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allowing radicle emergence (Srivastava et al. 2021). This 
method improves seed performance by inducing physi-
ological and biochemical changes such as membrane repair, 
osmotic regulation, enzyme activation, and reduced elec-
trolyte leakage (Ahmad et al. 2021; Sheteiwy et al. 2021). 
Additionally, priming promotes the activity of hydrolytic 
enzymes like amylase and nitrate reductase, which facili-
tate early seedling development and nitrogen assimila-
tion (Anaytullah 2007). Primed seeds often exhibit faster 
and more synchronized germination, improved emergence 
under a wider temperature range, deeper root growth, early 
flowering, and enhanced tolerance to abiotic stresses and 
soil-borne diseases (Devika et al. 2021; Marthandan et al. 
2020; Okello et al. 2022). These advantages ultimately con-
tribute to better stand establishment, resource use efficiency, 
and yield potential.

Various seed priming methods have been devel-
oped, including hydropriming, osmopriming, haloprim-
ing (e.g., using NaCl or KCl), solid matrix priming, and 

Introduction

Rapid and uniform seed germination is essential for opti-
mal crop establishment, which directly affects plant growth, 
resource use efficiency, and final yield. Seed priming, a pre-
sowing technique, enhances seed vigor by initiating key 
metabolic processes associated with germination without 
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Abstract
Priming is a water-based method that partially hydrates seeds to activate the early germination process. Faba bean (Vicia 
faba L.) seeds typically take 7–14 days to germinate under normal conditions. Delayed germination may reduce faba 
bean plant establishment and potential yield. A greenhouse pot experiment evaluated the effects of seed priming treat-
ments on photosynthetic traits and root architecture of four faba bean varieties (Windsor, Purple Negreta, Big Organic, 
and Midnight). Seeds were primed with water (hydropriming), NaCl (osmopriming), bulk ZnO, and nano-ZnO. Results 
revealed significant variation among varieties and priming treatments for morphological, physiological, and root-related 
traits. Midnight demonstrated the lowest growth and delayed flowering. Windsor and Purple Negreta exhibited higher 
shoot biomass and branching. Nano-ZnO significantly enhanced plant height and shoot dry matter, whereas NaCl priming 
increased root biomass and branching. Gas exchange parameters, including net photosynthesis rate (Pn), transpiration rate 
(E), and water use efficiency (WUE), were positively influenced by seed priming across growth stages. Water priming 
notably enhanced Pn and WUE, particularly in the Windsor variety. Chlorophyll content (SPAD) increased under seed 
priming, especially at the flowering stage. Specific root length decreased under priming, with NaCl resulting in the lowest 
values. Application of nano-ZnO reduced the number of roots by 11% while increasing root depth by 8% compared to the 
control. Overall, seed priming may enhance growth, photosynthesis, and root development of faba beans under controlled 
conditions regardless of seed size.
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biostimulant-based priming using salicylic acid or ascorbic 
acid (Khafagy et al., 2017; Khan et al. 2017). Salt-based 
halopriming enhances osmotic balance and ion homeosta-
sis (El-Sanatawy et al. 2021), while increasing antioxidant 
activity (Fu et al. 2020). In recent years, nano-priming, 
particularly with metal oxide nanoparticles such as ZnO 
has emerged as a promising strategy to improve seedling 
vigor, nutrient uptake, and stress resilience (Kapoor et al. 
2022; Mickky 2022; Esper Neto et al. 2020; Torre-Roche 
et al. 2020). Zinc plays a crucial role in seed metabolism 
by enhancing α-amylase activity, breaking dormancy, and 
regulating hormone synthesis (Rehman et al. 2012). Zinc 
priming has been linked to improved grain yield, seed pro-
tein content, and total biomass (Gontrani et al. 2023; Itrout-
war et al. 2020).

Faba bean (Vicia faba L.) is the third most important 
grain legume globally, valued for its high protein content, 
nitrogen-fixing ability, and role in sustainable cropping 
systems (Singh et al. 2013). However, its germination and 
establishment are often limited by suboptimal environmen-
tal conditions, particularly in cold or rainfed regions where 
low soil temperatures and moisture delay emergence and 
reduce stand uniformity. Faba bean requires a minimum soil 
temperature of around 7  °C for optimal germination, and 
delayed emergence increases vulnerability to biotic and abi-
otic stresses (Nouairi et al. 2019). Seed priming has shown 
potential in mitigating such constraints. For example, sali-
cylic acid priming improved salt tolerance (Azooz 2009), 
while ascorbic acid and nicotinamide enhanced stress tol-
erance and photosynthetic efficiency (Azooz et al. 2013). 
Calcium chloride priming has also been found to improve 
photosynthesis under cadmium stress (Nouairi et al. 2019).

Despite these advances, limited studies have compre-
hensively evaluated how different seed priming treatments 
influence key physiological traits such as photosynthetic 
capacity and root system architecture, both of which are 
critical for early vigor and resource acquisition. Therefore, 
this study aimed to investigate the effects of various seed 
priming methods, including hydropriming, osmopriming 
with NaCl, and treatments with bulk ZnO and nano-ZnO, on 
photosynthetic parameters and root traits of four faba bean 
varieties with contrasting seed sizes under controlled condi-
tions. This research seeks to identify effective priming strat-
egies that enhance early growth, physiological efficiency, 
and root development, ultimately supporting improved faba 
bean establishment and yield potential across diverse pro-
duction environments.

Materials and methods

The experiment was conducted in 2025 at the Virginia State 
University greenhouse located at Randolph Farm (37°13′43″ 
N, 77°26′2″ W). Throughout the experimental period in the 
greenhouse, the temperature ranged from 20 °C to 30 °C, 
the relative humidity was approximately 60%, and the pho-
tosynthetically active radiation (PAR) averaged 220 µmol 
m− 2 s− 1. A randomized complete block design (RCBD) with 
three replications was used. The study included four faba 
bean varieties: Windsor, Purple Negreta, Big Organic, and 
Midnight (Fig. 1). Windsor seeds were obtained from Ter-
ritorial Seed Company (Oregon, USA), while the remaining 
varieties were sourced online from various commercial seed 
suppliers. Five seed priming treatments were evaluated: (1) 
control (non-primed), (2) hydropriming (distilled water), 
(3) osmopriming with NaCl (100 mM), (4) bulk ZnO (60 
mg L− 1), and (5) nano-ZnO (60 mg L− 1). The NaCl (assay 
99.0–100.5% on a moisture-free basis) was obtained from 
Spectrum Laboratory Products, Inc. (New Brunswick, NJ, 
USA). Bulk ZnO was purchased from Carolina Biologi-
cal Supply (Burlington, NC, USA), and nano-ZnO powder 
(purity 99.8%, particle size 10–30 nm) was sourced from 
SkySpring Nanomaterials, Inc. (Houston, TX, USA). Seeds 
were primed by soaking in the respective solutions for 6 h, 
then air-dried before planting. A total of 60 pots (23  cm 
diameter × 23 cm height; ~9 L capacity) were filled with 
commercial potting soil, and three seeds were sown per pot 
on February 28, 2025. After seedling establishment, one 
healthy plant per pot was retained; the rest were thinned. 
Fertilization was done using a 20-20-20 NPK solution at a 
concentration of 0.5 g L− 1, applied twice (30 and 50 days 
after planting), with each pot receiving 200 mL of the solu-
tion. Plants were irrigated weekly using a hose, applying the 
same amount of water to each pot to maintain uniform soil 
moisture. To manage thrips, neem oil (organic pesticide) 
was applied using a hand sprayer at two growth stages: N3 
(three nodes) and N6 (six nodes).

Gas exchange parameters were recorded using a CI-340 
handheld photosynthesis system (CID Bio-Science, USA) 
at N3 (22 days after planting), N6 (48 days after planting), 
and flowering stages (73 days after planting), between 10:00 
AM and 2:00 PM. For each evaluation period, the average 
plant age (days after planting) was recorded and reported, 
acknowledging that phenological development may vary 
among varieties due to their distinct growth habits. Three 
fully expanded leaves from the upper third of each plant 
were randomly selected per variety and treatment for analy-
sis. Parameters recorded included net photosynthetic rate 
(Pn), transpiration rate (E), photosynthetically active radia-
tion (PAR), and leaf surface temperature. Water use effi-
ciency (WUE) was calculated as Pn/E. The average leaf 

1 3

21  Page 2 of 11



Acta Physiologiae Plantarum (2026) 48:21

temperature during measurements was 26.7  °C. Chloro-
phyll content was assessed using a SPAD chlorophyll meter 
(Minolta SPAD 502) at the same growth stages as the gas 
exchange measurements. At flowering, plants were har-
vested. Aboveground biomass was oven-dried, while root 
systems were carefully washed over a sieve to minimize 
root loss. Root samples were photographed and then dried 
in a hot room. Root images were analyzed using GiA Roots 
software (GiA-API; Galkovskyi et al. 2012) to quantify 
root traits, including total root length, depth, volume, sur-
face area, average width, number of roots, and average root 
width. Specific root length (SRL) was calculated as total 
root length divided by root dry mass, providing an index of 
root thickness.

Data from the RCBD were statistically analyzed using 
SAS 9.4 software (SAS Institute, Cary, NC, USA). Normal-
ity tests were performed before analysis. Treatment effects 
and interactions were considered significant at p ≤ 0.05 based 
on F-tests. Where applicable, mean comparisons were per-
formed using the least significant difference (LSD) test, and 
all results are presented with the standard error (SE) of the 
mean. Figures were generated using Microsoft Excel. Prin-
cipal Component Analysis (PCA) was conducted using R 
software to explore relationships among physiological and 
morphological parameters across treatments and varieties.

Results

Growth and phenological parameters

The results revealed significant variation among the faba 
bean varieties in plant height, shoot dry matter, root-to-
shoot ratio, number of branches, and days to flowering 
(Table 1). The variety Midnight exhibited the lowest plant 
height, shoot dry matter, and number of branches, but had 
the longest duration to flowering. Windsor produced the 
highest shoot dry matter, although it had the lowest root-
to-shoot ratio. Purple Negreta recorded the highest number 
of branches, averaging 4.4 per plant. The highest root-to-
shoot ratios were observed in Purple Negreta (0.26) and Big 
Organic (0.25). However, no significant differences were 
found among varieties for root dry matter.

Seed priming treatments had significant effects on plant 
height, shoot dry matter, root dry matter, and number of 
branches (Table 1). Priming with nano-ZnO resulted in the 
tallest plants and highest shoot dry matter, with increases of 
16% and 36%, respectively, compared to the control. The 
highest root dry matter was observed in seeds primed with 
NaCl, which showed a 57% increase over the control. Addi-
tionally, NaCl priming increased the number of branches by 
31% compared to the control. Seed priming had no signifi-
cant effect on root-to-shoot ratio or days to flowering.

Fig. 1  Seed varieties of faba bean 
used in the study: (1) Midnight, 
(2) Big Organic, (3) Windsor, (4) 
Purple Negreta, shown next to a 
U.S. penny for scale
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Root parameters

Average root traits, including root width, depth, length, 
surface area, volume, and specific root length, varied sig-
nificantly among faba bean varieties (Table  2), while the 
number of roots remained statistically similar across all 
varieties. Purple Negreta exhibited the highest values for 
average root width (0.064 cm), root depth (72.8 cm), root 
length (12,390 cm), surface area (2,594 cm2), volume (58.3 
cm3), and specific root length (654 cm), followed by Wind-
sor. In contrast, Big Organic and Midnight showed the 
lowest values for these parameters. Midnight recorded the 
highest specific root length when expressed per gram of root 
dry matter (3,094 cm g− 1).

Seed priming had a significant effect on the number of 
roots, root depth, and specific root length (Table 2). Prim-
ing with nano-ZnO reduced the number of roots by 11% 
compared to the control, but increased root depth by 8%. 
In contrast, bulk ZnO treatment resulted in the lowest root 
depth (62.7  cm). On average, seed priming significantly 

Chlorophyll SPAD

Chlorophyll SPAD values varied significantly among faba 
bean varieties at the N6 and flowering stages, while no sig-
nificant differences were observed at the N3 stage (Table 1). 
At the N6 stage, Purple Negreta and Midnight exhibited 
the highest chlorophyll SPAD values, whereas Big Organic 
recorded the lowest. During the flowering stage, Purple 
Negreta maintained the highest chlorophyll SPAD, while 
Windsor showed the lowest value (Table 1).

Seed priming significantly affected chlorophyll SPAD 
only at the flowering stage. Overall, primed seeds exhib-
ited an 8% increase in chlorophyll SPAD compared to the 
control. However, no significant differences were observed 
among the four priming treatments at this stage (Table 1).

Table 1  Means of growth parameters in Faba bean varieties in response to seed priming treatments
Source of 
variation

Plant height 
(cm)

Shoot dry 
matter (g)

Root dry 
matter (g)

Root/shoot 
ratio

Number of 
branches

Day to 
flowering

SPAD at 
N3

SPAD at N6 SPAD at 
flowering

Variety
Windsor 65.7 ± 3.5a 20.3 ± 1.1a 4.15 ± 0.35 0.20 ± 0.01b 3.80 ± 0.27ab 69.6 ± 3.5b 41.7 ± 3.1 40.1 ± 2.4ab 40.3 ± 1.5b
Purple 59.2 ± 4.2a 17.6 ± 1.4ab 4.62 ± 0.41 0.26 ± 0.01a 4.40 ± 0.31a 73.2 ± 4.6b 41.0 ± 1.6 41.3 ± 2.9a 43.2 ± 0.9a
Big Organic 62.7 ± 3.7a 14.4 ± 1.7b 3.83 ± 0.88 0.25 ± 0.01a 3.66 ± 0.38ab 75.6 ± 3.0ab 42.4 ± 1.5 37.2 ± 1.3b 41.8 ± 1.1ab
Midnight 46.3 ± 2.7b 14.3 ± 1.7b 3.12 ± 0.59 0.21 ± 0.01ab 3.46 ± 0.38b 83.0 ± 1.8a 41.1 ± 2.2 41.1 ± 1.2a 41.9 ± 2.0ab
Treatment
Control 53.5 ± 2.8b 13.7 ± 1.6b 3.21 ± 0.23b 0.23 ± 0.02 3.41 ± 0.40b 79.8 ± 3.2 40.4 ± 1.1 39.0 ± 1.4 39.2 ± 1.3b
Water 61.5 ± 5.6ab 15.6 ± 1.5ab 3.44 ± 0.31ab 0.22 ± 0.01 3.50 ± 0.33b 78.6 ± 4.0 42.6 ± 1.5 38.9 ± 1.1 43.1 ± 1.6a
NaCl 58.8 ± 4.7ab 18.5 ± 1.5ab 5.06 ± 0.69a 0.26 ± 0.01 4.50 ± 0.19a 71.8 ± 4.2 41.6 ± 0.9 41.2 ± 2.0 42.4 ± 2.1a
ZnO 56.1 ± 5.1ab 16.8 ± 1.7ab 3.70 ± 0.88ab 0.22 ± 0.01 3.83 ± 0.26ab 73.5 ± 2.8 42.5 ± 1.6 41.9 ± 1.1 41.9 ± 2.2a
Nano-ZnO 62.4 ± 5.0a 18.7 ± 1.2a 4.25 ± 0.90ab 0.22 ± 0.01 3.91 ± 0.28ab 72.9 ± 3.4 40.6 ± 1.7 38.7 ± 2.1 42.3 ± 0.8a
Different letters in each column indicate a significant difference at p ≤ 0.05. Values are presented as mean ± standard error (SE) of three replicates

Table 2  Means of root parameters in Faba bean varieties in response to seed priming treatments
Source of 
variation

Number of 
roots

Average root 
width (cm)

Root depth 
(cm)

Root length 
(cm)

Root surface 
area (cm2)

Root volume 
(cm3)

Root width 
(cm)

Specific root 
length (cm 
g− 1)

Variety
Windsor 129.2 ± 7.2 0.060 ± 0.002ab 67.2 ± 3.29ab 11,060 ± 630ab 2199 ± 221ab 46.9 ± 5.68ab 51.9 ± 1.90a 2665 ± 31.4b
Purple 141.6 ± 6.5 0.064 ± 0.002a 72.8 ± 2.56a 12,390 ± 667a 2594 ± 258a 58.3 ± 6.14a 53.4 ± 3.69a 2681 ± 24.2b
Big Organic 129.6 ± 6.7 0.055 ± 0.003b 63.4 ± 3.04b 10,095 ± 589b 1788 ± 215b 33.2 ± 4.00b 46.5 ± 2.03b 2635 ± 22.0b
Midnight 131.1 ± 6.9 0.055 ± 0.002b 63.2 ± 4.17b 9655 ± 389b 1684 ± 178b 31.0 ± 8.71b 46.5 ± 3.04b 3094 ± 28.5a
Treatment
Control 135.7 ± 6.2a 0.057 ± 0.002 65.0 ± 3.20ab 11,326 ± 658 2116 ± 409 42.0 ± 2.66 48.6 ± 1.83 3528 ± 21.6a
Water 137.2 ± 4.8a 0.058 ± 0.003 67.1 ± 3.54ab 10,719 ± 742 2006 ± 238 39.3 ± 1.25 49.8 ± 0.99 3097 ± 16.8b
NaCl 132.5 ± 6.8ab 0.061 ± 0.002 67.8 ± 3.08ab 11,043 ± 905 2242 ± 111 49.6 ± 3.06 51.8 ± 2.29 2182 ± 13.3c
ZnO 139.2 ± 5.1a 0.055 ± 0.004 62.7 ± 3.16b 10,572 ± 682 1848 ± 219 33.8 ± 3.82 46.6 ± 1.08 2857 ± 10.8b
Nano-ZnO 119.8 ± 4.9b 0.061 ± 0.002 70.6 ± 4.02a 10,341 ± 472 2118 ± 308 47.0 ± 2.03 51.0 ± 1.52 2433 ± 18.4bc
Different letters in each column indicate a significant difference at p ≤ 0.05. Values are presented as mean ± standard error (SE) of three replicates
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the control treatment (3.26 µmol CO2 m− 2 s− 1). Across all 
varieties, seed priming increased Pn by 12% compared to 
the control.

Transpiration rate at the N6 stage was also significantly 
affected by the interaction between variety and priming 
treatment (Fig.  2e). The highest E (2.93 mmol H2O m− 2 
s− 1) was observed in Midnight primed with ZnO. Across 
all varieties, no significant differences in transpiration rate 
were detected among NaCl, ZnO, and nano-ZnO priming 
treatments. The lowest transpiration rate was recorded in 
Windsor under water priming (0.5 mmol H2O m− 2 s− 1). 
Under control conditions, Purple Negreta exhibited the low-
est transpiration among all varieties.

Water use efficiency at the N6 stage was significantly 
influenced by the interaction between variety and seed prim-
ing treatment (Fig. 2h). The highest WUE was observed in 
Windsor primed with water, while the lowest was in Mid-
night under the control treatment. Purple Negreta and Big 
Organic showed relatively stable WUE across all priming 
treatments. Notably, hydropriming significantly improved 
WUE in Midnight compared to the control. Overall, seed 
priming increased WUE by 29% across all varieties com-
pared to the control.

Gas exchange at the flowering stage

The interaction between faba bean variety and seed priming 
treatment significantly influenced the Pn at the flowering 
stage (Fig. 2c). The highest Pn were observed in Windsor 
(13.1 µmol CO2 m− 2 s− 1) and Big Organic (12.0 µmol CO2 
m− 2 s− 1) when primed with water. In contrast, the lowest 
rates were recorded in Big Organic under the control treat-
ment and Midnight primed with NaCl. No significant dif-
ferences in Pn were found for Purple Negreta and Midnight 
across priming treatments compared to their respective con-
trols. On average, seed priming increased the Pn by 18% 
compared to the control across all varieties.

At the flowering stage, the highest E (2.93 mmol H2O 
m− 2 s− 1) was recorded in Windsor under control conditions 
(Fig.  2f). While seed priming with water increased E by 
7.4% compared to control across all varieties, the difference 
was not statistically significant. No consistent pattern of sig-
nificant changes was observed among the different priming 
treatments.

Water use efficiency at flowering was also affected by the 
interaction between variety and priming treatment (Fig. 2i). 
The highest WUE values were recorded in Windsor when 
primed with ZnO and nano-ZnO. In contrast, the lowest 
WUE was found in Purple Negreta under NaCl priming. 
WUE in Midnight was not significantly affected by any 
seed priming treatment. Overall, seed priming increased 

reduced specific root length by 25% compared to the con-
trol, with the lowest value (2,182 cm g− 1) observed under 
NaCl priming.

Gas exchange at the N3 stage

The net photosynthesis rate (Pn) of faba bean varieties at 
the N3 stage was significantly influenced by the interac-
tion between seed priming treatments and variety (Fig. 2a). 
Among the treatments, hydropriming (water priming) 
resulted in the highest net photosynthesis rate in the Wind-
sor variety (8.50 µmol CO2 m− 2 s− 1), which was signifi-
cantly higher than all other treatment variety combinations. 
In contrast, Purple Negreta and Midnight exhibited lower Pn 
values under both the control and water-primed conditions, 
with the lowest observed in Midnight under hydropriming 
(approximately 2.33 µmol CO2 m− 2 s− 1). Overall, across all 
varieties, seed priming increased the net photosynthesis rate 
by 52% compared to the control.

Transpiration rate (E) at the N3 stage was also signifi-
cantly affected by the interaction between priming treat-
ment and variety (Fig. 2d). Midnight consistently exhibited 
higher transpiration rates across treatments, with the highest 
value recorded under the control condition (2.36 mmol H2O 
m− 2 s− 1). Big Organic showed the highest transpiration rates 
under salt (NaCl) and ZnO priming. In contrast, Windsor 
and Purple Negreta maintained relatively stable transpira-
tion rates across all treatments. Notably, nano-ZnO priming 
resulted in uniform transpiration rates across all varieties, 
with no statistically significant differences among them 
(Fig. 2d).

Water use efficiency (WUE), calculated as the ratio of net 
photosynthesis to transpiration, was significantly influenced 
by the priming × variety interaction (Fig. 2g). The highest 
WUE was observed in Windsor under hydropriming (4.63 
µmol CO2 mmol− 1 H2O), followed by Big Organic under 
the same treatment. Conversely, Midnight recorded the low-
est WUE values under both control and hydroprimed condi-
tions. Seed priming did not significantly improve WUE in 
Purple Negreta (Fig. 2g). Additionally, all varieties exhib-
ited statistically similar WUE under salt and ZnO priming 
treatments.

Gas exchange at the N6 stage

The interaction between faba bean variety and seed prim-
ing treatment had a significant effect on Pn at the N6 stage 
(Fig.  2b). The highest Pn were recorded in Big Organic 
primed with water (15.1 µmol CO2 m− 2 s− 1) and Purple 
Negreta primed with NaCl (14.66 µmol CO2 m− 2 s− 1). In 
contrast, the lowest rate was observed in Midnight under 
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Fig. 2  Photosynthesis rate (Pn) at N3 (a), N6 (b), flowering stage (c); 
Transpiration rate (E) at N3 (d), N6 (e), flowering stage (f); water use 
efficiency (WUE) at N3 (g), N6 (h), flowering stage (i) of faba bean 
varieties under different seed priming treatments. Different letters in 

each column indicate a significant difference at p ≤ 0.05. Bars represent 
mean values, and error bars indicate the standard error (SE) of three 
replicates
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(0.71**) and E (0.71**) at N6, and Pn (0.57**) and E (0.65**) 
at flowering. Chlorophyll SPAD values were also strongly 
positively correlated with shoot dry matter at N3 (0.83**), 
N6 (0.90**), and flowering (0.84**). Additionally, days to 
flowering showed a positive correlation (0.71**) with shoot 
dry matter. Root depth showed a strong negative correla-
tion with average root width (−0.33**) and a strong positive 
correlation with the number of roots (0.95**), root width 
(0.99**), root area (0.88**), specific root length (0.77**), root 
surface area (0.88**), root length (0.96**), and root volume 
(0.75**). Specific root length was strongly negatively cor-
related with average root width (−0.33**), indicating that 
roots with higher specific root length are thinner. Table S1 
presents the Pearson correlation coefficients among all mea-
sured parameters in the evaluated faba bean varieties.

Discussion

This study revealed substantial variation among faba bean 
varieties in morphological, physiological, and root archi-
tectural traits, consistent with previous reports on varietal 
differences in faba bean growth (Azooz 2009; Belachew et 

WUE by 19% compared to the control across all varieties. 
Regardless of seed priming, Windsor exhibited the highest 
average WUE (4.93 µmol CO2 mmol− 1 H2O) among the 
varieties tested.

Principle component analysis

Principal Component Analysis (PCA) was conducted to 
assess variation among four faba bean varieties, Wind-
sor, Midnight, Purple Negreta, and Big Organic based on 
physiological, morphological, and root traits (Fig. 3). Purple 
Negreta was associated with higher values for root mor-
phological traits, including root width, length, depth, sur-
face area, and volume. Big Organic was positioned on the 
negative side of Dim1 and was associated with traits such 
as specific root length and transpiration rate at flowering. 
Windsor appeared centrally located in the PCA plot. Trait 
vectors indicated that root dry matter (0.83**), plant height 
(0.95**), and number of branches (0.78**) were strongly cor-
related with shoot dry matter. PCA also showed that Pn and 
E were positively correlated with shoot dry matter at dif-
ferent growth stages: Pn (0.59**) and E (0.68**) at N3, Pn 

Fig. 3  Principal component analysis (PCA) of the growth, root and photosynthesis parameters of faba bean varieties
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soluble sugars that fuel early growth (Debbarma and Das 
2017).

Among treatments, nano-ZnO priming significantly 
increased plant height, shoot, and root dry matter by 16, 
36, and 32%, respectively, relative to the control, suggest-
ing that nano-ZnO may enhance nutrient availability and 
stimulate physiological processes that promote overall plant 
growth. Salam et al. (2022) observed increased biomass in 
maize under cobalt stress with nano-ZnO priming. Donia 
and Carbone (2023) found enhanced germination and chlo-
rophyll content in wheat with nano-ZnO priming. Li et al. 
(2021) reported improved seedling vigor in rice with ZnO 
nanoparticle priming. Similarly, Waqas Mazhar et al. (2022) 
documented seed priming with nano-ZnO increases total 
chlorophyll, plant height, and biomass of rice under drought 
stress. Although nano-ZnO priming reduced root number 
by 11%, it increased root depth by 8%, potentially enhanc-
ing access to deeper soil resources. While deeper rooting is 
generally regarded as an adaptive strategy for plants under 
drought stress (Li et al. 2022), its advantages may be limited 
in pot experiments due to spatial constraints. Previous stud-
ies support these findings and indicate that ZnO nanoparticle 
priming increases root biomass and root extension in wheat 
(Al-Salama 2022; El-Shazoly et al. 2025). These benefits 
are likely due to the biostimulant effect of nanoscale ZnO, 
which offers controlled zinc release, enhances seed metabo-
lism, and triggers hormonal and transcriptional responses 
that promote cell division and elongation (Akbay and Yalçın 
2025; Donia and Carbone 2023). ZnO also enhances photo-
system II function by improving photon capture and electron 
transport efficiency, which in turn supports higher photo-
synthesis and biomass accumulation (Wang et al. 2020).

In our study, all priming treatments reduced specific root 
length, with NaCl showing the most pronounced reduction 
(2182 cm g− 1), possibly indicating a shift toward thicker or 
more compact roots. NaCl priming had the most significant 
impact on root development, increasing root dry matter by 
57% and the number of branches by 31%. This is consis-
tent with findings in Brassica napus, where NaCl priming 
improved root biomass (BiBi et al. 2024), and in chickpea, 
where it enhanced antioxidant responses that stabilized pho-
tosystem II and indirectly promoted root growth (Paul et al. 
2025). Paul et al. (2023) further showed that NaCl priming 
modulates ion uptake and osmoregulation to improve root 
development in legumes. Mechanistically, NaCl priming 
activates seed metabolism during imbibition, upregulat-
ing enzymes involved in energy production and root cell 
division (Khan et al. 2022). It also alters hormone levels, 
notably auxins and ABA, triggering root system remodel-
ing even under mild salt stress (Habibi et al. 2023). More-
over, NaCl priming supports osmotic adjustment and ionic 
balance, especially favorable Na⁺/K⁺ ratios, allowing for 

al. 2018; Muktadir et al. 2020). Midnight exhibited the low-
est vegetative growth, characterized by the shortest plant 
height, minimal shoot dry matter, and fewer branches. In 
contrast, Windsor showed the highest shoot dry matter but 
the lowest root-to-shoot ratio, suggesting a growth prefer-
ence toward shoot biomass rather than root development, as 
reported shoot allocation can reduce root investment (Rob-
inson 2023). Purple Negreta stood out for its high number of 
branches and elevated chlorophyll content at both the N6 and 
flowering stages, along with a well-developed root system, 
including superior depth, width, surface area, and volume. 
Extensive root systems are associated with greater nutrient 
and water uptake, which in turn promote shoot growth and 
chlorophyll retention (Holz et al. 2024). Big Organic exhib-
ited a root-to-shoot ratio comparable to Purple Negreta but 
had lower values for overall root morphological param-
eters. Notably, root dry matter did not differ significantly 
among the varieties, suggesting that root mass alone may 
not fully reflect root system architecture, as emphasized 
by de Dorlodot et al. (2007). PCA results highlighted that 
shoot dry matter was strongly associated with root dry mat-
ter, plant height, chlorophyll SPAD, net photosynthetic rate, 
and transpiration rate. Root depth was positively associated 
with most root traits, including number of roots, root width, 
root area, specific root length, root surface area, root length, 
and root volume, but negatively correlated with average 
root width. The negative correlation between specific root 
length and average root width indicates that thinner roots 
tend to have higher specific root length. Notably, photosyn-
thesis contributed positively to shoot biomass accumulation 
(Fig.  3), consistent with previous studies highlighting the 
importance of photosynthetic efficiency for overall growth 
(Li et al. 2023).

Seed priming had pronounced effects on faba bean 
growth and physiological performance. Seed priming sig-
nificantly increased plant height, as well as shoot and root 
dry matter, compared to the control. It did not affect the 
root-to-shoot ratio, as it proportionally enhanced both root 
and shoot growth. Seed priming enhances germination uni-
formity and vigor, resulting in stronger seedlings and higher 
yields (Ceritoglu et al. 2024; Hussain et al. 2016). This 
process involves physiological and biochemical changes 
that improve seed performance. Priming shortens the lag 
phase of water uptake, allowing seeds to absorb water 
more quickly when sown (Debbarma and Das 2017). It also 
activates key metabolic processes, such as respiration and 
starch breakdown, before germination begins. Primed seeds 
often show higher respiration rates, providing more ATP to 
support seedling growth (Hussain et al. 2016). Additionally, 
priming boosts starch metabolism by increasing the activity 
of enzymes like α-amylase, which breaks down starch into 
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