effective quantum yield (ΦPSII) 
and the electron transport rate (ETR) showed similar behaviour during 
the experiment. They showed a significant, clear pattern throughout 
time, reaching maximum values at 7 dpt and then dropping until 28 dpt 
(Figs. 3A, 3F, 3H; Table S2). Regarding the different treatments, when 
considering the interaction between time and treatment, no significant 
differences were found at any time point, despite finding consistently 
lower values for C2 plants at most of time points (Figs. 3A, 3F, 3H). 

Conversely, stomatal response was statistically affected by calcium 
treatments at 28 dpt, both for C1 (85.7 % decrease) and C2 (77.1 % 
decrease) treatments (Fig. 3B). Consequently, we also observed that at 
28dpt, intrinsic water use efficiency significantly increased, but only for 
C1 treated plants (Fig. 3C).

3.3. Gene expression analysis

In order to investigate the stomatal conductance differences between 
calcium stressed and control plants, we evaluated the gene expression of 
genes involved in calcium-related pathways in guard cells, stomatal 
dynamics, and homeostasis processes (Ng et al., 2001; Jezek and Blatt, 
2017). Among these genes, we found that PvAVP1, PvGORK, PvSLAC1 
and PvSnRK2.OST1 were the most expressed genes in leaves, while the 
other genes presented overall lower expression values (Fig. 4). The 
2-way ANOVA showed no significant effect of treatment, time, or their 
interaction (Table S3) for genes PvACA.L, PvACA4, PvANN1, PvGORK, 
PvTPC1. However, at 7 dpt, C1 samples showed significant down
regulation compared to controls for PvACA4, PvACA.L, PvANN1, while 
at 28 dpt, upregulation of C2 samples compared to controls was 
observed for the expression data of PvANN1 (Fig. 4). For PvAVP1 and 
PvAVP2 expression, 2-way ANOVA showed the significant effect of time 
(p < 0.05), although it was more pronounced for PvAVP1 than for 
PvAVP2 (Table S3). At 28 dpt, a positive trend of upregulation was 
observed for both genes in C1 and C2 samples, and for PvAVP2 even 
significantly different compared to controls (Fig. 4). For PvCAX11, time 
and the interaction between treatment and time showed significant ef
fects (p < 0.05), with C1 and C2 samples showing down-regulation of 
this gene compared to controls at 14 and 28 dpt (Fig. 4). Despite its 
overall low level of expression, the gene PvABI5 showed a clear and 
strong up-regulation in C2 samples only at 28 dpt (time, treatment and 
their interaction were statistically significant, Table S3). The gene 

Fig. 2. Pulse coat thickness of Sorana bean (P. vulgaris) under different calcium deficiency conditions. Phase-contrast microscopy images of pulse bean coat from 
control (A), C1 (B) and C2 (C) treatments.Ma = macrosclerid layer; Os = Osteoslclerid layer. Scale bar = 20 µm. Boxplots indicating macrosclereid length (D), 
osteosclereid length (E) and total coat length (F). Whiskers represent the limits of the 1.5 interquartile range. Different letters represent different levels of statistical 
significance according with a significance of p < 0.01, based on Kruskal–Wallis one-way analysis of variance and least significant difference (LSD) post hoc test. 
Control = 2 mM Ca2+; C1 = 0.4 mM Ca2+; C2 = 0.2 mM Ca2+. n = 5 pulses.
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PvSnRK2.OST1 displayed the overall highest level of relative expression, 
particularly from 14 dpt until the end of the experiment (Fig. 4). The 
2-way ANOVA showed significant effect of time and time x treatment 
interaction (Table S3). At 7 dpt and 28 dpt, this gene showed significant 
up-regulation in C2 samples compared to control ones (Fig. 4). PvSLAC1 
showed a significant pattern of regulation over time (p < 0.001) and 
showed a significant interaction between treatment and time (p < 0.05) 
(Table S3). The magnitude of PvSLAC1 expression was 10 times higher 

than that of the other differentially expressed genes at 7 dpt and 28 dpt 
in C2 samples compared to controls (Fig. 4). In summary, C2 treatment 
was the condition that caused more significant changes at molecular 
level with respect to control conditions, with 6 upregulated and 1 
downregulated genes, concentrated mainly at the beginning (7 dpt) and 
end (28 dpt) of the experimental time, and in the highly expressed genes 
PvSLAC1 and PvSnRK2.OST1 (Fig. 4). On the other hand, C1 treatment 
provoked milder changes, with the downregulation of 5 genes mainly at 

Fig. 3. Effects of different calcium treatment on gas-exchange parameters of Sorana bean (P. vulgaris) plants. Line plots depict the average values ± standard errors of 
neat carbon assimilation (A), stomatal conductance (B), intrinsic water use efficiency (C), maximum quantum yield efficiency (D), photosystem II efficiency of light- 
adapted leaves (E), average effective quantum yield (F), non-photochemical quenching (G) and electron transport rate (H) at 7-, 14-, 21- and 28-days post treatment 
(dpt). Different letters represent different levels of statistical significance according to a two-way ANOVA (Treatment × Time), followed by Tukey-adjusted pairwise 
comparisons using estimated marginal means (emmeans). Control = 2 mM Ca2+; C1 = 0.4 mM Ca2+; C2 = 0.2 mM Ca2+. Red line = Control; Green line = C1; Blue 
line = C2. n = 4 plants.
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the beginning of the experiment (7 dpt) and concentrated in the lowly 
expressed PvACA.L, PvACA4, PvANN1 and PvCAX11 genes (Fig. 4).

3.4. Biochemical parameters

Motivated by the reduction in total plant biomass observed in Fig. 1, 
we also decided to evaluate the effect of calcium deficiency on well- 
established biochemical markers of plant status. The 2-way ANOVA 
analysis with interaction terms revealed that both the calcium treatment 
and the time, as well as their interaction, significantly influenced chlo
rophyll a, chlorophyll b, and polyphenol levels similarly in Sorana bean 
plants (Fig. 5; Fig. S2; Table S4). Overall, treatments C1 and C2 signif
icantly reduced chlorophyll a, b and polyphenol content compared to 
the control (Fig. S2). These main effects were modified by time, since at 
7, 21 and 28 dpt (days post treatment) a general trend towards a 
decrease in chlorophyll a and b levels was found in calcium deficiency 
conditions, which in some cases presented significant differences. At 14 
dpt, maximum values were reached (Fig. 5; Fig. S2), and no significant 
differences in chlorophyll a and b for both calcium deprivation treat
ments were observed (Fig. 5). In the case of polyphenols, they consis
tently reached lower levels in C1 and C2 conditions, although these were 
more pronounced at 14 dpt than at other moments of the experiment 
(Fig. S2). Carotenoid content was significantly influenced only by the 
calcium treatment, since it remained remarkably constant over the time 
of the experiment (Fig. 5; Fig. S2). Both C1 and C2 conditions caused an 
overall significant decrease in carotenoid content, which was especially 
pronounced at 21 dpt (Fig. 5; Fig. S2).

4. Discussion

4.1. Calcium deficiency negatively affects P. vulgaris Sorana ecotype’s 
growth and physiology

Calcium deficiency is a significant soil problem that affects plant 
growth and yield, especially in acidic soils and high rainfall areas (Jing 
et al., 2024). The existing literature on integrating biometric, 

physiological, molecular, and biochemical responses of plants to cal
cium deficiency is scarce. Here, we report the effects of calcium defi
ciency in P. vulgaris Sorana ecotype, a local landrace well adapted to 
calcium deficiency in soils. To the best of our knowledge, no physio
logical results of calcium deficiency in P. vulgaris have been reported yet, 
with the exception of hypocotyl collapse of P. vulgaris cv. Pinto 
dark-grown seedlings (Helms, 1971). This fact underscores the novelty 
of our work but also prevent us to further discuss about the evolutionary 
adaptations of the specific Sorana ecotype with respect to modern 
commercial P. vulgaris cultivars. Future research should aim to compare 
the results here reported on Sorana ecotype with other cultivars, to 
elucidate to which extent the calcium deficiency adaptations below 
discussed are specific to Sorana ecotype or shared among different ge
notypes. Our results of biometric, biochemical, and leaf gas-exchange 
parameters suggested a negative response of the overall plant health 
and status to calcium deficiency, as shown by decreased total plant 
biomass, reduced phenolic content, and decreased photosynthetic pig
ments, as well as certain leaf gas-exchange parameters. Specific alter
ations to root architecture or biomass were not recorded, preventing us 
to elucidate how the sensing organ (roots) responds to calcium defi
ciency. Nonetheless, these results are in line with those previously re
ported in the literature. In tomato (Solanum lycopersicum), calcium 
deficiency is of particular interest, since it results in growth impairment 
and blossom-end rot symptoms (Ikeda and Kanayama, 2014), together 
with increased lipid peroxidation and altered antioxidant defense sys
tem, such as superoxide dismutase and peroxidase enzymes 
(Schmitz-Eiberger et al., 2002). In Tulipa gesneriana, calcium deficiency 
resulted in stem toppling, flower abortion and reduction of root length 
and leaf area (Inkham et al., 2023), while in poplar both excess and 
deficiency of calcium resulted in impaired plant height and leaf gas 
exchange parameters (Weng et al., 2022). The observed negative effects 
in plant physiology seemed to be more severe in the lowest calcium 
treatment (C2) and are probably related with the observed patterns of 
gene expression of voltage dependent transporters and ABA-signalling 
genes. Despite its overall low levels of expression, PvCAX11 was 
downregulated at two different times in both calcium deficiency 

Fig. 4. Relative expression of P. vulgaris genes related to voltage dependent ion channels and abscisic acid pathway, in response to calcium deficiency conditions. 
Heatmap depicts the relative expression of selected P. vulgaris genes (see Materials and Methods section) in leaves at 7-, 14-, 21- and 28-days post treatment (dpt). The 
intensity of the red colour corresponds to gene expression levels. Asterisks represent significant differences (p < 0.05) with respect to the control at the same time 
point, as determined by a two-way ANOVA (Treatment × Time), followed by Tukey-adjusted pairwise comparisons using estimated marginal means (emmeans). 
Control = 2 mM Ca2+; C1 = 0.4 mM Ca2+; C2 = 0.2 mM Ca2+. n = 3 biological replicates.
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treatments. CAX transporters use the proton-motive force to drive Ca²⁺ 
export from the cytosol, primarily into the vacuole (Zhai et al. 2013). 
Reduced CAX activity may strengthen stress resistance, as cax1 mutants 
display increased tolerance to freezing (Catalá et al., 2003). According 
to Wdowiak et al. (2024), high activity of CAX transporters can lower 
cytosolic Ca²⁺ levels and weaken Ca²⁺-dependent signalling. In this line, 
it could be argued that the observed downregulation of PvCAX11 may be 
a plant response to counter the low concentrations of calcium in the 
cytosol. Considering the functional overlap among CAX transporters in 
Arabidopsis (CAX1 and CAX3 often compensate for one another; Cheng 
et al., 2005), a more in-depth analysis of this family should be performed 
to reveal possible compensatory mechanisms and better understand this 
phenomenon.

4.2. Gene expression analysis suggests a threshold-dependent activation of 
ABA-mediated stress response to calcium deficiency

The combined results related to ABA-signalling expression pattern 
and stomatal conductance were of special interest. For the most severe 
calcium deficiency (C2), stomatal closure at 28 dpt could be related to 
the upregulation of PvSnRK2.OST1, PvABI5 and PvSLAC1, which share a 
common pattern of induction in C2 treatment at later stages of the 
experiment. PvSnRK2.OST1 is known to phosphorylate SLAC1 (Lee 
et al., 2009); PvSLAC1 is an anion channel controlling turgor pressure in 
the aperture-defining guard cells of plant stomata (Chen et al., 2010); 
finally, PvABI5 is an ABA-regulated transcription factor (Finkelstein and 
Lynch, 2000). Altogether, it suggests that, in the most severe calcium 
deficiency conditions, an ABA-mediated stress occurred. Stomatal 
closure under drought stress is known to be triggered by two partially 
overlapping pathways: a Ca2+-dependent pathway, which involve pri
marily calcium signalling, and a Ca2+-independent (or ABA-dependent) 
pathway (Kim et al., 2010). The Ca²⁺-independent pathway operates 
through ABA-activated SnRK2 kinases, such as OST1, which phosphor
ylate and induced the activity of the S-type anion channel SLAC1 (Lee 
et al., 2009). Therefore, in this scenario, the upregulation of PvSnRK2. 
OST1, PvABI5 and PvSLAC1 suggest that severe calcium deficiency in 
bean activates the independent Ca²⁺ signalling pathway, mediated by 
ABA, focused on the activity of the anion channel PvSLAC1. The in
duction of PvAVP2, which plays a role as a Ca²⁺-sensitive pump 
(Schilling et al., 2017), together with the up-regulation of PvSLAC1 and 
PvSnRK2. OST1, also suggests the boosting of vacuolar proton pumping 
after ABA signal in these conditions. On the other hand, we found an 
absence of regulation of PvSnRK2.OST1, PvABI5 and PvSLAC1 in the 
moderate C1 treatment, despite observing stomatal closure at late stages 
of the stress in this condition. This apparent contradiction suggests that 
in the C1 treatment, stomatal closure may have been mediated through a 
different mechanism, probably because calcium deficiency was not se
vere enough to trigger the ABA-dependent pathway. It is plausible, that 
in the C1 treatment, where the calcium levels are reduced but the double 
than in C2, there is still enough calcium available to act as a signalling 
molecule and this stomatal closure was mediated, thus, by the 
Ca2+-dependent pathway. In this route, increases in cytosolic calcium 
can directly activate CDPKs, which also target SLAC1, promoting sto
matal closure independently of the ABA-OST1 signalling module (Geiger 
et al., 2010). The distinction between these diverse signalling responses 
observed in C1 and C2, despite finding similar stomatal closure pheno
type, highlights a threshold-dependent activation of ABA-mediated 
stress responses, where more severe deficiency (C2) leads to full acti
vation of ABA-responsive gene expression and downstream signalling 
elements, while moderate deficiency (C1) triggers partial or alternative 
adaptive mechanisms that still need to be investigated.

4.3. Adaptive trade-offs in Sorana bean: sink strength and seed coat 
thickness under calcium deficiency

Despite the impairment in growth, photosynthetic pigments and 

Fig. 5. Effects of different calcium treatment on biochemical markers of Sorana 
bean (P. vulgaris) plants. Boxplots depict the interaction between the effects of 
treatment and time over chlorophyll a (A), chlorophyll b (B), polyphenols (C), 
and carotenoids (D). Whiskers represent the limits of the 1.5 interquartile 
range. Grey scale represents different factor levels, where dark grey represents 
control conditions, medium grey C1 conditions and light grey C2 conditions. 
Different letters represent different levels of statistical significance according to 
a two-way ANOVA (Treatment × Time), followed by Tukey-adjusted pairwise 
comparisons using estimated marginal means (emmeans). Significant differ
ences among groups are reported always with respect to control conditions of 
its specific time point. Control = 2 mM Ca2+; C1 = 0.4 mM Ca2+; C2 = 0.2 mM 
Ca2+. n = 8 plants.
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certain gas-exchange parameters, we observed increases in yield and 
harvest indices at moderate levels of calcium deficiency (C1). This 
suggests that the yield increase observed under moderate calcium stress 
is not directly correlated with photosynthetic performance but likely to 
changes in resource allocation. A similar phenomenon has been also 
reported for other environmental stresses, such as drought. Hageman 
et al. (2020) found that drought affected resource partitioning in 20 
different bean genotypes. Interestingly, those genotypes with greater 
sink strength (i.e. greater leaflet growth or yield) were the most drought 
resistant. In rice, moderate water deficit can enhance the remobilization 
of stored assimilates and accelerate grain-filling, resulting in increased 
yield (Yang et al., 2001). In common bean, PHI is the metric showing the 
strongest correlation to yield under drought, which quantifies remobi
lization efficiency of total pod resources into seeds (Hageman and Van 
Volkenburgh, 2021). Our results show that Sorana bean plants respond 
to the lack of calcium in the soil probably by reallocating assimilated 
resources to seed production due to a strong sink strength. This results in 
increased yield and harvest and pod harvest indices (HI and PHI) under 
moderate calcium stress that are in line with standard values found in 
commercial common bean cultivars, which range between 12 % and 
65 % (Scully and Wallace, 1990). The fact that Sorana ecotype improves 
this value under stressful conditions reflects the adaptation of this 
ecotype to their natural areas, although this benefit was primarily found 
only at moderate levels of deficiency, suggesting a dose-dependent 
response of this trait. As stated above, studies on other ecotypes are 
needed to understand how genotypic diversity in P. vulgaris responds to 
calcium deficiency. Additionally, the molecular and physiological 
mechanisms involved in this process remain unexplored and future 
research may be focused to better understand them. Hageman and Van 
Volkenburgh (2021) proposed that sink strength maintenance under 
drought could be mediated by ABA signalling, which, in light of our 
molecular results, might be an hypothesis worth to test also under cal
cium stress conditions.

When plants were subjected to calcium deficiency treatments we also 
observed thinner pulse coat thickness, which is one of the defining and 
most appreciated traits of Sorana pulses (Verreschi et al., 1994). A 
thinner seed coat might be considered a disadvantage in wild environ
ments, since it shortens seed dormancy, making seeds less resilient 
against unfavourable germination conditions (Finch-Savage and 
Leubner-Metzger, 2006). However, domesticated beans normally pre
sent shorter dormancy periods than their wild counterparts, due to lower 
physical seed coat impermeability, which favors faster water uptake and 
germination (Soltani et al., 2021; Vidak et al., 2022). In Sorana beans, 
thus, resource allocation favoring seed growth rather than coat thickness 
can also be considered an adaptation to the highly fluvial, low fertility 
soils, improving water imbibition and giving an advantage for fast 
germination. The genetic mechanisms behind this adaptation remain to 
be resolved, but Soltani et al., (2021) pinpointed the role of a pectin 
acetylesterase as a major responsible of decreased physical seed 
dormancy in beans, making it a candidate gene to further study.

4.4. Conclusions

In conclusion, although our initial hypothesis maintained that the 
adaptation of Sorana ecotype to low calcium in soil would be supported 
by improved performance of these plants in these conditions, we found 
negative effects of calcium deficiency on biometric, biochemical and 
gas-exchange parameters accompanied by positive effects on yield and 
bean production efficiency. Therefore, we propose that this ecotype 
adapts to the natural calcium deficiency conditions found in its culti
vated areas by reallocating resources and favouring seed production 
over plant growth and coat thickness, which results in a extremely thin 
skin, a hallmark of this ecotype. It is noteworthy that, while the 
extremely thin skin is known to be a specific trait of this genotype, it 
remains unknown whether the growth-yield trade-off here observed is a 
specific trait of Sorana ecotype or a common adaptative strategy of 

different P. vulgaris genotypes. Finally, at the molecular level, severe 
calcium deficiency induced the expression of key ABA-responsive genes, 
suggesting that ABA-mediated, Ca²⁺-independent stomatal closure was 
activated under high-stress conditions. In contrast, moderate deficiency 
also led to stomatal closure but without induction of these genes, 
implying the involvement of a Ca²⁺-dependent signalling pathway. This 
divergence underscores a threshold-dependent activation of stress 
pathways based on calcium availability. Overall, this study highlights 
the trade-off strategy of Sorana bean from vegetative growth to repro
duction and positions this ecotype as a valuable model for understand
ing calcium stress adaptations, emphasizing the the need for further 
research on genotype-specific mechanisms of stress tolerance in 
legumes.
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