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Environmental parameters
factors exploration on lettuce
seed germination with hydrogel

Yanhua Huang™, Yanbin Chang?, Zheng Ni” and Lizhi Wang?

‘Department of Industrial and Manufacturing Systems Engineering, lowa State University, Ames,
IA, United States, 2School of Industrial Engineering and Management, Oklahoma State University,
Stillwater, OK, United States

Lettuce (Lactuca sativa) germination is sensitive to environmental conditions.
Recently, hydrogel has received increased attention as an alternative media to
soil for seed germination. Compared to soil seeding, hydrogel-aided germination
provides more controlled seeding environments. However, there are still
challenges preventing hydrogel-aided seed germination from being widely
used in industry production or academic studies, such as hydrogel formulation
variations, seeding operation standardization, and germination evaluation. In this
study, we tested how the combination of multiple environmental conditions
affect lettuce seed germination time, which is measured as the time needed for
the first pair of leaves to appear (leaf emergence) or, alternatively, the third leaf to
appear (leaf development). We found that germination time and success rate of
two lettuce varieties (Iceberg A and Butter Crunch) showed different sensitivities
to pH, Hoagland formulations and concentrations, light intensity, and hydrogel
content. We have conducted statistical analysis on the correlation between
germination time and these environmental conditions.
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1 Introduction

Hydroponics applications have drawn significant attention recently based on several
benefits, including water efficiency (Corrado et al., 2021), nutrient control (Yang and Kim,
2020), space optimization (Peiro et al., 2020), continuous production (Magwaza et al.,
2020), improved crop quality (Shrivastava et al., 2023), and local food production (Gentry,
2019). Compared with traditional agriculture, hydroponic-based cultivation recycled the
nutrient liquid to re-water the crop. A study showed a 64% reduction in water usage in
hydroponically cultivated lettuce compared to soil-based cultivation (Majid et al., 2021).
Without soil, the nutrients only come from circulated water. The nutrient conditions can be
completely controlled by tailoring nutrients to specific plant requirements (Velazquez-
Gonzalez et al., 2022). Automated water circulation systems are implemented in most of the
hydroponic systems recently reported by the literature (Saad et al, 2021). Nutrient
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compositions, pH, temperatures, and watering timing within the
water circulation system can be monitored and controlled via
sensors and switches (Sihombing et al., 2019). Since most of the
hydroponic systems are deployed indoors to enable complete
environmental control, it also possesses the advantage of
optimized space usage, continuous production, and enabling local
food production. Commercial-grade hydroponic systems are
profitable to ensure the viability of the business. Space
optimization and continuous production are two common
approaches to improve profitability (Tetreault et al., 2023). It also
reduces the system’s dependency on the local climate. With air
conditioning, atmosphere modification (CO, and O,), and lighting
control, hydroponic systems can produce suitable environmental
conditions for crops regardless of the geological location (Zhang
et al,, 2022), therefore enabling local food production, reducing the
duration between farms and dining tables.

Lettuce (Lactuca sativa) is attractive as a hydroponic crop in
both industry production and academic research due to its fast
growth (Lee et al,, 2021), high yield (El-Nakhel et al., 2020), high
water content (Majid et al., 2021), simple nutrient requirement
(Sapkota et al., 2019), and lower temperature requirement (Gentry,
2019). For example, most of the lettuce varieties matured within 40
days (Zabel et al., 2020), with an average fresh weight of 150 g
(Ezziddine and Liltved, 2021) with no less than 93% water content
(Zabel et al., 2020). The simple nutrient requirement of
hydroponically growing lettuce also reduces the production cost,
enlarging the profit margins (Hosseini et al., 2021). With lower
temperature preference, grown lettuce uses less heat to maintain the
environmental temperature. Thus, it also reduces energy costs in
cold locations like Sweden (Gentry, 2019). With these advantages,
lettuce is one of the most popular crops grown hydroponically.

Germination time estimation is important for both industry
production and academic research. It provides important time
prediction to facilitate planning and scheduling, allocating
resources, minimizing risks, simulating crop growth, predicting
yield, and seed breeding. In the controlled environment
agriculture industry, thin profit margins require tight operation
scheduling and low-risk tolerance. Accurate germination estimation
is helpful for the logistics, including transplanting, irrigation,
modifying nutrients, and pre-setting lighting conditions.
Germination has been studied on rice looking for cold tolerance
genetic loci in detail (Thapa et al., 2020). Barley germination was
also studied to identify loci associated with drought tolerance
(Moursi et al., 2020). These insights can furthermore improve
predicting and simulating accuracies for breeding research and
genomic selections (Amini et al, 2022; Moeinizade et al., 2022;
Wang, 2022).

Compared to soil cultivation, hydrogel is capable of providing
more controlled seeding environment. As a mixture of hydrophilic
polymers and water, most hydrogels are capable of retaining large
amount of water, which provides the essential elements for seeds to
germinate. Hydrogel has been validated for seed germination
(Huang et al, 2022). With full control of its formulation, it
provides similar mechanical pressure to seed as the physical
contact of soil (Gao et al., 2021); delivers water and nutrients
consistently (Ma et al., 2019); retains water from evaporation
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(Oladosu et al., 2022); protects seeds from water, temperature,
and salt stress (Fadiji et al., 2022); protects seeds from diseases
like bacteria, pathogens, and fungi (Tang et al., 2021); and provides
a non-toxic and bio-active environment (Fiorati et al., 2021).
Despite these benefits, hydrogel-aided seed germination also faces
several challenges. Compared with seed germination cubes such as
gro-blocks (Barnett, 1986), hydrogel is much expensive. However, it
also provides more benefits than gro-block, including temperature
stress protection, nutrient customization, root phenotype
visualization, and tunable mechanical gripping (An et al., 2022).

In this study, we conducted three experiments to explore the
sensitivity of lettuce seed germination to environmental parameters,
including hydrogel formulation, nutrient composition, pH, and
light intensity during the germination process.

2 Materials and methods

2.1 Materials

Methylcellulose (MC) hydrogel was donated by J. Rettenmaier
& Sohne (Schoolcraft, MI). All other chemicals were purchased
from Thermo Fisher Scientific (Waltham, MA). Iceberg A lettuce
(Lactuca sativa var. crispa, crisphead group) and Butter Crunch
lettuce (Lactuca sativa var. capitata, butterhead group) were
purchased from Burpee Garden Products Co (Warminster, PA).
We used two versions of modified Hoagland solutions, formulated
as listed in Table 1 (MH1) and in Table 2 (MH2) according to
Brechner et al. (1996).

TABLE 1 Modified Hoagland solution 1 (MH1) formula for 100 L.

Chemicals Mass (mg)

Sulfuric acid 0.1
Sodium phosphate tribasic dodecahydrate 37,704.8
Ammonium molybdate tetrahydrate 34
Iron(II) sulfate heptahydrate 507.2
Calcium hydroxide 38,924.1
Manganese(II) chloride 26.0
Iron(III) chloride 0.4
Potassium tetraborate tetrahydrate 78.1
Copper sulfate pentahydrate 5.5
Ammonium chloride 0.1
Ethylenediaminetetraacetic acid (EDTA) 19,454.0
Zinc nitrate hexahydrate 10.5
Potassium hydroxide 39,635.7
Manganese(II) chloride 225
Magnesium sulfate 24,043.3
Ammonium nitrate 60,120.2
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TABLE 2 Modified Hoagland solution 2 (MH2) formula for 100 L, based
on Brechner et al. (1996).

Calcium nitrate 47,404.92
Potassium nitrate 43,096.86
Ammonium nitrate 1,365.57
Sprint 330 iron—DTPA 913.63
Monobasic potassium phosphate 13,265.57
Potassium sulfate 1,064.82
Magnesium sulfate 11,997.54
Magnesium(II) chloride 41.62
Zinc sulfate 56.09
Boric Acid 90.71
Copper(II) sulfate pentahydrate 9.10
Ammonium molybdate 5.85

2.2 Experimental design

Three trials were designed to test the germination performance
of two varieties of lettuce in different environmental conditions.

Trial 1: Germination with MH1 solution

In Trial 1, Iceberg A and Butter Crunch lettuce seeds were seeded
in a 96-well plate with 200 uL conditioned MH1 to directly evaluate the
different performances of the conditioned Hoagland solution. To
facilitate the water absorption and swelling process during the
germination initiation stage, reduced concentrations of MHI1 were
chosen to reduce the osmotic pressure over the seed’s skin, including
one-third, one-fourth, and one-fifth of the original Hoagland solution
concentration. To explore the impacts of acidity to the germination
results, different diluted MH1’s pH values were used at 4, 5, 6, and 7
with 2% error. Deionized waters (DI) with different pH were also used
to germinate seeds as the control group. For each condition, three seeds
were placed in different wells as replicates. The germination process
was executed under 25°C with par 30, 2,000 lumens, 5,000K LED lights
at all times to stimulate germination. The motivation of using
continuous light in Trial 1 is the discovery that seed germination
rate of Arabidopsis thaliana responded positively to continuous red
light (Millar et al., 2010), although it was in microgravity.

Trial 2: Germination with MH1-formulated hydrogel

Trial 2 aims to verify the compatibility between modified MH1
and MC hydrogel. Since the mechanical strength of hydrogels is
directly related to the concentration of non-single valent cation salt,
lower dry MC powder content (6% w/w) was mixed with the
different concentrations of MH1 when formulating the hydrogel
for seed germination substrate, compared to the previous minimum
of 8% (Jiang et al.,, 2021). Seeding orientation variations were also
varied, differentiated between vertical and horizontal scenarios. In
the previous study, seeds with horizontal orientation swelled and
sprouted superior to other orientations in terms of swelling ratio
and sprout length (Huang et al., 2022). In this study, for each well of
the six-well plate with lid, 0.6 g of MC powder were mixed with 1.4
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mL of different conditioned Hoagland solutions used in Trial 1 to
formulate 2 g of hydrogel. pH modification was conducted by
adding hydrochloric acid and sodium hydroxide, since sulfur (S) in
sulfuric acid and potassium (K) in potassium hydroxide are key
nutrients in the MH1. In each well, 12 seeds were seeded vertically
and four horizontally, 1 mm below the top surface of the cast
hydrogel. There was a 24-h wait between hydrogel formulation and
seeding due to the homogenization of the ions and migration and
cross-linking of the hydrogel polymer chain. The germination
process was executed under 21°C with mixed LED lights ranging
from 4,000 K to 5,500,K at all times.

Trial 3: Germination with MH2-formulated hydrogel

In Trial 3, seed germination was carried out in the MC hydrogel
with non-full factorial formula modification mapping based on
MH2 for a maximum of 8 days. The formula mapping parameters
and their conditions are listed in Table 3. Prior to adding MC
powders, pH was measured. A total of 50 gels were cast in the x100,
100-mm plastic Petri dish with a lid. After six Iceberg A lettuce
seeds were seeded in each hydrogel, all 50 hydrogels were placed
under two 24-W 5,000 K LED lights for 8 days without changing
positions. The light photosynthetic photon flux density (PPFD) of
each dish was logged for data analysis. We explored the following
independent variable as experimental matrix:

e MH2: concentration times of original MH2 condition;
unit, X;

e NH,NO;: ammonium nitrate beyond MH2 formulation;
unit, ppm;

* KOH: addition of potassium hydroxide beyond MH2
formulation; unit, ppm;

* PO,: addition of phosphate ions beyond MH2 formulation;
unit, ppm;

* Citric: addition of citric acid; unit, ppm;

*  MC: weight percentage of MC polymer used in the hydrogel
formulation; unit, %. w/w;

* pH: acidity/alkalinity of the formulation; unitless;

* PPFD: light photosynthetic photon flux density; unit gmol/

s/m>.

2.3 Germination score

Based on previously used metrics for germination performance
(Brechner et al., 1996; Egbuikwem et al., 2020), we propose a
germination score as a performance metric, which requires the
following definition of germination time (D) and success rate (R).

* Leaf emergence D,: average number of days needed for the
first pair of leaves to appear, capped at day 8.

* Leaf development Dj: average number of days needed for
the third leaf to appear, capped at day 10.

* Dy: average number of days between the first pair of leaves
and the third leaf.

* Germination rate R,: percent of seeds that have reached leaf
emergence by the eighth day of germination.
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TABLE 3 A total of 50 non-full factorial formulas for methyl cellulose hydrogels based on modified Hoagland solution 2.

KH,PO4 (ppm) K>;HPO,4 (ppm) Citric Acid (ppm)

KOH (ppm)
2 0 0 30 0 5 10 8
3 0 0 30 5 20 50 10
4 0 5 10 5 20 20 6
5 0 5 20 10 80 10 8
6 0 5 30 0 5 50 10
7 0 10 0 0 5 10 10
8 0 10 0 5 20 50 8
9 0 10 20 5 20 20 10
10 0 35 0 10 80 10 6
11 0 35 10 10 80 20 8
12 0 35 20 10 80 50 6
13 0.5 0 0 5 20 20 8
14 0.5 0 10 5 20 10 10
15 0.5 0 20 0 5 20 8
16 0.5 0 30 10 80 10 6
17 0.5 5 0 5 20 50 8
18 0.5 5 0 10 80 50 10
19 0.5 5 20 0 5 20 10
20 0.5 10 10 0 5 50 6
21 0.5 10 30 0 5 10 8
22 0.5 10 30 10 80 20 6
23 0.5 35 10 10 80 50 10
24 0.5 35 20 0 5 10 10
25 0.5 35 30 5 20 10 6
26 1 0 0 5 20 10 6
27 1 0 0 10 80 20 10
28 1 0 20 0 5 50 10
29 1 5 10 0 5 10 8
30 1 5 10 10 80 10 8
31 1 5 20 5 20 50 6
32 1 10 10 5 20 10 10
33 1 10 20 10 80 50 6
34 1 10 30 10 80 20 8
35 1 35 0 0 5 20 6
36 1 35 30 0 5 20 10
37 1 35 30 5 20 50 8
38 1.5 0 10 10 80 50 10
(Continued)
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TABLE 3 Continued

KH,PO,4 (ppm)

10.3389/fpls.2024.1308553

K2HPO,4 (ppm) Citric Acid (ppm)

No. KOH (ppm)

40 1.5 0 30 0 5 50 6
41 1.5 5 0 0 5 10 6
42 1.5 5 10 0 5 20 6
43 1.5 5 30 5 20 20 10
44 15 5 30 10 80 10 10
45 1.5 10 0 10 80 20 10
46 1.5 10 10 0 5 50 8
47 1.5 10 20 5 20 10 6
48 1.5 35 0 0 5 50 8
49 1.5 35 10 5 20 10 10
50 15 35 20 5 20 20 8

* Germination rate Rs: percent of seeds that have reached leaf
development by the 10th day of germination.

e Germination score G, = (8 — D5) - R,.

* Germination score G = (10 — Ds) - Rs.

3 Results and discussions

3.1 Trial 1 results

The Iceberg A and Butter Crunch lettuce seeds in the 96-well
plate are shown in Figure 1. The germination time D,, success rate
R,, and germination score G, for the two varieties are show in

FIGURE 1

In Trial 1, day 4 of Iceberg A (top half) and day 3 of Butter Crunch (bottom half) lettuce germination without MC hydrogel in a 96-well plate.

Figures 2A, B. The shortest average germination time D, for Iceberg
A was 2.167 days, which was under the condition of pH being 6 or 7
and MH1 concentration being one-fifth level of original conditions.
Butter Crunch lettuce had a lower germination success rate and
took a longer time to germinate. There were four cases that Butter
Crunch lettuce could not germinate, inducing 0, 1/3, and 1/4 MH1
solution at pH = 4 and 1/5 MHI at pH =7, which are indicated by
the black blocks in Figure 2B.

Germination solution impacted the germination rate of the two
varieties differently. Seeds require absorbing a significant amount of
water before reactivating their bio-activity from dormancy. An
overcharged nutrient solution may depress the swelling process,
which delays or prohibits seeds from germination. On the other
hand, changing pH can alter enzyme activities at the cell membrane.
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FIGURE 2

Trial 1: Heat maps of average germination time (D2), success rate (R2), and germination score (G2) for leaf emergence without methylcellulose

hydrogel for (A) Iceberg A lettuce and (B) Butter Crunch lettuce.

Unsuitable pH conditions could lead to calcium or magnesium ions
disorder and delayed germination (Borhannuddin Bhuyan et al,, 2019).

3.2 Trial 2 results

Figure 3 shows the Iceberg A and Butter Crunch lettuce seeds in
the six-well plate with MHI-formulated MC hydrogel. The
germination time D,, success rate R,, and germination score G,

for the two varieties are show in Figures 4A, B. These figures showed
that the shortest germination times D, for Iceberg A and Butter
Crunch were 3.625 days and 6.5 days, respectively, which were
noticeably longer than the respective 2.167 days and 4 days from
Trial 1. Germination score G, also showed similar trends.

The presence of the MC hydrogel impacted seed germination
significantly. When seeded in hydrogels, the seed experienced
mechanical compression during germination. Due to the water
retention from the hydrogel, less water was available for seeds to

FIGURE 3

In Trial 2, day 3 of Iceberg A lettuce germination with methyl cellulose hydrogel formulated with modified Hoagland solution 1 in six-well plate. In
each well, the center four seeds were seeded horizontally, and the rest were seeded vertically.

Frontiers in Plant Science

06

frontiersin.org


https://doi.org/10.3389/fpls.2024.1308553
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Huang et al.

10.3389/fpls.2024.1308553

Average Germination Days (Dz)

0 15 1/4 173
Hoagland concentration

Average Germination Days (D,)

4| 7.583 7.833 7.688

5 8.083

6| 7.667 7.667 7.583

7 175

0 1/5 1/4 173
Hoagland concentration

FIGURE 4

Trial 2: Heat maps of average germination time (D2), success rate (R2), and germination score (G2) leaf emergence with MC hydrogel for (A) Iceberg

A lettuce and (B) Butter Crunch lettuce.

swell, therefore delaying the germination process (Bauli et al., 2021).
However, hydrogel significantly improved germination success rate.
Compared with 56% without hydrogel, germination with MHI1-
formulated hydrogel provide a 64% of success rate. However, the
increase in average germination time offsets the improvement of the

success rate role in the germination score.

FIGURE 5

In Trial 3, day O of seeded Iceberg A lettuce in methyl cellulose hydrogel formulated with modified Hoagland solution 2 No. 9.
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When seeded in hydrogel, seed orientation significantly impacts
the average germination time. Since the dimension of the lettuce
seeds is relatively small compared to soybean, it is difficult to
distinguish from hilum up or down without a desktop
microscope or magnifying glass (Huang et al,, 2022). It is safe to

plant the seed sideways to ensure less discrepancy induced from
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Trial 3: multivariate scatter plot (each dot represents the average of six replicate seeds’ condition germinated in one of the 50 gels as listed in
Table 3) between controlled formulation variables and germination evaluators on the modified Hoagland 2-formulated methyl cellulose hydrogels.
Controlled formulation variables and germination evaluators’ descriptions can be found in Table 3 and Section 2.3, respectively.

seed orientation, as shown in Figure 3. Based on the results, we
found that excess sodium and chlorine-rich MH1 formulation
posed salt stress to germination.

3.3 Trial 3 results

In Trial 3, we used a different version of Hoagland formula,
MH2, with reduced sodium (Na) and chlorine (Cl) in the nutrient
solution. Although inexpensive, Na and Cl salts can significantly
shift the osmotic pressure, which depresses swelling (Serrano and
Gaxiola, 1994). The MH2 formula has only one ingredient,
manganese (II) chloride (MnCl,), which contained Na or Cl.
Since Mn is a micronutrient in the Hoagland formula, the
amount of Cl is negligible. Six Iceberg A lettuce seeds were
seeded together in a 10 x 10 mm.

Petri dish with 30 mL MH2-formulated hydrogel, as shown in
Figure 5. We only used Iceberg A seeds in Trial 3 because they failed
to germinate in several cases in Trial 1 and had a much higher
germination score than Butter Crunch in both Trials 1 and 2. Since
the previous set showed that pH impacted the germination
significantly, we altered the pH by adding different amounts of
KOH and citric acid to avoid Na and Cl toxicity. Since nitrogen (N),
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phosphorus (P), and potassium (K) are the three macronutrients
being studied extensively, minor N, P, and K modifications based on
the MH2 formula were also introduced in the design
of experiments.

More parameters were added in the experimental design to
further explore the potential of hydrogel in the perspective of
assisting lettuce seed germination. It was found (Millar et al.,
2010) that seed responds to photonic energy significantly under
microgravity conditions. Previous studies showed significant
differences when seeds were sprouted in hydrogels with different
polymer concentrations (Huang et al., 2022). In this study, we
experimented with the same condition (6, 8, and 10% w/w
hydrogel content).

Comparing MHI1- with MH2-formulated hydrogels, average
germination time (D,) were shortened from 4.46 days to 4.25 days,
validating the chlorine toxicity delay. The average D; was 6.28 days. In
comparison, the standard industrial estimate is 7-10 days (Hamilton,
2018), and 10 days (Egbuikwem et al,, 2020) and 11 (Brechner et al,
1996) days for pre-transplantation.

We analyzed the correlation between all controlling variables
and evaluators to understand the effectiveness of independent
variables on seed germination. Previous studies showed
environmental factors impacting on lettuce germination including

frontiersin.org
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1
MH2 -0.02433 | -0.02085 | -0.01687 | 0.02085 | -0.4549 0.1042 0.1847 -0.1207 | -0.3226 | -0.1207 0.1095 0.1164 | 0.08304
NH4NO3 -0.01957 | 0.03494 | 0.02826 | -0.03494 | 0.06252 | 0.0538 -0.1335 | -0.05086 | -0.08808 | 0.06837 | 0.2411 | -0.07721 | 0.2742 0.8
KOH | -0.02433 | -0.01957 -0.02085 | -0.01687 | 0.02085 | 03977 | -0.01393 | 0.09018 0.212 0.0291 | -0.03524 | 0.02953 | 0.1358 0.1341
0.6
P04 -0.02085 | 0.03494 | -0.02085 -0.02576 | 0.03184 | 0.2555 |-0.001509 | -0.1257 | -0.05237 | 0.07068 | 0.1083 0.1291 0.02634 0.121
Citric | -0.01687 | 0.02826 | -0.01687 | - 0.02576 | -0.09077 | 0.04691 | -0.2829 | -0.1305 0.1273 02138 02187 | -0.05113 | 0.2062 —04
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—0.2
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D2 0.1847 -0.1335 | 0.09018 | -0.1257 | -0.2829 | -0.3932 | 0.004679 -0.0125 | -0.4583
—1-0.2
D] -0.1207 | -0.05086 0.212 -0.05237 | -0.1305 | -0.4003 0.2326 -0.2913 0.8476 1 -0.419 -0.7628 -0.02186 | -0.3059
DT -0.3226 | -0.08808 | 0.0291 0.07068 | 0.1273 0.3422 0.1786 0.184 —-04
G2 -0.1207 | 0.06837 | -0.03524 | 0.1083 0.2138 0.4545 | -0.02794 | 0.3484
-0.6
G} 0.1095 0.2411 0.02953 | 0.1291 0.2187 0.3995 -0.1613 0.3999 0.8448 0.9339
RZ 0.1164 | -0.07721 | 0.1358 | 0.02634 | -0.05113 | 0.2107 -0.024 0.1024 -0.02186 -0.8
R3 0.08304 | 0.2742 0.1341 0.121 0.2062 0.2947 | -0.09124 | 0.3469 -0.4583 | -0.3059 0.9339
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FIGURE 7
Trial 3: correlations between controlled formulation variables and germination evaluators on the modified Hoagland solution 2-formulated methyl
cellulose hydrogels

temperature (Hayashi et al., 2008), lighting conditions (Li et al.,  correlation with hydrogel content between 6% and 10%. Figure 10
2021), oxygen content (Yasin and Andreasen, 2016), and CO,  shows how the average D,, D3, and Dy change under different
content (Luo, 2020). The multivariate scatter plot and correlation  hydrogel content between 6% and 10%. When hydrogel content
coefficients are shown in Figures 6, 7. As grouped with MC content  increased, the porosity of fully swelled hydrogel also increased due
(%, w/w) in Figure 6, scatter plot D, vs. D3, Dt vs. Gy, and G, vs. G3 to water content decrease; thus, additional oxygen could be trapped
showed clear color trends that indicate a high correlation between  and defused in the hydrogel for roots’ immediate access. Increased
these evaluators and MC content. KOH and PO, showed 0.3977  porosity provides additional space for roots to expand, which also
and 0.2555 correlations, respectively, with pH in Figure 7. The  reduce germination times D, and D5 and increase germination
correlation between pH and KOH alternation is expected. As  scores G, and G;. The air and space increases are crucial during the
phosphate salts are acting as buffer, the addition of KOH  swelling process for seeds’ respiration and volume span. Higher
increases the pH. Cellulose-based hydrogels change their  hydrogel content also led to an increase in Dt because it suppressed
mechanical integrity during the pH change, as demonstrated in  nutrient absorption and delayed the nutrient source transformation
Jiang et al. (2021). A —0.4549 correlation between pH and MH2  from seeding to cloning stages.

signifies the buffering capability of Hoagland solution. MH2

concentration had a —-0.3226 correlation with Dy. Both pH and

MH2 correlations confirm that chlorine toxicity from MH2 4 Conclusion

significantly reduced the germination progress.

Similar to post-germination plant modeling, light stress also In this study, we experimentally explored the effects of multiple
depresses the seed germination process significantly after PPFD  environmental parameters on lettuce seed germination. We found that
exceeds certain levels. Figures 8A, B show that G, and Gj reached  pH, light intensity, cultivation substrate hardness, and porosity have
maximum at 152.30 pmol/s/m” and 166.14 umol/s/m’ respectively.  the largest influences on lettuce seed germination with respect to

MC content plays an important role during the germination  germination time and success rate. In the meantime, MC hydrogel
process. Figure 9 suggested that germination score G, had a positive  reduced the germination time by providing beneficial conditions for
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Trial 3: Leaf emergence (A) and leaf development (B) response to photonic energy presents stress. (A) G, response to photosynthetic photon flux
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Trial 3: G2 and G3 response to hydrogel concentration.
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the seed to undergo soil-less germination, including the benefits of
regulating water, nutrient supply to oxygen access, and carbon dioxide
absorption, providing mechanical grip to protect against diseases.

This study is not without its limitations. For example, we
conducted all experiments under the same temperature and
humidity conditions without exploring their impact on germination.
Salt stress from N, P, and K was also studied within a relatively narrow
range. Future research should explore the effects of more
environmental parameters over wider ranges on germination.
Understanding such effects will not only provide more scientific
insight on plant physiology but also commercial value for the
controlled environment industry.
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