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ABSTRACT
Purpose: Zinc (Zn) is an essential micronutrient for crops and its availability in alkaline soils is very

limited. In this study, the possible growth-promoting effects of soluble Zn present in an alkaline soil
to which different Zn treatments have been applied are investigated.

Research Method: Four Zn chemicals (ZnSO4, ZnO-NP, Zn-EDTA or Zn-EDTA with humic
and fulvic acids, Zn-EDTA+AC) at three different concentrations (2.5, 5 or 10, mg Zn kg') were
applied to soil. The effect of soluble Zn solutions extracted from soil on the final germination
percentage of lettuce (Lactuca sativa L.) seeds, radicle and shoot length and shoot dry weight in
seedlings after eight days of incubation were evaluated.

Findings and Values: The results indicated that Zn EDTA and Zn EDTA+AC treatments showed a
high effectiveness in providing soluble Zn in the soil solution (up to 17.8 times that of the control).
Although no significant differences in germination percentage were observed between treatments,
the highest radicle growth was observed with the Zn EDTA-2.5 treatment (1.3 times the control).
The ZnSO treatments showed a dose-dependent promoter effect. Radicle growth under ZnO-NP and
Zn EDTA+AC treatments did not show a consistent relationship with Zn concentrations, indicating
a non-dose-dependent effect. The results of this study suggest that Zn EDTA extract alone is more
effective in promoting seed growth than when combined with humic and fulvic acids.

Keywords: Lettuce, Nanoparticles, Radicle length, Seed germination, Zinc oxide.

INTRODUCTION

Zinc (Zn) is an essential nutrient for
agricultural crops and its deficiency causes
negative effects on the plant. These effects
include a reduction in leaf growth, appearance of
chlorosis, and alteration of the ripening period
of the plant resulting in a decrease in crop
yield. Toxic concentrations of Zn in plants cause
physiological disturbances and growth inhibition
(Broadley et al. 2011).

Zinc availability in soils depends on various
factors, including the role of microorganisms in
enhancing its bioavailability and the influence
of farming practices on soil Zn content and
microbial activity (Helfenstein et al. 2016,
Navarrete et al. 2017, Jalal et al. 2024, Singh

et al. 2024).

The use of Zn fertilizers is of great importance
especially in alkaline soils,
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where availability is very limited. The
availability of this nutrient, when applied to
the soil in the form of fertilizer, depends on the
amount that remains available to the plant in the
medium (Alloway 2013). In these alkaline soils,
insoluble and non-bioavailable Zn compounds
are formed.

The chemical characteristics of the product
applied as a source of Zn have a great influence
on the formation of these non-bioavailable
compounds (Alloway 2008). Numerous studies
have reported that soil chemical extractions
can predict this amount of plant-available Zn
(Almendros et al. 2020, Almendros et al. 2022).
The most readily available fraction of Zn in soil
is the water-soluble fraction. However, the use
of other extractants, such as DTPA-TEA or the
mixture of low molecular weight organic acids
(LMWOASs) has been reported to adequately
predict the amount of Zn taken up by the plant.

Applied sources that dissociate rapidly and
readily release Zn2+ to the soil will be less
effective in delivering the nutrient to the
plant due to the formation of non-bioavailable
compounds (Alloway 2013). However, chelated
or complexed sources can protect the ion from
the formation of insoluble and plant unavailable
compounds. The difference between the two
agents is that a complexing agent forms a planar
or steric structure with a divalent or trivalent
transition metal cation and the chelating agent
has two or more sites that donate electron pairs
to a central transition metal cation, as well as
constituting a five- or six-ring cyclic structure
(Freiser & Freiser 2017).

The need to implement strategies to reduce the
environmental impact of fertilizer application
on agricultural soils is currently becoming very
important. In addition, it is necessary to ensure
that soils are not excessively fertilized. These
strategies include the use of plant biostimulants,
defined as “a product that stimulates plant
nutrition processes independently of the nutrient
content of the product with the sole objective
of improving nutrient use efficiency; tolerance
to abiotic stress; plant quality traits or the
availability of nutrients confined in the soil or

rhizosphere” (EU 2019).

Different studies have reported the use of
humic and fulvic acids as biostimulants,
showing that they promote the growth and
quality of different plants (Canellas et al
2020, Nardi et al. 2021, Quijia-Pillajo et al.
2024). According to Canellas et al. (2015)
biostimulant effects of humic substances of
humic substances are characterized by both
structural and physiological changes in roots and
shoots related to nutrient uptake, assimilation
and distribution (nutrient use efficiency traits).

In recent years, there has been growing interest
in the possible use of ZnO nanoparticles
as a possible source of Zn for crops.
The effectiveness of these sources is
strongly influenced by their physicochemical
characteristics (De-Francisco et al. 2024a, De-
Francisco et al. 2024b). One of the advantages of
using ZnO nanoparticles in soil is their short- and
medium-term dissolution kinetics, which allows
for the gradual release of nutrients and high
bioavailability. It also mitigates environmental
problems such as deep water leaching observed
with more traditional sources (De-Francisco et
al. 2024c).

The effect of the different fertilizer products
applied to a soil has a great influence on the
early stages of seed germination. Since the first
stage of seed germination consists of hydration,
the effect of the added products is determined
by the fraction of the nutrient, soluble in the soil
solution. Zinc supplied to the seed is transported
to the inner regions of the seed from the shell,
increasing its availability to the region where
it is most needed (Veena & Puthur 2022). The
importance of an adequate Zn supply in the seed
germination process lies in the participation of
Zn in the activation of many enzymes necessary
for key metabolism being crucial for protein
production (Cakmak & Kutman 2018).

Previous studies have focused on the influence of
the application of different Zn products in soils
and their effect on the developed crop (Dapkekar
et al. 2018, Ahmed et al. 2019, Mattiello et
al. 2021, Meneghelli et al. 2021, Mirbolook
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et al. 2021, De-Francisco et al. 2024a). There
are also numerous studies in which Zn products
are applied in a prepared solution to evaluate
seed germination (Lin & Xing 2007, Singh et
al. 2016, Veena & Puthur 2022, De-Francisco
et al. 2024b). However, to our knowledge, there
are no studies evaluating the effect of soluble Zn
contained in the soil on lettuce germination.

The aim of this study was to investigate how soil
soluble Zn from different Zn sources influences
different germination parameters of Lactuca
sativa L. The hypothesis of this investigation is
that soluble Zn in the soil could have different
effects on seed germination and seed growth
depending on the Zn treatment used to fertilize
the soil.

MATERIALS AND METHODS

Pot experiment and Zn chemicals

For this experiment, an agricultural soil
from Perales del Rio, Spain (40°19°40.4” N,
3°40°3.1”W), was used. Soil samples were
collected from the Ap horizon (0-20 cm) air-
dried at room temperature for approximately
7 days until reaching constant weight, and
then sieved to 2 mm. Soil characteristics were
determined in accordance with the Spanish
official methodology (MAPA 1994). The main
characteristics of the soil were the following:
pH, 7.8 slightly alkaline; sand, 656 g kg~!; silt,
275 gkg™!; clay, 69 g kg™ !; texture, sandy loam;
electrical conductivity, 586 ;1S cm™!; extractable
P, 8.1 mg kg~!; oxidizable OM, 4.7 g kg~ !;
total N, 0.5 g kg~!; C:N ratio, 5.8; exchange
Na, 45 mg kg~!; exchange K, 175.4 mg kg~ ;
exchange Ca, 4382 mg kg~ !; and exchange Mg,
71.6 mg kg—!. According to the concentration
of available Zn (DTPA—triethanolamine (TEA)-
extractable Zn) (0.63 mg kg~!), the original soil
was Zn deficient.

Pots with 0.35 kg soil dry weight were fertilized
with Zn sources in different doses: 0, 2.5, 5 and
10 mg Zn kg~! soil. The Zn application rates
used in this experiment have been reported in
other experimental studies to have a beneficial
effect on the development of different crops

(Almendros et al. 2015, Reddy Pullagurala et
al. 2018, De-Francisco et al. 2024a). The Zn
sources used in this study were as follows: 1)
ZnS0O4-TH50 (22.7% w/w Zn, Merck) [ZnSOy],
ii) commercial Zn oxide nanoparticle (80.4%
w/w Zn, Aldrich Chemistry) [ZnO-NP]. Briefly,
the main characteristics of nanoparticles are as
follows: Zeta potential value, -13.5 £ 1.0 mV
indicates instability, so the solution in water
will tend not to form stable suspensions and
form aggregates; average particle size measured
by TEM, 62 + 21.28; specific surface area
(SBET) values, 19.7 m? g~!. These commercial
nanoparticles have been characterized in detail
by de-Francisco et al. (2024b) iii) Zn chelated
with EDTA (105 g water-Soluble Zn L™!) [Zn
EDTA] and iv) Zn chelated with EDTA enriched
with humic and fulvic acids (20 g water-Soluble
Zn LY [Zn EDTA + AC].

The solid products (ZnSO4-7H20 and ZnO-NP)
were applied directly to 0.35 kg of air-dried soil
to achieve the desired Zn application rates of
2.5, 5, and 10 mg Zn kg-1 soil. Accordingly,
the amounts of ZnSO4-7H20 and ZnO-NP
added were calculated based on their Zn content
(22.7% and 80.4% w/w Zn, respectively). The
solid materials were first weighed with analytical
precision and then placed in a plastic container
together with the dry soil. The mixture was
homogenized by shaking on a rotary tumbler
for approximately 10 minutes to ensure uniform
particle distribution. For the ZnO-NP treatment,
particular care was taken to disperse the
nanoparticles evenly and minimize aggregation.
The liquid products were added in an aqueous
solution, as solutions of these products were
previously prepared, with a concentration of 250
mg Zn L-1. Then, 3.5, 7 or 14 mL of these
solutions were added to the soil samples, to reach
the required study doses (2.5, 5 and 10 mg Zn
kg-1 soil, respectively). Subsequently, the soil
samples were homogenized. Each treatment was
replicated three times, resulting in a total of 39
pots arranged in a randomized complete block
design.

Status of Zn in soil

After 30 days of incubation with soil moisture at
60% of field capacity, the Zn status of the soil
was determined for the different treatments. For
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this purpose, the soil was air-dried, homogenized
and the following chemical extractions were
carried out:

1) The concentration of soluble Zn in the soil
was determined using 20 grams of soil shaken
with double deionized water for 24 h (soil-
water ratio of 1:10). After extraction, the soil
suspension was centrifuged (4500 rpm, 15 min)
(Almendros et al. 2020).

1) The short-term available Zn concentration
was assayed with the rhizosphere-based
extraction method. For this, 2 g of soil were
shaken for 16 hours with 20 mL of a mixture of
low molecular weight organic acids (LMWOAs,
10-mM combination of acetic, lactic, citric,
malic, and formic acids-in a molar ratio of
4:2:1:1:1:1:1) (Feng et al. 2005).

iii) The bioavailable Zn concentration was
determined by shaking for 2 h, 10 grams of
soil with 20 mL of DTPA-TEA (5 x 1073
M diethylenetriaminepentaacetic acid, DTPA;
0.01 M CaCl,; and 0.1 M triethanolamine,
TEA), adjusted to pH 7.3 (Lindsay & Norvell
1978). The extracts were filtered, and Zn
concentrations were determined by flame atomic
absorption spectrophotometry (FAAS) (Perkin-
Elmer model AAnalyst 900).

Germination experiment

Four different Zn chemicals were applied to soil:
ZnSO,; (ZnSO4-7H50), ZnO-NP (commercial
Zn oxide nanoparticles), Zn EDTA (Zn chelated
with EDTA), and Zn EDTA+AC (Zn chelated
with EDTA enriched with humic and fulvic
acids). Each chemical was tested at three
concentrations: 2.5, 5, or 10 mg Zn kg_1 soil.
The concentration of soluble Zn in the soil was
determined using 20 g of soil shaken with 200
mL of double deionized water (1:10 soil-to-
water ratio) for 24 hours. After extraction, the
soil suspension was centrifuged at 4500 rpm
for 15 minutes to separate the solid particles.
Extracts from three replicates were combined,
and their Zn concentration was determined using
flame atomic absorption spectrophotometry
(FAAS) (PerkinElmer, Analyst 900, Waltham,
MA, USA).

To evaluate the influence of soluble Zn on
seed germination, four replicates of 20 Lactuca

sativa L. variety Romana seeds were used per
treatment. Seeds were placed in 15 mm diameter
Petri dishes containing two layers of filter paper
and 12 mL of the different solutions of soil
extracts containing soluble Zn, depending on the
treatment under study. The dishes were sealed
with Parafilm to prevent moisture loss during
incubation. The plates were incubated vertically
in a germination chamber to observe seedling
growth. Incubation conditions were set at 20 °C
with a photoperiod of 16 hours of light and 8
hours of darkness.

The germination rate was calculated using the
T50 max parameter (Soltani er al. 2015). The
time required for cumulative germination to
reach 50% of the maximum final germination
of the seed lot (T50 max) was determined.
This parameter was calculated using the “drc”
package in R (Ritz et al. 2015, Development
Core Team 2022).

For the study of seedling development, images
of the germination plates were captured after 8
days of incubation using a digital camera (Nikon
Coolpix 4500) mounted on a support table
(Kaiser 5410 RS2). Following image capture, the
ImagelJ software (version 1.43, Rasband, 1997—
2015) (Rasband, no date) was used for image
analysis to measure the length of the radicle and
shoot. Biomass, measured as shoot dry weight
of the seedlings, was measured after 8 days of
incubation, analyzing each replicate separately.
The samples were first weighed fresh, then dried
for 15 hours at 65 °C to determine dry weight.

Statistical analysis

Statistical ~ analysis was performed by
using Statgraphics Centurion software (v.19,
Manugistic Inc., Rockville, MD, USA). The
main effects were differentiated using protected
Fisher’s LSD test at a probability level of P
< 5%. When the interaction between different
factors was significant, we performed a new
ANOVA to determine the main effects of the
combined factor. Germination curves, expressed
as germination percentage over incubation time,
were modeled using the “drc” package available
in R (Ritz et al. 2015, Development Core
Team 2022). ANOVA was applied to compare
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germination curves using the F-test statistic.
ANOVA was also used to compare the different
germination rate parameters using the F-test
statistic (Development Core Team 2022).

RESULTS AND DISCUSSION

Status of Zn in the soil

Table 1 presents the water-soluble and bio-
available Zn concentrations in soil after the
incubation period of the soil. As expected,
the water-soluble and bio-available (DTPA-
TEA) Zn concentration was higher for the Zn
treatments compared to the control treatment.
This effect was not observed in the case of
bioavailable Zn extraction as the LMWOAs
procedure, since the ZnSO, treatment at the
lowest dose and all ZnO-NP application doses
showed statistically similar concentrations to
the untreated soil. On the other hand, ANOVA
statistical analysis with Zn application rate effect
shows a higher concentration of water-soluble
and available Zn with increasing application rate.
The concentration of water-soluble Zn when
ZnS0O, treatment was added to the soil showed
the lowest values, followed by the concentrations
obtained with the application of ZnO-NP. The
Zn EDTA and Zn EDTA+AC treatments showed
a high effectiveness in providing soluble Zn
in the soil solution. These treatments reached
the highest values of soluble Zn at all doses
(Zn EDTA at 2.5 and 10 mg Zn kg™! soil
and Zn EDTA-AC at 5 mg Zn kg '). These
results are consistent with previous studies
showing that chelated Zn forms and humic-
enriched amendments improve Zn solubility in
soils, particularly in alkaline soils where Zn
availability is limited (Alloway 2008, Cakmak
2008). For example, Zn EDTA has been reported
to maintain higher soluble Zn concentrations
over time compared to ZnSO, in calcareous
soils (Almendros et al. 2012). Similarly, humic
acid-enriched formulations have been shown to
enhance micronutrient mobility and uptake in
plants (Kaya et al. 2005).

The short-term available Zn concentration
estimated with the LMWOAs method in this
alkaline soil reached the lowest values compared

to the other extractions used. No significant
differences were obtained between any of the
Zn doses applied with the ZnSO, and ZnO-
NP sources and the untreated Zn treatment,
which aligns with studies showing that Zn oxide
nanoparticles have limited immediate solubility
in neutral to alkaline soils (Dimkpa et al. 2017,
De-Francisco et al. 2024a). In contrast, both Zn
EDTA and Zn EDTA+AC treatments provided
higher short-term available Zn, although no
significant differences were found between them
at each dose, confirming the effectiveness of
chelation in maintaining Zn availability.

The bioavailable Zn concentrations estimated
with the DTPA-TEA method reached the highest
value of the different extractions used. The
concentrations of Zn extracted with this method
were higher when ZnSO, was applied than with
the rest of the Zn sources. It is noteworthy that
with the ZnSO, treatment the concentrations
of Zn extracted exceeded the amount of Zn
added, which indicates that this reagent extracts
part of the Zn in the original soil. Similar
observations have been reported in previous
studies where strong chelating extractions can
solubilize inherent Zn pools in soils (Lindsay
& Norvell 1978). However, this behavior was
not observed with the other Zn sources. The Zn
concentrations extracted when ZnO-NP were
applied ranged between 36 and 84% of the
applied Zn (for doses 10 and 2.5 mg Zn kg™,
respectively). These findings are consistent with
reports of slow dissolution and gradual release
of Zn from nanoparticles (Raliya et al. 2017).
Again, no significant differences were observed
between the bioavailable Zn concentrations
estimated with DTPA-TEA between the Zn
EDTA and Zn EDTA+AC treatments for each
of the doses.

To study the differences between the Zn
concentrations extracted by the different
methods, linear correlations were performed.
The short-term available Zn concentrations
estimated with LMWOAs and soluble Zn-
water reached the highest linear correlation (r
= 0.9077 P = 0.0000, n =39). Bioavailable Zn
concentrations extracted with the DTPA-TEA
method also showed significant correlations
between the estimated concentrations with
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Table 1. Water-soluble Zn concentration and bioavailable Zn in soil estimated with two different
chemical extractions (rhizosphere-based extraction method -LMWOAs- and DTPA-TEA).

Zinc source' Rate of Water-soluble Zn Short-term Bioavailable Zn
application concentration available concentration
(mg Zn kg~! concentration
soil)

Untreated soil 0 0.50 £0.03a 0.28 £0.09 a 0.63 £0.02a

ZnSO, 2.5 0.71 £0.02b 0.40 £+ 0.06 a 379+ 045¢
5 0.81 & 0.02 bc 0.88 & 0.37 ab 5.09 +1.17d
10 0.92 +0.02¢ 1.10 £ 0.31 ab 11.65 =091 f

ZnO-NP 2.5 0.824+0.02b 0.30 £ 0.03 a 2.10+£0.06b
5 1.18 £ 0.01d 033+0.11a 2374+041b
10 1.75 £ 0.03 ¢ 0.45+0.09 a 3.60 047 c

Zn EDTA 2.5 3524+ 0.11¢g 1.95 + 0.63 bc 1.91 +£0.26b
5 4.17 £0.09 h 3.17 £ 0.50d 450+£041cd
10 8.92 + 0.06 k 5.84 +0.52¢ 8.82+1.09¢

Zn EDTA+AC 2.5 224 +£0.07f 1.65+0.11b 1.954+0.03b
5 5.73 £ 0.091 299 +1.17cd 491 +£0.92d
10 6.07 + 0.07 547+ 19e 7.77 £ 0.69 ¢

P-value 0.0000 0.0000 0.0000

Zn source? Water-soluble Zn  Short-term Bioavailable Zn

available Zn

ZnSO, 0.81 =0.09 a 0.79 £ 0.39a 6.84 +3.73b

ZnO-NP 1.254+0.40a 0.36 =0.10a 2.69 +0.76 a

Zn EDTA 554 +255b 3.65+1.79b 5.07 £ 3.09 ab

Zn EDTA+AC 468 £1.84b 3374+2.04Db 4.88 £ 2.59 ab

P-value 0.0000 0.0000 < 0.05

Zn  application Water-soluble Zn  Short-term Bioavailable Zn

rate? available Zn

2.5 1.82+1.33a 1.08 = 0.85a 243 4+091 a

5 2.97 £+ 2.38 ab 1.84 4+ 1.45 ab 422+ 1.25b

10 441 +£3.76b 321 4+283b 7.96 + 334 ¢

P-value < 0.05 < 0.05 0.0000

1 7nS0,4: ZnSO4-TH50; ZnO-NP: commercial Zn oxide nanoparticle; Zn EDTA: Zn chelated with EDTA; Zn
EDTA+AC: Zn chelated with EDTA enriched with humic and fulvic acids.
2 Mean Zn concentrations and ANOVA of the effects of Zn source or Zn application rate. Different lowercase letters in a
column indicate significant differences between treatments. 3 replicates of each treatment.
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short-term available and water-soluble Zn
concentration (r = 0.4990, P=0.0012 and r =
0.4171, P = 0.0083, respectively n =39). These
correlations are consistent with previous work
demonstrating that soluble Zn is a key predictor
of Zn availability to plants, whereas DTPA-
extractable Zn reflects both added and native
soil pools (Alloway 2008, Cakmak 2008).

Overall, these results suggest that chelated
Zn forms and humic-enriched amendments are
more effective at providing plant-available Zn
in alkaline soils than conventional ZnSO, or
ZnO nanoparticles. This finding aligns with
earlier studies emphasizing the role of chelation
and organic matter in improving micronutrient
bioavailability and reducing Zn fixation in
soils (Mackowiak et al. 2001, Noroozisharaf &
Kaviani 2018, Zanin et al. 2019).

Effect of water-soluble Zn on germination
parameters

Seed germination:

Final germination percentages remained
unaffected by the different soil extracts,
with all treatments showing consistently high
germination rates. No significant differences
were detected between seeds treated with various
Zn-enriched soil extracts and those germinated
in distilled water or untreated soil extract (Table
2). The germination dynamics of lettuce seeds
were studied during the incubation period
under various treatments. The results indicated
minimal differences in germination dynamics
across treatments with soil extracts enriched with
various Zn sources (Table 2). The T50 max,
which measures the time required for a seed
lot to reach half of its maximum germination
percentage, showed no significant differences
between untreated seeds and those treated with
most concentrations of Zn-enriched soil extracts.
Similarly, seeds germinated in distilled water
displayed comparable results to those under
Zn treatments, further emphasizing the limited
impact of these treatments on germination
dynamics.

These findings are consistent with previous
reports indicating that lettuce and other leafy
vegetables are relatively tolerant to moderate

Zn concentrations during germination (Broadley
et al. 2011, Marschner 2023). For instance,
Zn concentrations up to 10 mg Zn kg~! in
growth media are generally insufficient to induce
toxicity symptoms or inhibit germination in
lettuce seeds (Marschner 2023).

Seedling growth:

The radicle and shoot lengths of lettuce
seedlings were evaluated after eight days
of incubation with different soil extracts.
Significant differences in radicle growth were
observed between untreated seeds and those
germinated in Zn-enriched soil extracts (p <
0.001). Most Zn treatments promoted greater
growth (Fig. 1). Radicle lengths in the control
and ZnSQO,-treated seeds at this concentration
ranged from 22 to 30 mm, representing the
lowest growth recorded. The greatest radicle
growth, 41 mm, was observed with the Zn
chelated with EDTA treatment at 2.5 mg Zn
kg~! soil (Zn EDTA-2.5) (p < 0.0001).Although
radicle growth remained higher than the
control at increased Zn concentrations, further
significant growth was not observed (Fig. 1).

For example, while the lowest dose (2.5 mg
Zn kg=! soil) of ZnSO, had no significant
impact compared to untreated seeds, higher
concentrations (5 and 10 mg Zn kg=! soil)
significantly increased radicle length. Radicle
growth under ZnO-NP and Zn EDTA+AC
treatments also increased compared to the
control but did not show a consistent relationship
with Zn concentrations, indicating a non-dose-
dependent effect.

The effect of treatments on shoot length was
less pronounced, although significant differences
were observed between untreated seeds and
those germinated in Zn-enriched soil extracts
(p < 0.001) (Fig. 2). The highest length,
measuring 11 mm, was observed in the Zn
oxide nanoparticles treatment at 10 mg Zn kg™*
soil (ZnNP-10). However, shoot growth under
7ZnS0O, Zn EDTA, and Zn EDTA+AC treatments
did not show a consistent relationship with Zn
concentrations. Some doses even significantly
reduce shoot length compared to the control,
suggesting a non-dose-dependent effect.
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Table 2. Seed final germination percentage and germination rate (T50 max) of Lactuca sativa L.
seeds incubated in different soil extraction solutions.

Zinc source and rate of Final germination Germination rate TS50

application! (mg Zn kg=! (%) max? (hours)
soil)

Distilled water 99.0 £ 1.0 38.1 £ 1.1 abcd
Untreated soil 91.3 £3.8 350+ 1.1ab
ZnSOy4 2.5 100.0 = 0.0 36.4 + 1.1 abc
ZnS0O, 5 96.3 £+ 3.8 341+12a
ZnSO4 10 96.3 + 1.3 40.0+1.0d
ZnO-NP 2.5 95.0+2.0 37.7 £ 1.1 abcd
ZnO-NP 5 96.3 + 1.3 36.4 + 1.1 abcd
ZnO-NP 10 98.8 + 1.3 37.8 + 1.0 abcd
Zn EDTA 2.5 100.0 + 0.0 37.3 £ 1.0 abcd
Zn EDTA 5 95.0£3.5 37.7 £ 1.0 abcd
Zn EDTA 10 975+ 1.4 38.2 £ 1.0 bed
Zn EDTA+AC 2.5 97.5+2.5 39.2 + 1.0 bed
Zn EDTA+AC 5 93.8 +4.7 39.1 = 1.1 bed
Zn EDTA+AC 10 96.3 + 1.3 39.0 + 1.0 bed
P-value NS 0.0000

1 7ZnS0y4: ZnSO,-TH50; ZnO-NP: commercial Zn oxide nanoparticle; Zn EDTA: Zn chelated with EDTA; Zn
EDTA+AC: Zn chelated with EDTA enriched with humic and fulvic acids; at three concentrations (2.5, 5 or 10 mg Zn
kg~! soil) (four germination replicates).

2 T50 max: time taken for the seeds to reach 50% of the final maximum germination of the seed lot. Data are expressed
as mean values + standard error. Different lowercase letters within a column indicate significant differences (o = 0.05).
NS: not significant.
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€ 0
o|o|2.5 5 1o|2.5 5 10‘2.5 5 1o|2.5 5 10
DW‘US‘ ZnSO4 | ZnO-NP ‘ Zn EDTA ‘ZnEDTA+AC

Figure 1. Radicle length of Lactuca sativa L. seedlings germinated after incubation in different
soil extraction solutions. DW, distilled water; US, Untreated soil (no Zn application); ZnSO4:
ZnS04-TH20; ZnO-NP, commercial Zn oxide nanoparticle; Zn EDTA, Zn chelated with EDTA; Zn
EDTA+AC, Zn chelated with EDTA enriched with humic and fulvic acids. Rates Zn application: 0,
2.5, 5 and 10 mg Zn kg~! soil. Significance: p < 0.0001. Different lowercase letters within a bar
indicate significant differences ( = 0.05) (four germination replicates).
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Figure 2. Shoot length of Lactuca sativa L. seedlings germinated after incubation in different
soil extraction solutions. DW, distilled water; US, Untreated soil (no Zn application); ZnSO4:
ZnS04-TH20; ZnO-NP, commercial Zn oxide nanoparticle; Zn EDTA, Zn chelated with EDTA; Zn
EDTA+AC, Zn chelated with EDTA enriched with humic and fulvic acids. Rates Zn application: 0,
2.5, 5 and 10 mg Zn kg-1 soil. Significance: p < 0.0001. Different lowercase letters within a bar
indicate significant differences ( = 0.05).
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Figure 3. Shoot dry weight of Lactuca sativa L. seedlings germinated after incubation in
different soil extraction solutions. DW, distilled water; US, Untreated soil (no Zn application);
ZnS04: ZnS04-7TH20; ZnO-NP, commercial Zn oxide nanoparticle; Zn EDTA, Zn chelated with
EDTA; Zn EDTA+AC, Zn chelated with EDTA enriched with humic and fulvic acids. Rates Zn
application: 0, 2.5, 5 and 10 mg Zn kg-1 soil. No significance were detected.
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The dry weight of lettuce shoots was assessed
after eight days of incubation with different soil
extracts as a way to evaluate biomass growth of
cotyledon and true leaves. Biomass was similar
across all treatments, as shown in Fig. 3. This
observation aligns with the lack of significant
differences in stem length among the treatments.
The water-soluble Zn concentration obtained
with the ZnSQO, treatments in this alkaline soil
reached very low values compared to the rest
of the sources used. This effect could be due
to a rapid release of Zn?T and formation of
non-water-soluble compounds in the incubation
period of the soil (Alloway 2008, De-Francisco
et al. 2024b). However, the extraction of
bioavailable Zn with the regent DTPA-TEA
extracted very high Zn concentrations compared
to the other sources. Furthermore, the extracted
Zn concentrations exceeded the amount of added
Zn, indicating that this reagent extracts part
of the Zn from the original soil. This effect
could be due to the high extracting power of
this complexing agent (DTPA), which is able
to form very stable water-soluble complexes
with Zn (Tewari et al. 2018). Chelating agents
(such as DTPA) are strong extractants and can
help to remove elements from adsorption sites to
estimate potentially mobile Zn and thus potential
bioavailability (Norvell 1991).

The soluble Zn concentration when ZnO-NP
treatments were applied reached higher values
than with the same doses of ZnSO, treatments.
This indicated that the water solubility of these
ZnO-NP in this soil and soil ageing conditions
was higher than in the case of the Zn?>T form
(ZnSO,). However, the short-term available Zn
was similar for both Zn sources (ZnSO, and
ZnO-NP). Zinc oxides are relatively insoluble
in water compared to ZnSO,, depending on
the physicochemical characteristics of the
nanoparticles and the soil in which they are
applied, should vary the rate and degree of
dissolution in soils (Kochar et al. 2022).

The Zn EDTA and Zn EDTA+AC treatments
showed a high efficiency in the supply of soluble
Zn to the soil solution. Even the lowest soil
application rate (2.5 mg Zn kg=!) exceeded
the water-soluble Zn obtained with ZnSO,

or ZnO-NP sources applied at either rate.
These chelated sources also both exhibited
high concentrations of bioavailable Zn. The
behavior of these chelated Zn sources can be
attributed to the stability constants (K) of the
chelates. The chelating agent EDTA has a
high stability (log K Zn-EDTA = 17.5 at an
ionic strength of 0.01 mol L~!), maintaining a
high Zn concentration in the soil solution. In
contrast, non-chelated sources (such as ZnSQO,
and ZnO-NP) facilitate the retention of Zn by
soil components. Chelating agents prevent the
formation of insoluble compounds and enhance
the desorption of metals from the soil, promoting
metal uptake by plants from the reversible and
irreversible phases (Norvell 1991, Tewari et al.
2018).

Germination was unaffected by the application
of extracts from soil treated with Zn compounds,
showing consistently high germination rates
and no variations in germination speed. These
findings align with previous studies on lettuce,
suggesting that Lactuca sativa seeds exhibit
tolerance to metals during the germination
process. This tolerance is believed to result
from the protective function of the seed coat,
which likely acts as a barrier that blocks metals
from reaching the developing embryo. This
mechanism reduces stress and facilitates the cell
elongation required for radicle emergence (Di
Salvatore et al. 2008, Moreira et al. 2020).

In the context of nanoparticles, studies on Zn
nanoparticles at low concentrations similarly
reported no adverse effects on lettuce seed
germination (Liu et al. 2016). While the impact
of metal exposure on seed germination is highly
species-dependent, comparable results have
been observed in other plants. For instance,
tomato seeds treated with Zn oxide nanoparticles
(ZnO NPs) or fine particles at low doses
showed no significant differences in germination
rates compared to controls (Wlodarczyk &
Smolinska 2022, De-Francisco et al. 2024b).
However, germination outcomes can vary
based on the type and concentration of ZnO
NPs. Sanchez-Pérez et al. (2023) reported
that ZnO NPs synthesized via green methods
improved germination rates, whereas chemically
synthesized ZnO NPs at higher concentrations
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reduced germination percentages.

In contrast, radicle growth in lettuce seedlings
was significantly influenced by Zn source
and concentration, while shoot growth and
biomass showed less pronounced effects and no
consistent dose-dependent trends. Our result are
in line with different work in Zn compounds
application to lettuce germination suggesting
that root elongation is a more sensitive
measurement endpoint than germination rate,
especially for lettuce, when Zn is crucial
for enzyme activation and protein synthesis
(You et al. 2019, Moreira et al. 2020). This
positive effect depends on dose and the lettuce
plant cultivar (PoSti¢ et al. 2021) and it has
been identified that low concentrations of Zn
promoted the growth of green-leaf red-leaf
lettuce (Moreira et al. 2020).

All Zn sources tested in this study promoted
radicle length growth in lettuce seedlings:
Zn sulphate (ZnSO,), commercial Zn oxide
nanoparticles (ZnO-NP), Zn chelated with
EDTA (Zn EDTA), and Zn chelated with
EDTA enriched with humic and fulvic acids
(Zn EDTA+AC) (Fig. 1). The most effective
treatment for promoting radicle growth was Zn
EDTA, which resulted in a 30% increase at 2.5
mg Zn kg~! soil. This was followed by a 22%
increase observed with both Zn EDTA and ZnO-
NP at 5 mg Zn kg~ ! soil. The strong effect of Zn
EDTA could be attributed to its high efficiency in
supplying soluble Zn to the soil solution, as well
as its ability to provide higher concentrations
of bioavailable Zn compared to ZnSO4 or ZnO-
NP. It is known that properly applied chelated
sources offer advantages such as root absorption,
improved nutrient uptake, increased mobility
and accessibility of nutrients (Huang et al.,
1997). However, no significant positive effect
was observed when increasing the dose of Zn-
EDTA to 10 mg Zn kg ! (Fig. 1). This effect
could be due to the counterions present in
the treatment solutions. For example, chelating
agents such as EDTA could alter the availability
of essential nutrients or create imbalances in the
chemical environment, potentially contributing
to the observed responses (Bloem et al.
2017). Further studies are needed to unravel
these effects and to better monitor potential

interactions between zinc and accompanying
counterions.

Radicle growth under Zn EDTA+AC also
increased compared to the control, but to
a lesser extent (10-14% depending on the
concentration), suggesting that Zn EDTA alone
is more effective for promoting seed growth
than when combined with humic and fulvic
acids. Several studies have reported the positive
effect of humic and fulvic acids on plant root
development (Braziene et al. 2021, Zhang et al.
2021). Humic acids are considered compounds
that increase the permeability of cell membranes
in plants, improve the germination rate and the
formation of roots (Kaya et al. 2005). However,
in our research, no additional benefits have been
found in the use of Zn-EDTA+AC with respect
to the Zn-EDTA source. This may be due to
the fact that water extraction limits the possible
beneficial effect of these humic and fulvic acids,
with respect to their use in the original soil
(Cheshire et al. 1977).

The concentrations used in this study (2.5 to
10 mg Zn kg~') are within the range known
to enhance plant growth and can be safely
applied. This is supported by the lack of
detrimental effects on shoot or root growth at
higher Zn concentrations, indicating no toxic
effects. Adequate Zn concentrations in the plant
range between 20 and 100 mg Zn kg~! dry
matter (Khan er al.2022). Literature indicates
that plants need moderate Zn levels for proper
growth and development (Broadley et al. 2011).
It is suggested that low metal concentrations can
stimulate seedling growth by inducing oxidative
stress, which activates reactive oxygen species
signalling and triggers the plant’s defense
mechanisms (Bailly et al. 2008, Kranner &
Colville 2011).

CONCLUSION

This study revealed that the chemical form
of zinc, rather than its concentration, is the
key factor controlling Zn solubility and its
physiological effects on lettuce seedlings in
alkaline soils. Among the evaluated sources,
Zn-EDTA exhibited a markedly superior
capacity to maintain soluble and bioavailable Zn
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and significantly enhanced radicle elongation,
demonstrating a growth-promoting effect. In
contrast, the incorporation of humic and
fulvic acids into the chelated formulation
(Zn—EDTA+AC) did not further improve Zn
availability or seedling performance, suggesting
that under alkaline conditions, the chelating
strength of EDTA is sufficient to maximize
Zn solubility and uptake potential. These
results provide new evidence that soluble Zn
extracted from chelated sources can stimulate
root development without affecting germination,
offering a practical approach for assessing
micronutrient efficiency in soils. The applied
Zn concentrations (2.5-10 mg Zn kg~! soil)
were confirmed to be safe and non-toxic for
lettuce, indicating their suitability for targeted
Zn fertilization strategies in Zn-deficient alkaline
soils.

Future research should explore the behavior of
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