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Abstract

Plant biostimulants may alter photosynthetic energy use and leaf structure, but their effects
on complementary PSII energy partitioning in both cucumber leaves and fruits remain
insufficiently characterized. Using plant material from a commercial greenhouse trial
previously reported for agronomic outcomes, we evaluated a combined CropBioLife®,
KeyPlex 120®, and Key Eco Oil® application protocol relative to conventional management.
Chlorophyll Content Index (CCI), chlorophyll fluorescence imaging, and leaf anatomical
traits were assessed. Under low light (LL; 455 µmol photons m−2 s−1), the combined-
treatment greenhouse showed higher ΦPSII than the conventional-control greenhouse by
22% in fruits and 50% in leaves; fruit ΦNPQ was 17% higher, whereas ΦNO was 12%
lower in fruits and 26% lower in leaves. Under high light (HL; 973 µmol photons m−2 s−1),
differences in ΦPSII were smaller, while leaf ΦNO remained 17% lower. CCI was 38%
higher in fruits and 52% higher in leaves. In leaves, spongy parenchyma thickness increased
from 110 ± 3.4 to 135 ± 4.1 µm, palisade parenchyma thickness from 75 ± 2.1 to 78 ± 1.8 µm,
total leaf thickness from 230 ± 4.6 to 245 ± 5.2 µm, and intercellular air-space area from
420 ± 18 to 610 ± 22 µm2. The parallel physiological and anatomical differences are
consistent with a possible functional association, but gas exchange, mesophyll conductance,
ROS, and water-use efficiency were not measured in the present dataset. Because the
two management regimes occupied separate, non-replicated greenhouses and received
different crop-protection inputs, the findings should be interpreted as treatment-associated
differences rather than causal effects attributable to individual products.

Keywords: chlorophyll fluorescence imaging; cucumber; energy use; biostimulant; leaf
anatomical structure; PSII photochemistry

1. Introduction
Protected cultivation buffers crops from external weather, but greenhouse canopies

still experience strong spatial and temporal variation in irradiance, temperature, humidity,
and airflow. High planting density and rapid canopy development can further alter
the light environment experienced by individual leaves and fruits. Understanding how
photosynthetic energy use and leaf structure vary under these conditions is therefore
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relevant to maintaining efficient light use and physiological stability in intensive greenhouse
production [1].

Cucumber (Cucumis sativus L.) is an important horticultural crop that is widely grown
under protected cultivation because of its rapid growth, high productivity, and economic
value. Greenhouse cucumber performance is sensitive to changes in light intensity, tem-
perature, water availability, and nutrient supply, all of which can influence photosynthetic
function, canopy development, fruit growth, and final crop performance [2–6].

Plant biostimulants are bioactive products of natural, microbial, or biochemical origin
that may modify plant physiological processes and structural traits beyond the direct
effects of conventional fertilization [7,8]. Studies in several crops indicate that biostimu-
lant applications can alter chlorophyll status, photosynthetic traits, and leaf morphology,
including lamina thickness and mesophyll organization [9–12]. In the same greenhouse
trial used here, our previous publication evaluated agronomic and physiological endpoints
including leaf gas exchange, conventional chlorophyll-fluorescence indices, root and nema-
tode responses, and fruit-quality traits [3]. Those measurements are not repeated in the
present study.

Photosynthesis is central to crop growth, and the efficiency with which absorbed light
is used or dissipated changes with environmental and cultivation conditions [13,14]. In
greenhouse production, rapid changes in irradiance can alter excitation pressure on photo-
system II (PSII), making photochemical efficiency and photoprotective energy dissipation
useful indicators of short-term physiological status [13,15].

Chlorophyll-a fluorescence is a sensitive, non-destructive approach for evaluating
PSII function [14,16]. Imaging-PAM analysis can resolve complementary quantum yields
describing the fraction of absorbed light directed to photochemistry (ΦPSII), regulated non-
photochemical energy dissipation (ΦNPQ), and non-regulated energy loss (ΦNO), together
with photochemical quenching (qP) and non-photochemical quenching (NPQ) [16–19].
These parameters describe PSII energy partitioning but do not, by themselves, directly
quantify carbon assimilation, ROS concentration, or photodamage.

Photosynthesis also occurs in chlorophyll-containing non-foliar organs. Cucumber
fruits can assimilate atmospheric CO2 and re-fix internally released CO2, so fruit photo-
chemistry may contribute to fruit carbon economy even though its photosynthetic capacity
differs from that of leaves [20–22]. Assessing PSII energy partitioning in both leaves and
fruits can therefore provide a broader view of organ-specific responses within the crop.

Chlorophyll Content Index (CCI) provides a rapid, non-destructive estimate related
to tissue chlorophyll content and is widely used as an indicator of pigment status and
plant physiological condition [23,24]. Because chlorophyll content and fluorescence de-
scribe different components of photosynthetic function, their joint evaluation can provide
complementary information, although a direct mechanistic relationship requires paired
physiological measurements.

Leaf anatomy can influence light distribution and the physical pathway for CO2

diffusion within the mesophyll. Palisade and spongy parenchyma thickness, intercellular
air spaces, and stomatal distribution are therefore structural traits potentially relevant to
photosynthetic function [10,25]. However, anatomical measurements alone cannot establish
changes in mesophyll conductance, stomatal conductance, transpiration, or water-use
efficiency; those functions require direct gas-exchange or conductance measurements.

A specific knowledge gap remained after the previous study [3]: the same cultivation
protocol had not been examined for complementary PSII energy partitioning (ΦPSII, ΦNPQ,
and ΦNO) by chlorophyll fluorescence imaging across contrasting actinic light intensities
in both leaves and fruits, nor for its association with CCI and detailed leaf anatomical
traits. This information is useful for distinguishing photochemical use of absorbed energy
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from regulated and non-regulated dissipation and for describing whether physiological
differences occur in parallel with structural differences.

Accordingly, the present study tested the hypothesis that cucumber organs sampled
from the combined-biostimulant greenhouse would show higher PSII photochemical use
and regulated energy dissipation, lower non-regulated energy loss, higher CCI, and measur-
able differences in leaf mesophyll structure relative to the conventional-control greenhouse.
The study reports new Imaging-PAM energy partitioning, CCI, and leaf anatomical data
from the previously described trial [3]. Because treatment and greenhouse were not in-
dependently replicated, the objective is to characterize treatment-associated differences
within this commercial trial rather than to establish greenhouse-independent causality or
the contribution of individual products.

2. Materials and Methods
2.1. Plant Material, Greenhouse Conditions, and Biostimulant Treatments

Cucumber plants (Cucumis sativus L. cv. Murat) were cultivated under commercial
greenhouse conditions in the Marathon region of Attika, Greece, from June to Septem-
ber 2024, until commercial fruit maturity, using the same trial previously described by
Ouzounidou et al. [3]. Two physically separate greenhouses (250 m2 each) were used. One
greenhouse received the conventional-control management regime and the second received
the combined-biostimulant regime. Each greenhouse contained 625 plants arranged in six
rows, with 40 cm between plants and 80 cm between rows. Uniform 25-day-old plants at the
four-leaf stage were transplanted in early June. Importantly, greenhouse was not replicated
within management regime and the assignment was not a randomized greenhouse-level
design; therefore, the treatment factor is confounded with greenhouse. Individual leaves
and fruits sampled from different plants are subsamples within each greenhouse, not
independent greenhouse-level treatment replicates.

Greenhouse environmental conditions were automatically controlled during the June–
September cultivation period. Recorded temperature ranged from 15.0 to 34.5 ◦C, with
an average of 27.3 ◦C; average relative humidity was approximately 65%, and average
photosynthetic photon flux density (PPFD) at leaf level was 400 ± 50 µmol m−2 s−1. The
frequency above the threshold was for 20 days in which the duration of temperature above
the threshold was approximately 4 h, during the experimental period. The temperature
logging frequency was every 15 min. Soil physicochemical characterization from the same
trial was reported previously [3]. At the beginning of the experiment, the control and
biostimulant greenhouse soils had sand–clay–silt proportions of 78–14–8% and 71–19–10%,
respectively; pH values of 7.03 ± 0.04 and 7.12 ± 0.05; electrical conductivity of 0.991 ± 0.02
and 0.996 ± 0.03 mS cm−1; organic matter of 1.12 ± 0.05% and 1.23 ± 0.06%; CaCO3 of
5.5 ± 0.3% and 6.2 ± 0.4%; and total N of 0.30 ± 0.02% and 0.20 ± 0.01%, respectively [3].
These baseline differences are an additional source of potential confounding.

Irrigation and basal fertilization were applied according to the commercial produc-
tion program in both greenhouses. After transplanting, plants received N–P–K fertilizer
(20–20–20) every 15 days. Other routine integrated pest-management practices were com-
parable, except for the nematode-management inputs that defined the two regimes [3]. The
conventional-control greenhouse received abamectin at 1 mL L−1 together with an iron
chelate preparation (EDDHA 5.5% Fe SG) at 1 g L−1. The combined-biostimulant green-
house did not receive these two conventional nematode-management inputs and instead
received the three products described below [3]. Thus, “control” refers to a conventional-
management comparator, not to an untreated control.

In the combined-biostimulant greenhouse, CropBioLife® (Aussan Laboratories Pty
Ltd, Victoria, Australia), KeyPlex 120® (KeyPlex, Winter Park, FL, USA), and Key Eco
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Oil® (KeyPlex, Winter Park, FL, USA) were applied through irrigation and foliar spraying.
For soil application, CropBioLife® and KeyPlex 120® were each applied at 1 mL L−1 and
Key Eco Oil® at 2.5 mL L−1 in tap water, with soil applications repeated every 15 days;
Key Eco Oil® was supplied at 200 mL product per application through irrigation. Foliar
sprays were applied every 7 days using 100 mL CropBioLife®, 100 mL KeyPlex 120®, and
250 mL Key Eco Oil® per 100 L water. Consequently, all physiological and anatomical
comparisons in this manuscript concern the combined management protocol rather than
any single product.

Manufacturer-declared composition reported for the same trial [3] was as follows. Key
Eco Oil® contained 10% cinnamon oil, 5% thyme oil, 5% rosemary oil, and 5% sesame
oil (w/w). KeyPlex 120® contained Fe (0.20%), Mn (0.11%), and Zn (0.10%) (w/w) and
contained humic acid. CropBioLife® was an activated-flavonoid-based formulation with
reported nutrient concentrations of N 1860 ppm, K 1370 ppm, S 482 ppm, and Na 720 ppm.
The exact concentrations of the activated-flavonoid fraction and humic acid were not
available in the information used for the present manuscript. Application concentrations
were selected from preliminary trials and manufacturer recommendations [3].

The experimental design imposes several limitations on inference. First, because each
management regime occupied a single greenhouse, greenhouse-specific environmental
and soil effects cannot be separated statistically from management effects. Second, the
conventional comparator and combined-biostimulant regime differed not only in the
three tested products but also in nematode-management inputs, including abamectin and
EDDHA iron chelate. Third, the three products were applied together, so their individual
contributions and any synergistic or antagonistic interactions cannot be resolved. Finally,
KeyPlex 120® and CropBioLife® provide mineral nutrients in addition to other bioactive
components. The results are therefore interpreted as treatment-associated differences within
this commercial greenhouse comparison. Future studies should use multiple greenhouse
replicates or randomized blocks and factorial single-product and combination treatments.

2.2. Chlorophyll Content Index Measurements

Chlorophyll status was assessed with a CCM-200+GPS Chlorophyll Content Meter
(Opti-Sciences, Inc., Hudson, NH, USA) and expressed as Chlorophyll Content Index (CCI).
For leaves, the third fully expanded leaf from the top was sampled and the central lamina
region was measured. For fruits, mature fruits were sampled from different plants and a
thin, flat skin slice (approximately 2–3 mm thick) was removed from the middle region
and immediately placed in the sensor window after confirming that the sample was intact
and not water-saturated. Ten leaves and ten fruits from different plants were measured per
management regime. Fruit-skin CCI was interpreted as a relative index for comparison
between the two regimes.

The instrument measures optical transmittance at 653 and 931 nm and compensates
for variation in tissue optical properties. CCI was calculated by the instrument as the ratio
of percentage transmittance at 931 nm to percentage transmittance at 653 nm.

2.3. Chlorophyll Fluorescence Imaging Analysis

Chlorophyll fluorescence was measured in vivo on the third fully expanded leaf from
the top and on cucumber fruits of comparable age, size, and developmental stage using a
MAX/IMAGING-PAM fluorometer (Heinz Walz GmbH, Effeltrich, Germany) equipped
with blue LEDs (λ < 450 nm) for measuring light, actinic illumination, and saturation
pulses. Five leaves and five fruits from different plants were analyzed per management
regime. Samples were dark-adapted for 30 min before fluorescence determination. After
dark adaptation, each sample was positioned 18.5 cm from the CCD camera and exposed
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to modulated measuring light (0.5 µmol photons m−2 s−1) to determine Fo. Maximum
fluorescence (Fm) was obtained using a saturating pulse of 2275 µmol photons m−2 s−1

for 0.3 s. Steady-state fluorescence (Fs) was recorded after 5 min of actinic illumination.
For the HL measurement, the same organ was dark-adapted again for 30 min before the
procedure was repeated. Five areas of interest (AOIs) covering the measured surface were
selected per organ and averaged before statistical analysis.

Two actinic light intensities were used. LL was 455 µmol photons m−2 s−1, which
approximated the average greenhouse leaf-level PPFD (400 ± 50 µmol m−2 s−1). HL was
973 µmol photons m−2 s−1, approximately 2.4-fold higher than the average growth PPFD,
and was used as an acute high-light challenge rather than as a second growth condition.

PSII energy partitioning and fluorescence parameters were calculated with Imaging-
WinGigE V2.57q46 software using the following equations:

The effective quantum yield of PSII photochemistry, (ΦPSII), estimating the ef-
ficiency at which light absorbed by PSII is used for photochemistry, calculated as
(Fm′ − Fs)/Fm′ [17].

The quantum yield of regulated non-photochemical energy loss in PSII (ΦNPQ),
that is the quantum yield for dissipation by down regulation in PSII, calculated as
Fs/Fm′ − Fs/Fm [17].

The quantum yield of non-regulated energy loss in PSII (ΦNO), a loss process due to
PSII inactivity, calculated as Fs/Fm [17].

The non-photochemical quenching (NPQ), that reflects heat dissipation of excitation
energy, calculated as (Fm − Fm′)/Fm′ [26].

The photochemical quenching (qP) is a measure of the fraction of open PSII reac-
tion centers, that is the redox state of the plastoquinone pool, calculated as (Fm′ − Fs)/
(Fm′ − Fo′) [27].

2.4. Leaf Anatomical and Stomatal Measurements

Leaf anatomical and stomatal observations were performed on fully expanded cu-
cumber leaves collected from comparable canopy positions. Five leaves from different
plants were sampled per management regime. Segments were excised from the central
lamina while avoiding the midrib and major veins and were processed for light microscopy
following Dobrikova et al. [28]. Samples were fixed in 3% paraformaldehyde plus 3%
glutaraldehyde in 0.05 M sodium cacodylate buffer (pH 7.0) for 6 h at room temperature,
post-fixed in 2% osmium tetroxide in the same buffer for 3 h, dehydrated through an ace-
tone series, treated with propylene oxide, and embedded in Durcupan ACM resin. Semithin
transverse sections (0.5–2 µm) were cut with an ultramicrotome using a glass knife, stained
with 0.5% toluidine blue O, and observed with a Zeiss Axioplan light microscope equipped
with an AxioCam MRc 5 camera [29]. Palisade parenchyma thickness, spongy parenchyma
thickness, total leaf thickness, and intercellular air-space area were measured in repre-
sentative lamina fields that excluded vascular bundles and damaged tissue. Intercellular
air-space area was quantified as the summed air-space area within standardized calibrated
fields of view ([220] × [165] µm; total field area = [36,000] µm2) and is reported in µm2

in Table 1; percentage porosity was not included in the final analyzed dataset. Stomatal
density was determined separately for the adaxial and abaxial epidermis from parader-
mal semithin sections. Multiple calibrated fields were counted per leaf and averaged to
obtain one organ-level value, so individual fields and sections were treated as technical
subsamples rather than independent observations. Image acquisition and measurements
used the same magnification and calibration settings for both management regimes, and
measurements were performed without reference to treatment identity where feasible.
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Table 1. Anatomical and stomatal characteristics of cucumber leaves sampled from the conventional-
control and combined-biostimulant greenhouses. Values are means ± SE of five leaf samples per
management regime, with multiple microscopic fields averaged within each leaf. The leaves are
organ-level subsamples within one greenhouse per management regime and are not independent
greenhouse-level treatment replicates. Different letters within a column indicate within-trial differ-
ences at p < 0.05 using one-way ANOVA followed by Tukey’s HSD test.

Treatment

Intercellular
Air-Space Area

(µm2; Standardized
Field)

Palisade
Parenchyma

Thickness (µm)

Spongy
Parenchyma

Thickness (µm)

Leaf
Thickness

(µm)

Adaxial Stomatal
Density

(Stomata mm−2)

Abaxial Stomatal
Density

(Stomata mm−2)

Control 420 ± 18 b 75 ± 2.1 b 110 ± 3.4 b 230 ± 4.6 b 35 ± 4 b 205 ± 12 a
Biostimulant-

treated 610 ± 22 a 78 ± 1.8 a 135 ± 4.1 a 245 ± 5.2 a 8 ± 2 a 202 ± 15 a

2.5. Statistical Analysis

Statistical analyses were performed in R [30], and data are presented as means ± stan-
dard error (SE). For CCI, fluorescence, anatomy, and stomatal measurements, the sampled
leaf or fruit from an individual plant was the organ-level sampling unit. These organ-level
samples represent biological subsampling within each greenhouse, but they are not inde-
pendent treatment replicates because each management regime was applied to only one
greenhouse. For fluorescence imaging, the five AOIs selected on each leaf or fruit were
technical subsamples and were averaged to generate one value per organ before analysis.
Consequently, reported p-values describe within-trial differences among sampled organs
and should be interpreted as exploratory evidence associated with the two greenhouse
management regimes rather than as greenhouse-replicated causal treatment effects.

For chlorophyll fluorescence parameters, management regime and actinic light inten-
sity were treated as fixed factors. Because the same leaf or fruit was measured under LL
and HL, light intensity was treated as a repeated-measures factor. Fluorescence data were
analyzed with a mixed-effects model including management regime, light intensity, and
their interaction as fixed effects and organ identity as a random factor. Where a manage-
ment × light interaction was detected, comparisons between management regimes were
examined within each light level using adjusted estimated marginal means; otherwise, main
effects were interpreted. Percentage differences reported in the Results provide descriptive
effect magnitudes in addition to the p-value annotations shown in the figures.

Anatomical and stomatal traits, which were measured once per sampled leaf, were
analyzed by one-way ANOVA with management regime as the fixed factor, followed
by Tukey’s HSD test when appropriate. Model residuals were checked for approximate
normality and homogeneity of variance as part of the original analysis workflow. Differ-
ences were considered statistically significant at p < 0.05. Because the greenhouse-level
treatment factor was not replicated, these tests do not remove the greenhouse–management
confounding described above.

The statistical test, organ-level sample size (n), and significance thresholds are stated
in the corresponding figure legends and table caption. Asterisks indicate within-light
comparisons between management regimes in fluorescence figures, and different letters
denote differences in Table 1. Cross-trait correlation analyses were not performed because
CCI, fluorescence, and anatomical measurements used different sample sizes and were not
documented as a one-to-one paired dataset from the same individual organs; correlating
unpaired observations or the two-treatment means would not provide a valid inferen-
tial assessment and could compound the pseudoreplication problem. Statistical analyses
were performed in R using the lme4 package for model fitting, emmeans for evaluating
interaction effects and post hoc comparisons, effect size for estimating effect sizes, and per-
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formance for checking model assumptions, including residual normality and homogeneity
of variance. Data transformations, such as logarithmic or square-root transformations, were
applied when necessary to better satisfy model assumptions.

3. Results
3.1. CCI-Chlorophyll in Fruits and Leaves

CCI differed between the two greenhouse management regimes (Figure 1). Relative
to the conventional-control greenhouse, fruit CCI in the combined-treatment greenhouse
was 38% higher (p < 0.01), while leaf CCI was 52% higher (p < 0.05). These comparisons
describe organ-level differences within the two-greenhouse trial and should be interpreted
in light of the greenhouse-level confounding described in Section 2.1.

Figure 1. Chlorophyll Content Index (CCI) in cucumber fruits and leaves sampled from the
conventional-control and combined-biostimulant greenhouses. Values are means ± SE of 10 organ-
level samples per organ and management regime, with each leaf or fruit sampled from a different
plant. These samples are subsamples within one greenhouse per management regime and are not in-
dependent greenhouse-level treatment replicates. Asterisks indicate within-trial differences between
management regimes within each organ: * p < 0.05 and ** p < 0.01.

3.2. Chlorophyll Fluorescence Parameters in Fruits and Leaves

PSII-absorbed energy was partitioned among photochemistry (ΦPSII), regulated non-
photochemical dissipation (ΦNPQ), and non-regulated energy loss (ΦNO) [14]. Leaves and
fruits from the two greenhouse management regimes were measured under LL (455 µmol
photons m−2 s−1) and HL (973 µmol photons m−2 s−1).

In fruits, ΦPSII was 22% higher in the combined-treatment greenhouse under LL
and 16% higher under HL relative to the conventional-control greenhouse; the between-
regime difference was statistically significant only under LL (p < 0.05; Figure 2a). ΦPSII
was lower under HL than LL in both regimes. Fruit ΦNPQ was 17% higher under the
combined treatment under LL, with a significant difference at that light level, whereas
the HL difference was not significant (Figure 2b). Fruit ΦNO was 12% lower under
the combined treatment under LL (p < 0.05) and showed no significant between-regime
difference under HL (Figure 3a). qP and NPQ were also higher in combined-treatment
fruits under LL, including a 40% increase in NPQ, whereas corresponding HL differences
were small and non-significant (Figure 3b,c).
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Figure 2. PSII energy partitioning in cucumber fruits sampled from the conventional-control and
combined-biostimulant greenhouses under low light (LL; 455 µmol photons m−2 s−1) and high
light (HL; 973 µmol photons m−2 s−1). (a) Effective quantum yield of PSII photochemistry, ΦPSII;
(b) regulated non-photochemical energy dissipation, ΦNPQ. Values are means ± SE of five fruit
samples per management regime, with five AOIs averaged within each fruit before analysis. The
fruit samples are organ-level subsamples within one greenhouse per management regime. Asterisks
indicate adjusted within-light differences between management regimes: * p < 0.05.

Figure 3. PSII non-regulated energy dissipation and quenching parameters in cucumber fruits
sampled from the conventional-control and combined-biostimulant greenhouses under LL and HL.
(a) ΦNO; (b) qP; (c) NPQ. Values are means ± SE of five fruit samples per management regime, with
five AOIs averaged within each fruit before analysis. The fruit samples are organ-level subsamples
within one greenhouse per management regime. Asterisks indicate adjusted within-light differences
between management regimes: * p < 0.05.

In leaves, ΦPSII was 50% higher under LL in the combined-treatment greenhouse
than in the conventional-control greenhouse, whereas the difference under HL was 16%
and was not statistically significant (Figure 4a). ΦNPQ was 16% higher under LL and 8%
higher under HL, with significance indicated in Figure 4b. Leaf ΦNO was 26% lower under
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LL and 17% lower under HL in the combined-treatment greenhouse (Figure 5a). qP was
72% higher under LL and 28% higher under HL, although only the LL between-regime
difference was significant (Figure 5b). NPQ was higher in combined-treatment leaves under
both light levels, including an approximately 33% increase under HL (Figure 5c).

Figure 4. PSII energy partitioning in cucumber leaves sampled from the conventional-control and
combined-biostimulant greenhouses under LL and HL. (a) ΦPSII; (b) ΦNPQ. Values are means ± SE
of five leaf samples per management regime, with five AOIs averaged within each leaf before analysis.
The leaves are organ-level subsamples within one greenhouse per management regime. Asterisks
indicate adjusted within-light differences between management regimes: * p < 0.05 and ** p < 0.01.

Figure 5. PSII non-regulated energy dissipation and quenching parameters in cucumber leaves
sampled from the conventional-control and combined-biostimulant greenhouses under LL and HL.
(a) ΦNO; (b) qP; (c) NPQ. Values are means ± SE of five leaf samples per management regime,
with five AOIs averaged within each leaf before analysis. The leaves are organ-level subsamples
within one greenhouse per management regime. Asterisks indicate adjusted within-light differences
between management regimes: * p < 0.05 and ** p < 0.01.
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3.3. Leaf Structural Characteristics

Several anatomical and stomatal traits differed between leaves sampled from the two
greenhouse management regimes (Table 1; Figure 6). The combined-treatment greenhouse
showed a larger measured intercellular air-space area (610 ± 22 versus 420 ± 18 µm2)
and greater spongy parenchyma thickness (135 ± 4.1 versus 110 ± 3.4 µm) than the
conventional-control greenhouse. These values describe differences in the standard-
ized microscopic fields analyzed and do not constitute a direct measurement of meso-
phyll conductance.

Figure 6. Representative leaf cross-sections from the conventional-control (a,b) and combined-
biostimulant (c,d) greenhouses. Arrows indicate stomata, asterisks indicate intercellular air spaces,
blue brackets indicate palisade parenchyma, and green brackets indicate spongy parenchyma. Scale
bars: 200 µm (a,c), 50 µm (b,d).

Palisade parenchyma thickness was modestly greater in leaves from the combined-
treatment greenhouse (78 ± 1.8 µm) than in the conventional-control greenhouse
(75 ± 2.1 µm), and total leaf thickness was also greater (245 ± 5.2 versus 230 ± 4.6 µm)
(Figure 6; Table 1).

Adaxial stomatal density showed a large between-regime difference, with values of
35 ± 4 and 8 ± 2 stomata mm−2 in the conventional-control and combined-treatment sam-
ples, respectively, whereas abaxial stomatal density was similar (205 ± 12 and 202 ± 15 stom-
ata mm−2) (Table 1). Because stomatal counts were obtained from semithin paradermal
sections and the number of leaves was limited (n = 5 per regime), the magnitude of the
adaxial difference should be interpreted cautiously and should be validated in future work
using wider-field epidermal imaging.

4. Discussion
The present study extends the previous evaluation of this greenhouse trial [3] by fo-

cusing on complementary PSII energy partitioning in both leaves and fruits and by adding
CCI and leaf anatomical measurements. Cucumber fruits showed lower fluorescence-based
photochemical performance than leaves, consistent with the lower photosynthetic capacity
generally expected for non-foliar organs even though cucumber fruit can contribute to car-
bon economy through atmospheric CO2 assimilation and internal CO2 re-fixation [20,31–35].
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Under HL, both management regimes showed lower ΦPSII and qP than under LL, indicat-
ing a shift away from photochemical use as excitation pressure increased.

The between-regime difference in ΦPSII was more pronounced under LL than under
HL, particularly in fruits. A plausible explanation is that LL was close to the average
greenhouse growth irradiance, whereas the acute HL treatment imposed substantially
greater excitation pressure on both groups. Under HL, increased engagement of non-
photochemical dissipation and partial closure of PSII reaction centers can reduce ΦPSII
in both groups and compress between-regime differences [36–39]. This interpretation
is consistent with the fluorescence response but should not be taken as evidence that
the combined treatment directly prevented photoinhibition, because photodamage and
recovery kinetics were not measured.

NPQ and ΦNPQ both describe regulated thermal dissipation but are not interchange-
able: NPQ is a quenching coefficient, whereas ΦNPQ represents the quantum yield of
regulated non-photochemical energy dissipation [17,38,39]. The generally higher NPQ
and/or ΦNPQ values in samples from the combined-treatment greenhouse, together with
lower ΦNO in several comparisons, are consistent with a greater relative allocation of
absorbed energy to regulated dissipation rather than non-regulated loss. The effect was
most consistent under LL in fruits and was evident under both light levels for some
leaf parameters.

Higher ΦNO can be associated with conditions in which excitation energy is not effi-
ciently used photochemically or dissipated through regulated protective pathways [40–43].
However, the present study did not measure singlet oxygen, total ROS, lipid peroxida-
tion, antioxidant enzymes, or photodamage. Therefore, the higher ΦNO observed in the
conventional-control samples should be interpreted as a fluorescence-based indicator of
greater non-regulated energy loss, not as direct evidence of increased 1O2 generation or
ROS accumulation.

CCI was higher in leaves and fruits sampled from the combined-treatment greenhouse.
Because chlorophyll content is related to light harvesting and can also reflect nutritional
status [44–49], this difference may contribute to the distinct fluorescence responses. Nev-
ertheless, tissue chlorophyll concentration was estimated only by CCI, and leaf mineral
concentrations were not measured. It is therefore not possible to attribute the CCI difference
specifically to Fe, N, or other nutrients supplied by the combined formulation.

The composition of the three products provides biologically plausible pathways that
can be considered as hypotheses rather than demonstrated mechanisms. Fe and Mn
are essential components of photosynthetic electron-transfer and water-splitting systems,
while Zn contributes to protein and membrane function [50]. Flavonoids have also been
associated in other systems with antioxidant signaling and physiological responses to
stress [7,25,51–53]. Because the present experiment did not measure nutrient uptake,
flavonoid metabolism, ROS, antioxidant enzyme activity, gene expression, or hormone
signaling, these literature-supported pathways cannot be assigned as the cause of the
observed PSII responses.

This distinction is important because the combined protocol simultaneously changed
several inputs. KeyPlex 120® supplied Fe, Mn, and Zn; CropBioLife® supplied mineral
nutrients in addition to an activated-flavonoid fraction; and Key Eco Oil® contained
botanical oils. The conventional-control greenhouse also received abamectin and EDDHA
iron chelate. Thus, the observed differences may reflect the combined management system,
including nutrient supply and crop-protection differences, rather than a biostimulant effect
in the strict mechanistic sense.

Previous work in tomato has reported associations between exogenous flavonoid
treatments and gas exchange, phenolic metabolism, and aquaporin expression [53]. Those
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findings provide context for future mechanistic experiments, but aquaporin expression and
gas-exchange responses were not determined in the present dataset and are therefore not
used here as explanations for the cucumber results.

Similarly, reports that nutrient- and biostimulant-based foliar formulations can im-
prove pigment status or growth in other crops [3,48] support the plausibility of a physiologi-
cal response but do not identify which component of the present three-product protocol was
responsible. Factorial experiments that compare each product alone and in combination
are required to separate individual and interactive effects.

The anatomical data shows parallel structural differences between the two manage-
ment regimes, including greater spongy parenchyma thickness, modestly greater palisade
and total leaf thickness, and larger intercellular air-space area in the sampled fields. These
traits are relevant to internal light distribution and the geometry of CO2 diffusion path-
ways [10,54–57]. However, mesophyll conductance, intercellular CO2 concentration, and
net assimilation were not measured in the present study. Accordingly, the anatomical
differences are compatible with altered internal diffusion geometry but do not demonstrate
enhanced mesophyll conductance or carbon assimilation.

The large decrease in adaxial stomatal density, with little change on the abaxial surface,
may also have functional consequences because stomatal distribution can influence gas
exchange and transpiration [29,58]. Nevertheless, stomatal conductance, transpiration, and
intrinsic water-use efficiency were not measured in this dataset, so reduced water loss or
improved water-use efficiency cannot be concluded. In addition, the adaxial estimate was
derived from semithin paradermal sections from five leaves per regime; validation with
larger, high-resolution epidermal fields would strengthen confidence in the magnitude of
this difference.

The novelty of the present work lies in measurements that were not the focus of the
earlier publication from the same trial [3]: Imaging-PAM analysis of complementary PSII
quantum yields (ΦPSII, ΦNPQ, ΦNO), qP and NPQ under two actinic light intensities in
both leaves and fruits, together with fruit and leaf CCI and quantitative leaf anatomy and
stomatal density. The previous study reported other physiological and agronomic end-
points, including leaf gas exchange, conventional fluorescence indices, nematode responses,
root anatomy, and fruit-quality traits [3]. The current dataset should therefore be viewed as
a complementary characterization of PSII energy allocation and leaf structure rather than a
repeated evaluation of those previously published outcomes.

Several limitations constrain generalization. Treatment and greenhouse were con-
founded because only one greenhouse was used per management regime; baseline soil
properties also differed to some extent between greenhouses [3]. The conventional and
combined-biostimulant regimes differed in nematode-management inputs, the three com-
mercial products were applied together, and the sample sizes for organ-level measure-
ments were modest (n = 5 for fluorescence and anatomy; n = 10 for CCI). In addition,
the present dataset did not include gas exchange, mesophyll conductance, ROS, antioxi-
dant metabolism, mineral nutrient concentrations, yield, or long-term stress-performance
measurements. Future studies should include replicated greenhouses or randomized
blocks, factorial product combinations, larger organ-level samples, direct gas-exchange and
biochemical measurements, and validation across seasons and greenhouse environments.

5. Conclusions
Within this commercial two-greenhouse comparison, cucumber leaves and fruits sam-

pled from the combined-biostimulant greenhouse showed higher CCI and a shift in several
PSII fluorescence parameters toward greater photochemical use and/or regulated energy
dissipation, with the clearest between-regime differences generally observed under LL.
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Leaves from the combined-treatment greenhouse also showed greater spongy
parenchyma thickness, modest increases in palisade and total leaf thickness, larger mea-
sured intercellular air-space area, and lower adaxial stomatal density, while abaxial stomatal
density was similar between regimes. These anatomical observations describe structural
differences but do not by themselves establish changes in CO2 diffusion, gas exchange,
transpiration, or water-use efficiency.

Because each management regime was confined to one greenhouse and the three
products were applied as a mixture against a conventional comparator with different
nematode-management inputs, the results should be regarded as treatment-associated
rather than causal effects of individual biostimulants. Replicated greenhouse experiments
with factorial product treatments and direct gas-exchange, nutrient, and biochemical
measurements are required for mechanistic and agronomic validation.
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