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Abstract

Tagetes patula is a widely cultivated ornamental plant and a natural source of bioactive com-
pounds. This study evaluated the effects of cultivation–substrate systems on growth, flow-
ering, lutein and zeaxanthin accumulation, substrate microbiological properties, and pest
and disease occurrence in three T. patula cultivars (‘Csemő’, ‘Robusta kénsárga’, and ‘Orion’)
grown under two greenhouse (peat-based substrate and hydroponics) and three field con-
ditions (peat-based and two peat-free substrates). Greenhouse hydroponics markedly
enhanced vegetative growth, resulting in the highest plant height, stem diameter, and
shoot biomass, whereas peat-based greenhouse substrates produced the lowest vegetative
performance. Flowering responses were more moderate and largely cultivar-dependent:
peat-based field conditions supported the highest inflorescence numbers, cv. ‘Orion’ pro-
duced the greatest inflorescence biomass, and cv. ‘Robuszta kénsárga’ showed the strongest
flowering intensity in peat-based systems. Cultivar ‘Csemő’ consistently accumulated the
highest lutein and zeaxanthin concentrations among cultivars. Substrate moisture and mi-
crobial activity differed substantially among systems, with peat-free substrates frequently
exhibiting elevated enzymatic activity. No fungal diseases were detected; thrips occurred
only in greenhouse systems, and spider mites were restricted to cv. ‘Orion’ under hydro-
ponic conditions. Overall, hydroponic and peat-free systems enhanced vegetative growth
and microbial activity, whereas flowering and carotenoid accumulation were primarily
cultivar-specific, as further supported by correlation analysis and PCA. These findings
demonstrate that sustainable peat alternatives and hydroponic systems can effectively
support high-quality T. patula production and carotenoid yield.

Keywords: French marigold; peat alternatives; hydroponics; carotenoids; lutein; zeaxanthin;
sustainable substrates

1. Introduction
Tagetes patula L. (French marigold) is an annual herbaceous species widely cultivated

in temperate and tropical regions. The genus Tagetes comprises approximately fifty species
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native to Central and South America, several of which have become globally important
in horticulture due to their rapid growth, adaptability and diverse utilization, and they
are known as a multipurpose plant species [1–3]. T. patula is characterized by a compact,
well-branching growth habit and moderate plant height (typically 20–50 cm). Due to
an extended flower period, colorful inflorescences (yellow, orange, red, and mixed shades),
overall high ornamental value, T. patula is one of the most widely used Tagetes species in
Europe and worldwide as bedding and potted ornamentals [4–7].

The Tagetes species possess aromatic properties, and they produce various secondary
metabolites. Roots typically accumulate thiophenes and flavonoids, whereas shoots and
leaves contain various flavonoids, terpenoids and essential oils [8–10]. Marigold inflores-
cences are a major source of carotenoids, particularly lutein and zeaxanthin—compounds
with strong antioxidant properties and increasing relevance as natural colorants and func-
tional food ingredients [11,12]. In plants, lutein and zeaxanthin contribute to the protection
of the photosynthetic apparatus and stress tolerance, while in humans they are associated
with reduced oxidative damage in the retina and decreased risk of age-related macular
degeneration [13,14]. In addition to lutein and zeaxanthin, marigold flowers contain a wide
range of carotenoids with distinct biochemical and industrial relevance, and their extracts
are widely used in food supplements and natural colorant production, underscoring the
industrial relevance of Tagetes pigments [15,16].

The chemical composition and functional quality of T. patula inflorescences are influ-
enced by genetic factors, cultivation practices and environmental conditions (e.g., [5,17–19]).

In the present study, three Hungarian-bred T. patula cultivars were selected
due to their horticultural relevance and contrasting morphological and physiological
characteristics [5,20,21]. Previous studies have demonstrated substantial genetic variation
among T. patula genotypes, resulting in pronounced differences in growth habit, root devel-
opment and flowering performance across various substrate types, including peat-, sand-
and mixture-based media [22]. Earlier investigations on Hungarian cultivars further high-
lighted cultivar-specific responses to environmental and substrate-related factors, including
differences in stress tolerance, biomass production and pigment accumulation [5,20,21].
These findings justify the use of genetically and physiologically contrasting cultivars for
evaluating the effects of different substrate systems under greenhouse and field conditions.

Over the past decades, considerable attention has been directed toward reducing
peat use in horticulture due to environmental and sustainability concerns [23–25]. Peat
extraction contributes to habitat degradation and carbon emissions, prompting increas-
ing interest in peat-free alternatives, such as composts, bark- and wood-based mixtures,
and other renewable organic materials [26–28]. In addition to their environmental advan-
tages, peat-free substrates may differ substantially from peat in physical and biological
properties (e.g., water-holding capacity, aeration, pH buffering, nutrient availability, and
microbial activity), which can strongly influence plant growth and flowering performance
depending on the crop species and cultivar. For T. patula, studies have examined plant
growth and flowering in peat-based, peat-free, or mixed substrates; however, these studies
have mostly focused on morphological traits rather than the accumulation of carotenoid
pigments [22,29]. Mushroom waste biomass has also been evaluated as a substrate com-
ponent influencing biomass yield, antioxidant activity, phenolic content, and essential
oil composition in T. patula [19]. Nevertheless, the effects of different substrates on the
xanthophyll composition of T. patula inflorescences have received little attention.

In parallel, soilless cultivation systems, such as hydroponics, have become increasingly
relevant as controllable alternatives for horticultural production. Hydroponic cultivation
allows precise regulation of water and nutrient supply and continuous control of root-zone
parameters (e.g., electrical conductivity and pH), thereby reducing variability associated
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with heterogeneous substrate structure and nutrient immobilization. Detailed reviews
and experimental studies have shown that hydroponic systems can improve water use
efficiency and nutrient uptake compared to soil-based systems, particularly when root-zone
conditions are carefully managed to maintain optimal nutrient solution properties, such as
pH and ionic balance [30]. Controlled comparisons between soil and hydroponic systems
have also demonstrated that hydroponically grown plants can exhibit higher contents of
key carotenoids (e.g., β-carotene and lycopene) and improved nutrient use efficiency under
stable root-zone conditions [31]. Moreover, hydroponic systems can support vigorous veg-
etative growth by minimizing water stress and optimizing root-zone oxygen availability,
especially in designs such as deep-water culture (DWC) with continuously oxygenated
nutrient solution, which may enhance photosynthetic performance and biomass accumu-
lation (e.g., [32]). These conditions can also shift the vegetative–generative balance and
affect secondary metabolite levels, including carotenoids. Deep-water culture (DWC) is a
simple, scalable system in which roots are immersed in an aerated nutrient solution under
greenhouse conditions. However, most hydroponic studies involving T. patula have ad-
dressed stress responses or phytoremediation potential [33–35] or aquaponics nutrient-film
techniques of hydroponic cultivation [36], while studies evaluating inflorescence quality or
carotenoid composition under hydroponic conditions remain limited [37,38].

Although cultivation-environment conditions, particularly the contrast between green-
house and outdoor cultivation, can markedly influence plant growth, substrate microbial
activity, and pigment biosynthesis [39], no comprehensive study has simultaneously com-
pared peat-based, peat-free, and hydroponic systems across different cultivation environ-
ments and cultivars with respect to growth and lutein/zeaxanthin accumulation in T. patula.
Despite the horticultural importance of the genus Tagetes, few studies report pest and
disease occurrence or cultivar susceptibility to diseases and pests. Most available studies
focus on biochemical or extract-based bioactivity, whereas field- or greenhouse-based plant
protection observations are scarce and often not cultivar- or species-specific [40–43].

Therefore, the aim of this study was to evaluate the effects of five cultivation–substrate
combination treatments (greenhouse–peat-based substrate, greenhouse–deep-water-culture
(DWC) hydroponics, field–peat-based substrate, and two field–peat-free substrates) on
growth, flowering characteristics, and lutein/zeaxanthin composition in three Hungarian-
bred T. patula cultivars. Additionally, the microbiological properties of the substrates were
assessed to characterize the biological activity of peat-based and peat-free media, and pest
and disease occurrences were recorded for all experiments and cultivars.

2. Materials and Methods
2.1. Experimental Site and Plant Material

Experiments were conducted between February and July 2021 in the Biological
Research and Plant Experiment Greenhouse of the University of Debrecen (Debrecen,
Hungary), and in an adjacent open-field area (47◦33′00.6′′ N 21◦36′14.9′′ E).

Three Hungarian-bred Tagetes patula cultivars were used: ‘Csemő’ (Tp1), ‘Robuszta
kénsárga’ (Tp2), and ‘Orion’ (Tp3). All cultivars originate from the Hungarian ornamental
breeding program led by Zoltán Kováts [44,45]. All three cultivars are characterized by
rapid propagation, extended flowering periods, and low maintenance requirements, pro-
ducing high numbers of inflorescences under typical Central European conditions. Cultivar
‘Csemő’ exhibits compact, uniform growth, elevated chlorophyll and carotenoid contents,
increased shoot biomass, and reduced activity of stress-related enzymes under specific
substrate treatments or biostimulant applications [20,21]. Cultivar ‘Robuszta kénsárga’
typically shows medium plant height, rapid early development, 100% germination, and
high inflorescence productivity [5,22,46]. This cultivar represents a sulphur-yellow color
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variant of cv. ‘Robuszta’. Although the original registration lists the name as ‘Robuszta’,
the breeder recommended specifying the flower color (‘kénsárga’ for ‘sulphur yellow’ or
‘aranysárga’ for ‘golden yellow’) in scientific and horticultural contexts. The two variants
are genetically identical in growth habit and phenology, differing only in flower color;
earlier publications refer to this cultivar as ‘Robuszta’ [5,46,47]. Cultivar ‘Orion’ is a vigor-
ous but stress-sensitive genotype, identified as the least drought-tolerant among several
T. patula cultivars in controlled water-stress experiments, with morphological traits closer
to T. erecta than to other T. patula cultivars, reflecting a distinct genetic background.

2.2. Plant Propagation, Transplanting and Treatments

Seeds were sown on 19 February 2021 in perlite (particle size 2–6 mm; Magyar Perlit
Ltd., Budapest, Hungary) using a germination chamber equipped with automated misting
(EasyGreen, Minneapolis, MN, USA; 15 min four times per day). After four days, seedlings
were transplanted into either peat-based or peat-free substrates (COMPO GmbH, Münster,
Germany), placed in 60 cm3 cell trays or into Grodan rockwool cubes (25 × 25 × 40 mm).
The number of treated plants was at least four per treatment per cultivar. On 5 May 2021,
plantlets were transferred to 14 cm diameter pots (1800 cm3) or to the hydroponic system
and grown under five cultivation treatment conditions:

Greenhouse–peat-based substrate, denoted as ‘Peat-greenhouse’;
Greenhouse–deep-water-culture (DWC) hydroponics, denoted as ‘hydroponic-greenhouse’;
Field–peat-based substrate (same as in greenhouse), denoted as ‘Peat-field’;
Field–peat-free substrate 1, denoted as ‘Peat free 1-field’;
Field–peat-free substrate 2, denoted as ‘Peat free 2-field’.

2.3. Growing Media

The peat-based substrate (COMPO Sana® potting soil) consisted of sphagnum peat,
perlite, lime for pH adjustment (6 ± 0.5, in 10% aqueous suspension) with a pre-mixed
starter fertilizer. According to the NÉBIH authorization document [48], it contained at least
1.0% N, 0.5% P2O5, and 0.5% K2O (m/m%, in dry matter).

Peat-free substrate 1 (COMPO Sana® BIO potting soil) was composed of green compost,
bark humus, wood fibers, coco fibers and organic fertilizers, containing at least 1.0% N,
0.2% P2O5, and 0.3% K2O (m/m%, in dry matter) with pH 6 ± 0.5 (in 10% aqueous
suspension) [45].

Peat-free substrate 2 corresponded to the COMPO BIO Tomato and Vegetable substrate
(‘Tomaten- und Gemüseerde’; EAN 4007167020632), marketed in Hungary under OBI
branding. Based on the manufacturer’s declaration, it contained at least 0.3% N, 0.1% P2O5,
and 0.3% K2O (m/m%, in dry matter) with pH 6 ± 0.5 (in 10% aqueous suspension).

2.4. Hydroponic System—Deep-Water Culture (DWC)

Rockwool-rooted plantlets were first transplanted into low-height (10 cm) plastic
containers during early rooting. As root systems expanded, the plants were transferred
into larger containers (30 cm height; 40 × 60 cm base area) with five plants per container,
for the main cultivation phase. Floating support was provided by expanded polystyrene
(EPS) boards (Nikecell EPS 100/50) containing 5.5 cm hydroponic net pots inserted into
pre-drilled holes at 21 cm plant spacing (Figure 1A).
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Figure 1. Overview of the experimental system, growing conditions and plant materials used for
evaluating three Tagetes patula cultivars under different substrates. (A) Deep-water-culture (DWC)
hydroponic system used during the early cultivation phase, with plants placed in smaller-volume
units containing floating polystyrene boards and net pots. (B,C) Greenhouse-grown plants in the
larger, 30 L hydroponic units at the third harvest (Tp2 yellow-flowered and Tp3 orange-flowered
cultivars). (D) Greenhouse and (E) outdoor container-grown plants in peat-based and peat-free
substrates at peak flowering. (F) Dense, fused root mass formed by five hydroponically grown Tp1
plants, illustrating the extensive root development characteristic of the DWC system. (G–I) Root
systems of the Tp2 cultivar after harvest, grown in different field substrates: (G) peat, (H) peat-free 1
and (I) peat-free 2. (J–L) Freshly harvested inflorescences of the cultivars, showing differences in
floral biomass and pigmentation. (K): Csemő’ (Tp1); (J):‘Robuszta kénsárga’ (Tp2); (L): ‘Orion’ (Tp3).

Each DWC unit contained two 20 cm aquarium airstones for aeration, powered by
a Hailea ACO-208 air compressor to maintain adequate dissolved oxygen levels. Re-
verse osmosis water and Terra Aquatica Tripart nutrient solutions (FloraGrow, FloraMicro,
FloraBloom-types; General Hydroponics Europe) were used for irrigation and nutrition sup-
ply, according to the manufacturer’s developmental-stage-specific recommendations [49].

After transplanting into rockwool, hydroponically grown plants received all nutrient
solution types at a concentration of 1 mL L−1 until the hydroponic system was fully
established. During the vegetative phase, the nutrient solution consisted of 1.8 mL L−1

FloraGrow, 1.2 mL L−1 FloraMicro, and 0.6 mL L−1 FloraBloom. After the appearance
of the first flower heads in early June, plants were supplied with 2.0 mL L−1 FloraGrow,
2.0 mL L−1 FloraMicro, and 1.5 mL L−1 FloraBloom. During the flowering stage until
harvest, the nutrient solution contained 0.8 mL L−1 FloraGrow, 1.6 mL L−1 FloraMicro, and
2.4 mL L−1 FloraBloom.
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The nutrient composition of the applied fertilizer solutions was as follows. FloraGrow
had an N-P-K ratio of 3-1-6, containing 3% total nitrogen (1% ammoniacal N and 2% nitrate
N), 1% available phosphate (P2O5), 6% soluble potash (K2O), and 0.8% water-soluble
magnesium (Mg). FloraBloom was characterized by an N-P-K ratio of 0-5-4 and contained
5% available phosphate (P2O5), 4% soluble potash (K2O), 3% water-soluble magnesium
(Mg), and 5% sulfuric anhydride (SO3). FloraMicro had an N-P-K ratio of 5-0-1 and
provided 5% total nitrogen (1.5% ammoniacal N and 3.5% nitrate N) and 1.3% soluble
potash (K2O), as well as micronutrients including boron (0.01%), calcium oxide (1.4%),
copper (0.1%, EDTA-chelated), iron (0.12%, chelated with EDDHA and DTPA), manganese
(0.07%, EDTA-chelated), molybdenum (0.002%), and zinc (0.02%, EDTA-chelated).

2.5. Irrigation, Nutrient Supply, Light Measurements, Temperature and Solar Radiation

Plants grown in the open field were irrigated four times per week, receiving a to-
tal of approximately 18 L water per plant during the 63-day experimental period (from
transplanting into pots or hydroponic units until harvest). In the greenhouse, peat-grown
plants were irrigated three times per week, totaling ~13.5 L water per plant. These minor
differences resulted primarily from contrasting environmental conditions—mostly sunlight
intensity—between the greenhouse and the open field.

In the hydroponic system, the nutrient solution was maintained at pH 5.5–6.5 (adjusted
with citric acid or potassium hydroxide) and EC 1.8–2.0 mS cm−1. Hydroponic units were
refilled to 20 L on eight occasions. On three of these occasions, only water was added,
due to high evaporation causing EC values to exceed 3 mS cm−1 prior to fertilization.
Each hydroponic plant received approximately 13 L of water/nutrient solution during the
experiment—similar to the volume supplied in the peat substrate.

Throughout the growing period, plants in all three field substrates and the peat
substrate in the greenhouse received nutrient solution five times (0.5 L per plant each
time). The same fertilizer product was used for both peat and hydroponic cultivation,
following the manufacturer’s recommendations and adjusted to the developmental stage
of the plants [49].

Photosynthetic photon flux density (PPFD) was repeatedly measured (n = 6 per
location) under clear-sky conditions around solar noon using an Apogee MQ-501 quan-
tum sensor (Logan, UT, USA). Greenhouse-grown plants received an average PPFD of
330.5 ± 16 µmol m−2 s−1, whereas outdoor-grown plants were exposed to approximately
4.5-fold higher irradiance, with mean midday levels of 1525.3 ± 96 µmol m−2 s−1. This
greenhouse–outdoor difference resulted from seasonal shading practices, including the
application of white-wash coating on the greenhouse roof and the use of an internal shade
screen, both of which substantially reduced incoming solar radiation. In addition, ventila-
tion and evaporative cooling systems helped maintain greenhouse air temperatures close
to outdoor levels.

During the experimental period (from 19 February to 7 July), greenhouse air tempera-
ture ranged between 16 and 18 ◦C (minimum) and 27–38 ◦C (maximum), while relative
humidity varied between 20 and 30% (minimum) and 65–75% (maximum). Meteorological
and climate data were recorded using the greenhouse climate control system (Priva, De Lier,
The Netherlands). Outdoor meteorological data were recorded after the outdoor experi-
mental conditions were established. Minimum and maximum air temperatures ranged
from 7.0 to 14.4 ◦C and 30.3 to 37.8 ◦C, respectively, and cumulative precipitation amounted
to 66.7 mm in May, 9.6 mm in June, and 14.5 mm by early July. Daily maximum solar
radiation intensity measured in the greenhouse increased progressively from late winter
to summer, ranging from approximately 86–110 W m−2 in February–April and reaching
180–410 W m−2 during May–July, with maximum recorded values up to 568 W m−2.
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2.6. Inflorescences Sampling and Morphological Measurements

Fully developed inflorescences (capitula) were harvested three times: 3 June, 18 June
and 7 July 2021 (Figure 1J–L). Each capitulum was collected and processed as a whole,
including both ligulate ray florets and tubular disk florets, which were not separated prior
to analysis. Samples were stored frozen prior to lyophilization, and the lyophilized material
was kept in darkness at room temperature until extraction.

At 138 days after sowing, the following morphological parameters were recorded for
all cultivars and substrates: plant height (cm), stem diameter (mm), shoot fresh weight (g),
total number of inflorescences, average fresh weight of inflorescences (g), and the fresh
weight and number of inflorescences at the third harvest (Figure 1B–E).

2.7. Assessment for Lutein and Zeaxanthin Content of Inflorescences

Lyophilized flower tissues were homogenized using a Retsch MM200 ball mill (Retsch
GmbH, Haan, Germany) for 15 min. Approximately 0.1 g of the powdered material was first
mixed with 0.5 mL of dis-tilled water and sonicated for 15 min (NEY Ultrasonik 3 QT HEAT,
175 W). Subsequently, 7 mL of absolute ethanol was added, followed by an additional
30 min of sonication to ensure complete extraction of carotenoids. The final volume of the
extract was adjusted to 10 mL with ethanol, after which the samples were filtered through
0.45 µm PVDF syringe filters. Extracts were stored at 4 ◦C and analyzed within 24 h.
Quantification of lutein and zeaxanthin was performed on an ECOM s.r.o. ECS05 HPLC
system equipped with an ECP2000 pump, ECB2004B degasser/gradient module, ECO2080
column oven, ECDA2800 PDA detector, and a RIGOL L-3320 autosampler. Separation was
carried out on a Phenomenex C18 column (250 × 4.6 mm, 3 µm) using a 10 µL injection
volume. The mobile phase consisted of 63.0% acetonitrile, 8.6% methanol, 10.4% water, and
18.0% ethyl acetate, delivered at a flow rate of 1.0 mL min−1. Carotenoids were detected at
446 nm, with lutein and zeaxanthin eluting at approximately 7.2 and 7.6 min, respectively.
Chromatographic data were processed using Clarity 8.7 software. The analytical procedure
was based on—but not identical to—the method described by Bhuyian et al. [50].

2.8. Substrate Moisture and Substrate Microbiological Parameters

Substrate moisture content was assessed by oven-drying samples at 105 ◦C for 24 h.
The total number (Colony Forming Unit, CFU) of microbes (106 g soil-1) and microscopic
fungi (103 g soil−1) was determined using bouillon agar and peptone–glucose agar [51].
Respiration (CO2 production) of different substrates was quantified by measuring CO2

evolution during a 10-day incubation at 25 ◦C in darkness. Released CO2 was captured
in NaOH solution, and respiration rates were calculated, expressed as mg CO2 kg−1 dry
substrate per 10 days [52]. Dehydrogenase enzyme activity was measured via the INT
reduction method. Samples were incubated with INT solution at 40 ◦C for 2 h, after
which the produced INTF was extracted using a dimethyl-formamide/ethanol mixture.
Absorbance was subsequently read at 464 nm to quantify enzyme activity [52].

2.9. Pest and Disease Assessments and Pest Management

Pest and pathogen assessments were conducted on all cultivars across all treatments.
Assessments focused on the most frequently reported pest groups associated with Tagetes
spp., based on visual symptoms caused by thrips (Thrips tabaci), spider mites (Tetranychi-
dae), aphids (Aphididae), and root-knot nematodes (Meloidogyne spp.), as well as on the
following diseases: Alternaria leaf spot (Alternaria tagetica, A. alternata), Botrytis flower and
shoot blight (Botrytis cinerea), Fusarium wilt (Fusarium oxysporum), and powdery mildew
(Golovinomyces spp.).
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Pest and disease symptoms were quantified using incidence (%) and severity scores.
Incidence (%) was calculated as the percentage of symptomatic or infested plants within
each cultivar × treatment combination. Severity was rated on a 0–3 ordinal scale, where
0 = no symptoms, 1 = mild (≤5% affected plant area), 2 = moderate (5–20% affected plant
area), and 3 = severe (>20% affected plant area).

Pest and disease assessments were performed at four developmental stages: the three
true-leaf stage (prior to transplanting), early vegetative growth (after transplanting and
before flowering), early flowering (1st and 2nd flowering phases), and late flowering
(termination of the experiment).

Pest and disease control treatments were applied in accordance with IFOAM guide-
lines for organic production at two time points: at the first flowering stage and during late
flowering. Control treatments included an azadirachtin-based formulation (NeemAzal-T/S,
1% azadirachtin) applied at 0.3% (v/v) against thrips, and a rapeseed oil-based product
(Vektafid A; 94% rapeseed oil) applied at 1.5% (v/v) against spider mites.

2.10. Statistical Analysis
2.10.1. Analysis of Variance (ANOVA)

Sixteen response variables (plant height, stem diameter, fresh weight of shoot, total
number and fresh weight of inflorescences, number and fresh weight of inflorescences at the
3rd harvest, lutein content, zeaxanthin content, substrate moisture content, total number
of microbes, number of microscopic fungi, substrate respiration, dehydrogenase enzyme
activity, thrips incidence, and spider mite incidence) were subjected to ANOVA using SAS
Studio 3.8 (SAS Institute Inc., Cary, NC, USA). A two-way ANOVA model was applied
with the cultivar (three levels: ‘Csemő’, ‘Robuszta kénsárga’, and ‘Orion’) and cultivation–
substrate system (five levels: greenhouse–peat-based substrate, greenhouse–deep-water-
culture hydroponics, field–peat-based substrate, and two field–peat-free substrates) as fixed
factors, including their interaction (cultivar × system). For each variable, data are presented
as means ± standard deviation (SD). Prior to ANOVA, model assumptions were checked
by inspection of residuals and by testing normality and homogeneity of variance. When
necessary, proportion-type variables (thrips and spider mite incidence) were analyzed after
appropriate transformation to improve normality and variance homogeneity. Significant
effects were determined at p < 0.05, and significant F-tests were followed by Tukey’s
Honestly Significant Difference (HSD) test for multiple comparisons. Differences among
cultivars within a given cultivation–substrate system and differences among systems within
each cultivar were evaluated based on Tukey’s test results.

2.10.2. Pearson Correlation

Relationships among the measured vegetative, generative, pigment-related and
substrate-based microbiological parameters were analyzed using Pearson’s correlation
(SAS Studio 3.8) at three levels: (i) overall analysis including all cultivars and cultivation–
substrate systems, (ii) cultivar-specific analyses performed separately for cvs ‘Csemő’
(Tp1), ‘Robuszta kénsárga’ (Tp2), and ‘Orion’ (Tp3), and (iii) cultivation–substrate-system-
dependent analyses comparing all treatments. Pearson correlation coefficients (r) were
calculated based on pairwise complete observations, and statistical significance was tested
using two-tailed probability tests. Correlations were considered significant at p < 0.05,
and significant correlations were indicated by an asterisk (*) in the correlation matrix. In
addition, the strength and direction of the relationships were visualized using a color
scale, where shades of blue represent negative correlations and shades of red represent
positive correlations.
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2.10.3. Principal Component Analysis

Principal component analysis (PCA) was performed to explore multivariate rela-
tionships among the measured vegetative, generative, pigment-related and substrate-
based microbiological parameters as variables. All variables were standardized to zero
mean and unit variance prior to analysis. PCA was based on the correlation matrix, and
eigenvalues > 1 were used to assess component relevance. The loading plot illustrates how
the measured variables contribute to the principal components, showing which vegeta-
tive, generative, pigment-related and microbiological traits most strongly influence the
directions of the components. The score plot indicates the position of each plant in the
reduced multivariate space defined by PC1 and PC2, illustrating a visual assessment of
group separation across treatments. The proportion of total variance explained by each
principal component was calculated, and the first two components (PC1 and PC2) were
used for visualization. All PCA calculations and visualizations were performed in SAS
Studio 3.8.

3. Results
3.1. ANOVA

Analysis of variance revealed different levels of significance for plant-related (Table 1)
and substrate microbiological parameters (Table 2).

In case of vegetative parameters, plant height was significantly affected by cultivar,
substrate, and their interaction (p < 0.001; Table 1). In contrast, stem diameter and shoot
fresh weight were significantly influenced only by substrate (p < 0.001), with no significant
effects of cultivar or cultivar × substrate interaction.

In case of reproductive parameters, substrate type had a strong effect on the total
number of inflorescences (p < 0.001), together with a significant cultivar × substrate inter-
action (p < 0.05), while cultivar alone had no significant effect (Table 1). The fresh weight
of inflorescences, as well as the number and weight of inflorescences at the third harvest,
were significantly affected by cultivar, substrate, and their interaction.

In case of pigment-related parameters, lutein content was significantly affected by
cultivar, substrate, and their interaction (p < 0.001; Table 1). In contrast, zeaxanthin content
was significantly affected only by substrate (p < 0.001), with no significant effects of cultivar
or cultivar × substrate interaction.

In case of microbiological parameters, substrate moisture content and all four microbi-
ological variables were significantly affected by cultivar, substrate, and their interaction
(p < 0.001; Table 2)

According to the obtained ANOVA results, the data were presented as the average
of cultivars for stem diameter and fresh weight of shoots; the data were presented as the
average of substrate for zeaxanthin content.

3.2. Vegetative Parameters
3.2.1. Plant Height

Plant height ranged between 26.75 and 64.63 cm across the five treatments and three
cultivars (Table 3). The largest plant height was observed in cv. ‘Robuszta kénsárga’, while
the lowest was recorded for cv. ‘Csemő’. Hydroponic–greenhouse treatments resulted in
the highest plant height for all three cultivars, ranging from 45.38 to 64.63 cm, compared to
all other treatments (Table 3).
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Table 1. Results of ANOVA for vegetative and generative parameters, and for lutein and zeaxanthin contents measured in the inflorescences of Tagetes patula
cultivars grown in different substrates.

Vegetative Parameters Inflorescence Parameters Pigment Parameters of Inflorescences

Variance
Sources df

Plant Height
(cm)

Stem Diameter
(mm)

Fresh Weight
of Shoot

(cm)

Total
Number of

Inflor.

Fresh
Weight of Inflor.

(g)

Fresh Weight
of Inflor.

at 3rd Harvest
(g)

Number
of Inflor.

at 3rd Harvest
df

Lutein
Content

(mg kg−1)

Zeaxanthin
Content

(mg kg−1)

MS p MS p MS p MS p MS p MS p MS p MS p MS p

Cultivar (C) 2 438.3 <0.001 3.7 0.118 479.7 0.755 5.2 0.885 4.63 <0.001 1.98 <0.001 4.63 <0.001 2 2,448,388.4 <0.001 17,522.4 <0.001
Substrate (S) 4 896.1 <0.001 168.3 <0.001 378,299.9 <0.001 377.7 <0.001 0.29 0.004 1.34 <0.001 0.29 0.004 4 10,219.2 <0.001 644.7 0.195

C × S 8 86.5 <0.001 2.4 0.196 2802.9 0.136 122.4 0.011 0.25 0.001 0.41 0.004 0.25 0.001 8 9529.8 <0.001 504.3 0.297
Error 45 9.3 1.6 1693.4 42.5 0.06 0.12 0.06 30 765.1 398.3
Total 60

df: degrees of freedom; MS: mean squares; p: probability values associated with the F-tests; bold values indicate statistically significant effects at p < 0.05.

Table 2. Results of ANOVA for substrate moisture content and microbiological parameters of substrates utilized for growing Tagetes patula cultivars.

Substrate Moisture and Substrate Microbiological Parameters

Variance
Sources df

Moisture
Content

(%)

Total Number of
Microbes

(CFU 106 g soil−1)

Number of
Microscopic

Fungi
(CFU 103 g soil−1)

Substrate
Respiration

(mg CO2 10 g−1

10 day−1)

Dehydrogenase
Enzyme Activity

(µg INTF g−1 2 h−1)

MS p MS p MS p MS p MS p

Cultivar (C) 2 4348.9 <0.001 148.5 <0.001 693.0 <0.001 65.1 <0.001 10,269.8 <0.001
Substrate (S) 3 14,457.3 <0.001 163.3 <0.001 930.6 <0.001 314.6 <0.001 185,863.1 <0.001

C × S 6 2034.9 <0.001 276.2 <0.001 1571.5 <0.001 89.6 <0.001 21,794.5 <0.001
Error 24 40.1 2.4 25.4 0.9 718.6
Total 36

df: degrees of freedom; MS: mean squares; p: probability values associated with the F-tests; bold values indicate statistically significant effects at p < 0.05.
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Table 3. Mean values and Tukey’s Honestly Significant Difference (Tukey HSD) test for plant
height, three inflorescence (inflor.) properties, and lutein content of three Tagetes patula cultivars
(‘Csemő’, ‘Robuszta kénsárga’, and ‘Orion’) grown in five substrate–environment combinations
(‘Peat–greenhouse’, ‘Hydroponic–greenhouse’, ‘Peat–field’, ‘Peat-free 1–field’, and ‘Peat-free 2–field’).
Different italic lowercase letters indicate significant differences among the three cultivars within the
same substrate–environment treatment. Italic numbers shown below each cultivar group represent
Tukey HSD0.05 values for comparisons among cultivars within the same substrate–environment
treatment. Capital non-italic letters indicate significant differences among the five treatments within
the same cultivar. Numbers at the bottom represent Tukey HSD0.05 values for comparisons among
the five treatments within the same cultivar.

Cultivar
Plant

Height
(cm)

Total
Number of

Inflor.

Fresh
Weight of

Inflor.
(g)

Fresh Weight
of Inflor.

at 3rd Harvest
(g)

Number
of Inflor.

at 3rd
Harvest

Lutein Content
of Inflor.

(mg kg−1)

Peat–greenhouse
‘Csemő’ 32.75 a; A 30.25 a; AB 2.80 a; A 1.94 ab; A 14.25 a; AB 820.36 b; A
‘Robuszta kénsárga’ 41.75 b; A 41.75 b; BC 3.05 a; A 1.65 a; A 28.75 b; B 241.95 a; A
‘Orion’ 43.75 b; B 30.00 a; A 4.00 b; B 2.55 b; A 18.75 ab; AB 216.23 a; A

Tukey HSD0.05
for peat–greenhouse 3.85 10.18 0.5 0.69 10.74 62.15

Hydroponic–greenhouse
‘Csemő’ 50.88 a; B 25.00 a; A 3.33 a; A 3.21 b; B 10.50 a; A 1008.91 c; B
‘Robuszta kénsárga’ 64.63 b; B 25.75 a; A 3.31 a; A 2.40 a; BC 14.00 a; A 264.34 b; A
‘Orion’ 45.38 a; B 35.75 a; A 3.41 a; A 2.70 ab; A 24.50 b; B 150.27 a; A

Tukey HSD0.05 for
hydroponic–greenhouse 8.25 11.80 0.39 0.58 9.85 50.64

Peat–field
‘Csemő’ 30.0 a; A 44.50 a; B 3.31 a; A 2.55 a; AB 25.25 a; B 977.19 c; B
‘Robuszta kénsárga’ 35.0 b; A 48.00 a; C 3.41 a; A 2.01 a; AB 28.50 a; B 368.63 b; B
‘Orion’ 33.5 ab; A 38.75 a; A 4.18 b; B 2.73 a; A 22.25 a; A 207.14 a; A

Tukey HSD0.05
for peat–field 4.79 18.07 0.77 0.73 15.18 76.33

Peat-free 1–field
‘Csemő’ 26.75 a; A 38.25 a; AB 2.93 a; A 2.10 a; A 16.75 a; AB 941.63 c; AB
‘Robuszta kénsárga’ 38.88 b; A 33.25 a; ABC 3.32 b; A 2.44 ab; BC 18.25 a; AB 350.39 b; B
‘Orion’ 36.75 b; A 39.75 a; A 4.10 c; B 2.92 b; AB 25.50 a; B 184.32 a; A

Tukey HSD0.05
for peat-free 1–field 6.20 13.13 0.37 0.58 11.45 57.58

Peat-free 2–field
‘Csemő’ 29.75 a; A 35.25 a; AB 3.01 a; A 2.55 a; AB 15.50 a; AB 948.31 c; AB
‘Robuszta kénsárga’ 36.63 b; A 29.25 a; AB 3.52 b; A 2.76 ab; C 13.75 a; A 365.52 b; B
‘Orion’ 36.25 b; A 33.00 a; A 4.35 c; B 3.41 b; B 16.75 a; A 147.69 a; A

Tukey HSD0.05
for peat-free 2–field 6.06 9.29 0.37 0.83 7.16 91.87

Tukey HSD0.05 for cultivar comparison
‘Csemő’ 6.20 14.93 0.62 0.93 14.13 84.04
‘Robuszta kénsárga’ 7.93 16.35 0.55 0.67 14.05 56.37
‘Orion’ 5.60 10.85 0.50 0.68 7.86 77.38

When cultivars were evaluated within each of the five treatments (significance indi-
cated with italic lowercase letters), plant height was highest for cv. ‘Robuszta kénsárga’
in all five substrate–environment combinations with exception of cv. ‘Orion’ in the peat–
greenhouse treatments. The values for cv. ‘Robuszta kénsárga’ were significantly higher
than those of cv. ‘Csemő’ in all treatments (Table 3), while the plant height of cv. ‘Orion’
was significantly lower only in the hydroponic–greenhouse treatment compared to cv.
‘Robuszta kénsárga’.
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When treatments were evaluated for each cultivar (significance indicated with capital
non-italic letters), plant height values of cvs. ‘Csemő’ and ‘Robuszta kénsárga’ were
significantly higher only in the hydroponic–greenhouse treatment compared to all other
treatments. In the case of cv. ‘Orion’, plant height was significantly higher in the greenhouse
treatments compared to the outdoor treatments (Table 3).

3.2.2. Stem Diameter and Fresh Weight of Shoot

Stem diameter and shoot fresh weight were affected only by substrate; therefore, data
are presented as cultivar-averaged values for both parameters (Figure 2A,B). The smallest
stem diameter was observed in the greenhouse–peat treatment (8.5 ± 0.69 mm), whereas
the greenhouse–hydroponic treatment produced the thickest stems (18.0 ± 2.02 mm), which
was significantly higher than in all other treatments, including all field-grown treatments
(Figure 2A).

Figure 2. Stem diameter, shoot fresh weight, and zeaxanthin content of Tagetes patula cultivars (Tp1:
‘Csemő’, Tp2: ‘Robuszta kénsárga’, Tp3: ‘Orion’) grown under five treatments (‘Peat–greenhouse’,
‘Hydroponic–greenhouse’, ‘Peat–field’, ‘Peat-free 1–field’, and ‘Peat-free 2–field’). (A) Stem diameter
(mean ± SD) and (B) shoot fresh weight (mean ± SD) under greenhouse (GH) and field (F) conditions.
(C) Zeaxanthin content of inflorescences (mean ± SD) across the three cultivars. Greenhouse (GH),
and field (F). Different lowercase letters indicate statistically significant differences among treatments
(p < 0.05).

Shoot fresh weight was also highest in the greenhouse–hydroponic treatment
(602.4 ± 80.1 g) and was significantly greater than in all other greenhouse and field treat-
ments (Figure 2B). In contrast, the greenhouse–peat treatment resulted in only about
one-quarter of the shoot biomass (154.8 ± 25.2 g), which was significantly lower than that
observed in the outdoor substrates, where shoot fresh weight varied only slightly, ranging
from 224.8 ± 29.2 g to 240.9 ± 16.2 g across the peat-based and peat-free treatments.

3.3. Generative Parameters
3.3.1. Total Number of Inflorescences

The total number of inflorescences ranged from 25.00 to 48.00 across the five treatments
and three cultivars (Table 3). Cultivar ‘Robuszta kénsárga’ produced the highest number
of inflorescences (48.00) in the peat–field treatment, whereas the lowest value (25.00)
was recorded for cv. ‘Csemő’ in the hydroponic–greenhouse treatment. Peat-based field
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treatments generally resulted in the highest total number of inflorescences, ranging from
38.75 to 48.00, compared to all other treatments (Table 3).

When cultivars were evaluated within each of the five treatments (significance indi-
cated with italic lowercase letters), the total number of inflorescences was highest for cv.
‘Robuszta kénsárga’ in the peat–greenhouse treatment and was significantly different from
the other two cultivars in this treatment. In the remaining four treatments, no significant
differences were observed among cultivars.

When treatments were evaluated for each cultivar (significance indicated with capital
non-italic letters), the total number of inflorescences of cv. ‘Orion’ did not differ significantly
among the five treatments. In contrast, cv. ‘Robuszta kénsárga’ produced a significantly
higher number of inflorescences in the peat–greenhouse and peat–field treatments com-
pared to the hydroponic–greenhouse treatment (Table 3).

3.3.2. Fresh Weight of Inflorescences

Fresh weight of inflorescences ranged from 2.80 to 4.35 across the five treatments
and three cultivars (Table 3). Cultivar ‘Orion’ produced the highest fresh weight of in-
florescences (4.35) in the peat-free 2–field treatment, whereas the lowest value (2.80) was
recorded for cv. ‘Csemő’ in the peat–greenhouse treatment (Table 3).

When cultivars were evaluated within each of the five treatments (significance in-
dicated with italic lowercase letters), the fresh weight of inflorescences was higher for
cv. ‘Orion’ in all treatments compared to the other cultivars, with the exception of the
peat–field treatment, where no significant differences were observed among cultivars. In
the peat-free 1 and peat-free 2 treatments, the fresh weight of inflorescences of cv. ‘Robuszta
kénsárga’ was significantly higher than that of cv. ‘Csemő’ but significantly lower than that
of cv. ‘Orion’.

When treatments were evaluated for each cultivar (significance indicated with capital
non-italic letters), the fresh weight of inflorescences of cvs. ‘Csemő’ and ‘Robuszta kénsárga’
did not differ significantly among the five treatments. In contrast, cv. ‘Orion’ produced a
significantly lower fresh weight of inflorescences in the hydroponic–greenhouse treatment
compared to the other four treatments (Table 3).

3.3.3. Fresh Weight of Inflorescences at Third Harvest

Fresh weight of inflorescences at the third harvest ranged from 1.65 to 3.41 across
the five treatments and three cultivars (Table 3). Cultivar ‘Orion’ produced the highest
fresh weight of inflorescences at the third harvest (3.41) in the peat–greenhouse treatment,
whereas the lowest value (1.65) was recorded for cv. ‘Robuszta kénsárga’ in the same
treatment (Table 3).

When cultivars were evaluated within each of the five treatments (significance indi-
cated with italic lowercase letters), the fresh weight of inflorescences at the third harvest
was highest for cv. ‘Orion’ in all treatments except the hydroponic–greenhouse treatment.
However, these higher values for cv. ‘Orion’ were significantly different from those of
the other two cultivars only in the peat-free 1–field and peat-free 2–field treatments. In
the peat–greenhouse treatment, the fresh weight of inflorescences at the third harvest of
cv. ‘Orion’ was significantly higher than that of cv. ‘Robuszta kénsárga’, while in the
hydroponic–greenhouse treatment, cv. ‘Csemő’ showed significantly higher values than cv.
‘Robuszta kénsárga’ (Table 3).

When treatments were evaluated for each cultivar (significance indicated with capital
non-italic letters), the fresh weight of inflorescences at the third harvest of cv. ‘Csemő’
was significantly higher in the hydroponic–greenhouse treatment compared to the peat–
greenhouse and peat-free 1–field treatments. Cultivar ‘Robuszta kénsárga’ produced
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a significantly higher fresh weight of inflorescences at the third harvest in the peat-free
2–field treatment compared to the peat–greenhouse and peat–field treatments. Cultivar
‘Orion’ showed a significantly higher fresh weight of inflorescences at the third harvest in
the peat-free 2–field treatment compared to both greenhouse treatments and the peat–field
treatment (Table 3).

3.3.4. Number of Inflorescences at Third Harvest

The number of inflorescences at the third harvest ranged from 10.05 to 25.50 across the
five treatments and three cultivars (Table 3). Cultivar ‘Orion’ produced the highest number
of inflorescences at the third harvest (25.50) in the peat-free 1–field treatment, whereas the
lowest value (10.05) was recorded for cv. ‘Csemő’ in the hydroponic–greenhouse treatment
(Table 3).

When cultivars were evaluated within each of the five treatments (significance indi-
cated with italic lowercase letters), the peat–greenhouse treatment showed a significantly
higher number of inflorescences at the third harvest for cv. ‘Robuszta kénsárga’ compared
to cv. ‘Csemő’. In the hydroponic–greenhouse treatment, cv. ‘Robuszta kénsárga’ had
significantly lower values than cv. ‘Orion’. In the field treatments, no significant differences
were observed among cultivars (Table 3).

When treatments were evaluated for each cultivar (significance indicated with capital
non-italic letters), the number of inflorescences at the third harvest of cv. ‘Csemő’ was
significantly higher in the peat–field treatment compared to the hydroponic–greenhouse
treatment. Cultivar ‘Robuszta kénsárga’ produced a significantly higher number of inflo-
rescences at the third harvest in the peat–greenhouse and peat–field treatments compared
to the hydroponic–greenhouse and peat-free 2–field treatments. Cultivar ‘Orion’ showed
significantly higher values in the hydroponic–greenhouse and peat-free 1–field treatments
compared to the peat–field and peat-free 2–field treatments (Table 3).

3.4. Pigment-Related Parameters of Inflorescences
3.4.1. Lutein Content

Lutein content ranged from 147.69 to 1008.91 mg kg−1 across the five treatments
and three cultivars (Table 3). Cultivar ‘Csemő’ produced the highest lutein content
(1008.91 mg kg−1) in the hydroponic–greenhouse treatment, whereas the lowest value
(147.69 mg kg−1) was recorded for cv. ‘Orion’ in the peat-free 2–field treatment (Table 3).

When cultivars were evaluated within each of the five treatments (significance indi-
cated with italic lowercase letters), lutein content increased significantly in the order cv.
‘Orion’ < cv. ‘Robuszta kénsárga’ < cv. ‘Csemő’, with the exception of the peat–greenhouse
treatment, where cv. ‘Robuszta kénsárga’ did not differ significantly from cv. ‘Orion’.
Notably, cv. ‘Csemő’ produced three- to five-fold higher lutein content than the other
two cultivars across all treatments (Table 3).

When treatments were evaluated for each cultivar (significance indicated with capital
non-italic letters), lutein content of cv. ‘Orion’ did not differ significantly among the
five treatments. Lutein content of cv. ‘Robuszta kénsárga’ was significantly higher in the
field experiments compared to the greenhouse treatments. Cultivar ‘Csemő’ produced
significantly higher lutein content in the hydroponic–greenhouse and peat–field treatments
compared to the peat–greenhouse treatment (Table 3).

3.4.2. Zeaxanthin Content

Zeaxanthin content was affected only by cultivar; therefore, the data are presented as
substrate-averaged values. The highest zeaxanthin concentration (123.6 ± 22.2 mg·kg−1)
was observed in cv. ‘Csemő’, which was significantly higher than that measured in
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cv. ‘Robuszta kénsárga’ (66.9 ± 23.4 mg·kg−1) and cv. ‘Orion’ (62.2 ± 16.9 mg·kg−1)
(Figure 2C).

3.5. Moisture Content and Microbiological Parameters of Substrates

As indicated by the two-way ANOVA (Table 2), all substrate-related parameters
were significantly affected by both cultivar and substrate; therefore, results are presented
separately for each cultivar and treatment (Table 4).

Table 4. Mean values and Tukey’s Honestly Significant Difference (Tukey HSD) test for moisture
content, total microbial count, microscopic fungi, substrate respiration, and dehydrogenase activity
of three Tagetes patula cultivars (‘Csemő’, ‘Robuszta kénsárga’, and ‘Orion’) grown in five substrate–
environment combinations (‘Peat–greenhouse’, ‘Hydroponic–greenhouse’, ‘Peat–field’, ‘Peat-free
1–field’, and ‘Peat-free 2–field’). Different italic lowercase letters indicate significant differences
among the three cultivars within the same substrate–environment treatment. Italic numbers shown
below each cultivar group represent Tukey HSD0.05 values for comparisons among cultivars within
the same substrate–environment treatment. Capital non-italic letters indicate significant differences
among the five treatments within the same cultivar. Numbers at the bottom represent Tukey HSD0.05

values for comparisons among the five treatments within the same cultivar. Data for treatment of
‘hydroponic–greenhouse’ were not presented as this treatment was prepared without a substrate.

Cultivar
Moisture

Content of
Substrate (%)

Total Number of
Microbes

(CFU 106 g soil−1)

Number of
Microscopic

Fungi
(CFU 103 g soil−1)

Substrate
Respiration

(mg CO2 10 g−1

10 day−1)

Dehydrogenase
Enzyme Activity

(µg INTF g−1 2 h−1)

Peat–greenhouse
‘Csemő’ 230.21 b; B 26.69 b; B 43.48 a; A 63.28 a; C 969.95 a; A
‘Robuszta kénsárga’ 198.22 a; B 26.65 b; A 35.47 a; AB 62.38 a; B 952.33 a; A
‘Orion’ 259.33 c; B 21.94 a; A 42.18 a; BC 62.66 a; B 1095.50 b; A

Tukey HSD0.05
for peat–greenhouse 17.83 3.94 9.40 1.88 57.12

Peat–field
‘Csemő’ 264.15 b; C 51.52 b; D 39.37 a; A 74.76 b; D 1098.59 b; C
‘Robuszta kénsárga’ 187.05 a; AB 28.58 a; A 43.47 a; B 57.12 a; A 942.06 a; A
‘Orion’ 279.31 c; C 25.27 a; B 47.42 a; C 74.42 b; C 1129.33 c; A

Tukey HSD0.05
for peat–field 11.26 3.99 10.84 1.99 23.04

Peat-free 1–field
‘Csemő’ 158.18 a; A 21.79 a; A 40.52 a; A 52.73 a; A 1038.07 a; B
‘Robuszta kénsárga’ 169.41 a; A 35.64 b; B 28.21 a; A 57.54 b; A 1143.63 b; B
‘Orion’ 171.58 a; A 37.45 b; C 38.93 a; B 58.38 b; A 1074.75 ab; A

Tukey HSD0.05
for peat-free 1–field 16.00 4.37 14.85 3.56 72.30

Peat-free 2–field
‘Csemő’ 161.05 a; A 39.13 c; C 42.22 a; A 56.52 a; B 1266.20 a; D
‘Robuszta kénsárga’ 174.81 a; A 31.83 b; AB 106.59 b; C 57.00 a; A 1417.12 b; C
‘Orion’ 171.28 a; A 26.47 a; B 28.99 a; A 56.55 a; A 1304.11 a; B

Tukey HSD0.05
for peat-free 2–field 17.52 3.29 14.49 1.72 94.97

Tukey HSD0.05 for cultivar comparison
‘Csemő’ 10.26 3.74 15.01 1.99 18.43
‘Robuszta kénsárga’ 20.60 5.20 15.07 1.62 91.26
‘Orion’ 17.15 3.02 8.20 3.50 77.45

3.5.1. Moisture Content of Substrate

Moisture content of substrate ranged from 158.18 to 279.31% across the four treatments
and three cultivars (Table 4). Cultivar ‘Orion’ exhibited the highest substrate moisture
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content (279.31%) in the peat–field treatment, whereas the lowest value (158.18%) was
recorded for cv. ‘Csemő’ in the peat-free 1–field treatment (Table 4).

When cultivars were evaluated within each of the four treatments (significance indi-
cated with italic lowercase letters), substrate moisture content did not differ significantly
among cultivars in the peat-free 1–field and peat-free 2–field treatments. In contrast,
in the peat–greenhouse and peat–field treatments, substrate moisture content increased
significantly in the order cv. ‘Robuszta kénsárga’ < cv. ‘Csemő’ < cv. ‘Orion’ (Table 4).

When treatments were evaluated for each cultivar (significance indicated with capital
non-italic letters), substrate moisture content of cvs. ‘Csemő’ and ‘Orion’ was significantly
higher in the peat–greenhouse and peat–field treatments compared to the peat-free treat-
ments (Table 4). For cv. ‘Robuszta kénsárga’, substrate moisture content was significantly
higher in the peat–greenhouse treatment than in the peat-free treatments (Table 4).

3.5.2. Total Number of Microbes in the Substrate

The total number of microbes in the substrate ranged from 21.79 to 51.52 CFU 106 g soil−1

across the four treatments and three cultivars (Table 3). Cultivar ‘Csemő’ produced the
highest number of substrate microbes (51.52 CFU 106 g soil−1) in the peat–field treatment,
whereas the lowest value (21.79 CFU 106 g soil−1) was recorded for cv. ‘Csemő’ in the
peat-free 1–field treatment (Table 4).

When cultivars were evaluated within each of the four treatments (significance indi-
cated with italic lowercase letters), the total number of substrate microbes was significantly
higher for cvs. ‘Csemő’ and ‘Robuszta kénsárga’ compared to cv. ‘Orion’ in the peat–
greenhouse treatment. In contrast, the total number of substrate microbes was significantly
higher for cv. ‘Csemő’ compared to cvs. ‘Orion’ and ‘Robuszta kénsárga’ in the peat–field
and peat-free 1–field treatments. In the peat-free 2–field treatment, the total number of
substrate microbes increased significantly in the order cvs. ‘Orion’, ‘Robuszta kénsárga’,
and ‘Csemő’.

When treatments were evaluated for each cultivar (significance indicated with capital
non-italic letters), the total number of substrate microbes of cv. ‘Csemő’ increased signifi-
cantly in the order of peat-free 1–field, peat–greenhouse, peat-free 2–field, and peat–field
treatments. Cultivar ‘Robuszta kénsárga’ produced a significantly higher number of sub-
strate microbes in the peat-free 1–field treatment compared to the peat–greenhouse and
peat–field treatments. Cultivar ‘Orion’ showed a significantly higher number of substrate
microbes in the peat treatments compared to the greenhouse treatment (Table 4).

3.5.3. Number of Microscopic Fungi in the Substrate

The number of microscopic fungi in the substrate ranged from 28.21 to 106.59 CFU ×
103 g soil−1 across the four treatments and three cultivars (Table 4). Cultivar ‘Robuszta
kénsárga’ produced the highest number of microscopic fungi (106.59 CFU × 103 g soil−1)
in the peat-free 2–field treatment, whereas the lowest value (28.21 CFU × 103 g soil−1) was
recorded for cv. ‘Robuszta kénsárga’ in the peat-free 1–field treatment (Table 4).

When cultivars were evaluated within each of the four treatments (significance indi-
cated with italic lowercase letters), the number of microscopic fungi in the substrate was
significantly higher for cv. ‘Robuszta kénsárga’ in the peat-free 2–field treatment compared
to the other two cultivars in this treatment. In the remaining treatments, no significant
differences were observed among cultivars (Table 4).

When treatments were evaluated for each cultivar (significance indicated with capital
non-italic letters), the number of microscopic fungi in the substrate did not differ signif-
icantly among treatments for cv. ‘Csemő’. In contrast, the number of microscopic fungi
in the substrate of cv. ‘Robuszta kénsárga’ increased significantly in the order peat-free
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1–field, peat–field, and peat-free2–field treatments. In the case of cv. ‘Orion’, the number
of microscopic fungi in the substrate increased significantly in the order peat-free1–field,
peat-free2–field, and peat–field treatments (Table 4).

3.5.4. Substrate Respiration

The substrate respiration ranged from 52.73 to 74.76 mg CO2 10 g−1 10 day−1 across
the five treatments and three cultivars (Table 4). Cultivar ‘Csemő’ exhibited the highest
substrate respiration (74.76 mg CO2 10 g−1 10 day−1) in the peat–field treatment, whereas
the lowest value (52.73 mg CO2 10 g−1 10 day−1) was recorded for cv. ‘Csemő’ in the
peat-free 1–field treatment (Table 4).

When cultivars were evaluated within each of the four treatments (significance in-
dicated with italic lowercase letters), substrate respiration was significantly lower for
cv. ‘Robuszta kénsárga’ in the peat–field treatment compared to the other two culti-
vars, whereas substrate respiration was significantly lower for cv. ‘Csemő’ in the peat-
free 1–field treatment compared to the other two cultivars. In the remaining two treat-
ments (peat–greenhouse and peat-free 2–field), no significant differences were observed
among cultivars.

When treatments were evaluated for each cultivar (significance indicated with capital
non-italic letters), substrate respiration of cv. ‘Csemő’ increased significantly in the order
peat-free1–field, peat-free 2–field, peat–greenhouse, and peat–field treatments. In contrast,
cv. ‘Robuszta kénsárga’ exhibited significantly higher substrate respiration in the peat–
greenhouse treatment compared to the three field treatments. In the case of cv. ‘Orion’,
substrate respiration increased significantly in the order peat-free 1–field, peat–greenhouse,
and peat–field treatments (Table 4).

3.5.5. Dehydrogenase Enzyme Activity

The dehydrogenase enzyme activity ranged from 942.06 to 1417.12 µg INTF g−1 2 h−1

across the five treatments and three cultivars (Table 4). Cultivar ‘Robuszta kénsárga’
exhibited the highest dehydrogenase activity (1417.12 µg INTF g−1 2 h−1) in the peat–free
2–field treatment, whereas the lowest value (942.06 µg INTF g−1 2 h−1) was recorded for
the same cultivar in the peat–field treatment.

When cultivars were evaluated within each of the four treatments (significance in-
dicated with italic lowercase letters), dehydrogenase activity was significantly higher
for cv. ‘Orion’ in the peat–greenhouse treatment compared to the other two cultivars.
In the peat–field treatment, activity increased significantly in the order cvs. ‘Robuszta
kénsárga’ < ‘Csemő’ < ‘Orion’. In the peat–free 1–field treatment, dehydrogenase activity
was significantly higher for cv. ‘Robuszta kénsárga’ than for cv. ‘Csemő’. In the peat–free
2–field treatment, activity was significantly higher for cv. ‘Robuszta kénsárga’ compared to
the other two cultivars (Table 4).

When treatments were evaluated for each cultivar (significance indicated with capital
non-italic letters), dehydrogenase activity of the substrate for cv. ‘Csemő’ increased signif-
icantly in the order peat–greenhouse < peat–free 1–field < peat–field < peat–free 2–field
(Table 4). For cv. ‘Robuszta kénsárga’, activity increased significantly in the order peat–field
< peat–free 1–field < peat–free 2–field treatments. In cv. ‘Orion’, dehydrogenase activity
was significantly higher in the peat–free 2–field treatment compared to the other three
treatments (Table 4).

3.6. Pest Damage Occurrence and Disease Symptom Status

Across all cultivation systems, no fungus-related damage symptoms were detected.
Among the surveyed pests, damage caused by thrips and spider mites was observed only in
the greenhouse treatments after transplanting but before flowering (Table 5). Consequently,
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the effects of the two greenhouse treatments and the three cultivars on thrips and spider
mite infestation were analyzed by ANOVA.

Table 5. Mean values and Tukey’s Honestly Significant Difference (Tukey HSD) test for thrips and
spider mite damage (incidence % and severity) assessed after transplanting but before flowering in
three Tagetes patula cultivars (‘Csemő’, ‘Robuszta kénsárga’, and ‘Orion’) grown under two substrate–
environment combinations (‘Hydroponic–greenhouse’ and ‘Peat–greenhouse’). Data for the ‘Peat–
field’, ‘Peat-free 1–field’, and ‘Peat-free 2–field’ treatments are not presented because all values
were zero. Different letters indicate significant differences (p < 0.05) among cultivars within the
same substrate–environment combination. Severity scores were defined as follows: 0 = no damage
(healthy plant); 1 = mild (<5% leaf area affected); 2 = moderate (5–20% tissue affected); and 3 = severe
(>20% affected area, flower damage, or plot-level symptoms). ns = not significant.

Thrips Damage Spider Mites Damage

Cultivar Incidence Severity Incidence Severity

Hydroponic–greenhouse

‘Csemő’ 80 b 2 0 a 0 a
‘Robuszta kénsárga’ 60 a 2 0 a 0 a
‘Orion’ 60 a 1 100 b 2 b

Tukey HSD0.05 16 ns 20 1

Peat–greenhouse

‘Csemő’ 60 b 2 a 0 0
‘Robuszta kénsárga’ 40 a 2 a 0 0
‘Orion’ 40 a 1 0 0

Tukey HSD0.05 14 ns ns ns

Analysis of variance for thrips damage incidence revealed a significant effect of cul-
tivar but no significant effect of greenhouse treatment at the p < 0.05 level. In both the
peat–greenhouse and hydroponic–greenhouse treatments, thrips damage incidence was
significantly higher in cv. ‘Csemő’ compared to the other two cultivars (Table 5). Thrips
damage severity ranged from mild to moderate, corresponding to <20% of the leaf area
affected; however, damage severity did not differ significantly among the three cultivars or
between the two greenhouse treatments.

In contrast, analysis of variance for spider mite incidence and severity showed a
significant effect of cultivar but no significant effect of greenhouse treatment at the p < 0.05
level. Spider mite damage incidence and severity were detected only in cv. ‘Orion’ and
exclusively in the hydroponic–greenhouse treatment. The other two cultivars showed no
spider mite damage symptoms in either greenhouse treatment (Table 5).

3.7. Correlation Analysis
3.7.1. Overall Pearson Correlation Analysis

When all data for substrate–environment treatments and cultivars were analyzed
together, 91 variable pairs were evaluated, of which 15 showed significant correlations at
the p = 0.05 probability level (Table 6). Among these 15 variable pairs, 11 were positively
correlated (plant height [PH] vs. stem diameter [StD], PH vs. shoot fresh weight [ShFW],
StD vs. ShFW, StD vs. substrate microbial count [SbMi], ShFW vs. dehydrogenase activity
[SbDeh], total number of inflorescences [NI] vs. number of inflorescences at the third
harvest [NI3], fresh weight of inflorescences [FWI] vs. fresh weight of inflorescences at
the third harvest [FWI3], FWI3 vs. SbDeh, lutein [Lut] vs. zeaxanthin [Zeax], substrate
moisture [SbMo] vs. substrate respiration [SbRes], and substrate fungal count [SbFu] vs.
SbDeh), while four correlations were negative (PH vs. NI, NI vs. SbDeh, FWI vs. Lut, and
NI3 vs. SbDeh).
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Table 6. Pearson correlation coefficient (r) of fourteen measured parameters for three Tagetes patula
cultivars (‘Csemő’, ‘Robuszta kénsárga’, and ‘Orion’) grown under five substrate–environment
combinations (‘Peat–greenhouse’, ‘Hydroponic–greenhouse’, ‘Peat–field’, ‘Peat-free 1–field’, and
‘Peat-free 2–field’). Data were pooled across the three cultivars and the five treatments. Red and
blue colors indicate positive and negative correlations, respectively, and bold values marked with
asterisks (*) denote significant correlations (p < 0.05). PH: plant height; StD: stem diameter; ShFW:
shoot fresh weight; NI: total number of inflorescences; FWI: fresh weight of inflorescences; FWI3:
fresh weight of inflorescences at the third harvest; NI3: number of inflorescences at the third harvest;
Lut: lutein content of inflorescences; Zeax: zeaxanthin content of inflorescences; SbMo: substrate
moisture; SbMi: total microbial count of the substrate; SbFu: total microscopic fungal count of the
substrate; SbRes: substrate respiration; SbDeh: dehydrogenase enzyme activity.

StD ShFW NI FWI FWI3 NI3 Lut Zeax SbMo SbMi SbFu SbRes SbDeh
PH 0.67 * 0.71 * −0.41 * 0.05 0.13 −0.16 −0.36 −0.36 0.14 −0.30 −0.02 0.01 −0.09
StD 0.90 * −0.26 −0.19 0.17 −0.16 0.02 −0.05 −0.38 0.53 * −0.04 −0.19 0.15

ShFW −0.35 −0.03 0.35 −0.23 0.01 −0.10 −0.12 0.29 0.21 −0.04 0.45 *
NI −0.09 −0.31 0.90 * −0.10 −0.06 0.06 0.13 −0.23 0.14 −0.41 *

FWI 0.60 * 0.03 −0.54 * −0.36 0.27 −0.07 −0.02 0.28 0.29
FWI3 −0.33 −0.05 0.03 −0.02 0.21 0.14 0.05 0.57 *
NI3 −0.33 −0.25 0.16 0.09 −0.26 0.21 −0.45 *
Lut 0.81 * −0.03 0.39 −0.03 0.03 −0.09

Zeax −0.21 0.34 −0.17 −0.13 −0.04
SbMo 0.03 −0.04 0.89 * −0.24
SbMi 0.00 0.31 0.20
SbFu −0.07 0.53 *
SbRes −0.18

When all data for substrate–environment treatments and cultivars were combined, the
strongest correlations (r > 0.85) were observed between StD and ShFW, NI and NI3, and
SbMo and SbRes (Table 6).

3.7.2. Genotype-Specific Pearson Correlation Analysis

When the dataset comprising 3 × 91 parameter pairs was analyzed separately for each
cultivar, 35, 49, and 35 variable pairs showed statistically significant correlations at the
p = 0.05 level for cvs. ‘Csemő’, ‘Robuszta kénsárga’, and ‘Orion’, respectively (Table 7).

For cv. ‘Csemő’, 29 of the 35 significant correlations were positive (PH vs. StD, PH vs.
ShFW, PH vs. FWI3, PH vs. SbMo, StD vs. ShFW, StD vs. FWI3, StD vs. Lut, StD vs. SbMi,
StD vs. SbDeh, ShFW vs. FWI, ShFW vs. FWI3, ShFW vs. Lut, ShFW vs. SbMi, ShFW vs.
SbDeh, NI vs. NI3, FWI vs. FWI3, FWI vs. SbMi, FWI vs. SbRes, FWI3 vs. Lut, FWI3 vs.
SbMi, FWI3 vs. SbDeh, NI3 vs. SbRes, Lut vs. SbMi, Lut vs. SbDeh, Zeax vs. SbDeh, SbMo
vs. SbMi, SbMo vs. SbRes, SbMi vs. SbRes, and SbMi vs. SbDeh), whereas 6 correlations
were negative (PH vs. NI, PH vs. NI3, StD vs. NI, ShFW vs. NI, NI vs. SbFu, and NI3 vs.
SbFu) (Table 7).

For cv. ‘Robuszta kénsárga’, 22 of the 49 significant correlations were positive (PH vs.
StD, PH vs. ShFW, PH vs. SbRes, StD vs. ShFW, StD vs. SbMi, ShFW vs. SbMi, ShFW vs.
SbDeh, NI vs. NI3, NI vs. SbMo, FWI vs. FWI3, FWI vs. Lut, FWI vs. SbDeh, FWI3 vs. Lut,
FWI3 vs. SbMi, FWI3 vs. SbFu, FWI3 vs. SbDeh, NI3 vs. SbMo, NI3 vs. SbDeh, Lut vs.
SbMi, Lut vs. SbDeh, SbMo vs. SbRes, and SbFu vs. SbDeh), while 27 correlations were
negative (PH vs. NI, PH vs. Lut, StD vs. NI, StD vs. SbMo, StD vs. SbRes, ShFW vs. NI,
ShFW vs. NI3, ShFW vs. SbMo, ShFW vs. SbRes, NI vs. FWI3, NI vs. SbMi, NI vs. SbDeh,
FWI vs. SbRes, FWI3 vs. NI3, FWI3 vs. SbMo, FWI3 vs. SbRes, NI3 vs. SbMi, NI3 vs. SbFu,
NI3 vs. SbDeh, Lut vs. SbMo, Lut vs. SbRes, Zeax vs. SbMo, Zeax vs. SbRes, SbMo vs.
SbMi, SbMo vs. SbDeh, SbMi vs. SbRes, and SbRes vs. SbDeh) (Table 7).
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Table 7. Cultivar-specific Pearson correlation coefficient (r) matrices for fourteen measured parameters
of three Tagetes patula cultivars (‘Csemő’, ‘Robuszta kénsárga’—Robké, and ‘Orion’) grown under
five substrate–environment combinations (‘Peat–greenhouse’, ‘Hydroponic–greenhouse’, ‘Peat–field’,
‘Peat-free 1–field’, and ‘Peat-free 2–field’). Data were pooled across the five treatments for each
cultivar. Red and blue colors indicate positive and negative correlations, respectively, and bold
values marked with asterisks (*) denote statistically significant correlations (p < 0.05). Abbreviations:
cvs, cultivars; PH, plant height; StD, stem diameter; ShFW, shoot fresh weight; NI, total number of
inflorescences; FWI, fresh weight of inflorescences; FWI3, fresh weight of inflorescences at the third
harvest; NI3, number of inflorescences at the third harvest; Lut, lutein content of inflorescences; Zeax,
zeaxanthin content of inflorescences; SbMo, substrate moisture; SbMi, total microbial count of the
substrate; SbFu, total microscopic fungal count of the substrate; SbRes, substrate respiration; SbDeh,
dehydrogenase enzyme activity.

cvs StD ShFW NI FWI FWI3 NI3 Lut Zeax SbMo SbMi SbFu SbRes SbDeh

PH
Csemő 0.76 * 0.87 * −0.55 * 0.32 0.64 * −0.41 * 0.29 0.06 0.47 * 0.09 0.16 0.38 −0.29
Robké 0.89 * 0.83 * −0.47 * −0.10 0.04 −0.33 −0.58 * −0.22 0.11 −0.25 −0.34 0.46 * −0.30
Orion 0.56 * 0.48 * −0.13 −0.60 * −0.32 0.19 −0.12 −0.23 0.25 −0.39 0.12 −0.19 −0.27

StD
Csemő 0.91 * −0.41 * 0.37 0.59 * −0.29 0.62 * 0.06 −0.35 0.43 * −0.02 −0.15 0.83 *
Robké 0.94 * −0.45 * 0.05 0.29 −0.39 −0.24 −0.05 −0.43 * 0.57 * −0.13 −0.71 * 0.12
Orion 0.90 * 0.18 −0.72 * −0.15 0.40 −0.48 * −0.32 −0.41 * 0.65 * −0.14 0.02 −0.16

ShFW
Csemő −0.47 * 0.44 * 0.71 * −0.35 0.59 * 0.07 −0.06 0.59 * −0.32 0.20 0.62 *
Robké −0.47 * 0.14 0.35 −0.45 * −0.20 −0.21 −0.51 * 0.59 * 0.30 −0.87 * 0.42 *
Orion 0.12 −0.74 * −0.08 0.36 −0.44 * −0.46 * −0.16 0.33 −0.01 0.17 0.22

NI
Csemő −0.29 −0.38 0.92 * 0.08 −0.08 0.23 0.30 −0.70 * 0.29 0.07
Robké −0.17 −0.46 * 0.95 * 0.09 0.22 0.59 * −0.44 * −0.40 0.31 −0.70 *
Orion −0.06 −0.09 0.84 * −0.07 −0.04 −0.06 0.49 * 0.24 0.22 −0.04

FWI
Csemő 0.67 * −0.24 0.40 −0.02 0.36 0.60 * 0.02 0.55 * 0.18
Robké 0.46 * −0.25 0.45 * 0.24 −0.40 0.26 0.39 −0.57 * 0.41 *
Orion 0.47 * −0.39 0.09 0.42 * −0.07 0.02 −0.16 0.28 0.35

FWI3
Csemő −0.39 0.52 * 0.29 0.03 0.50 * 0.18 0.23 0.42 *
Robké −0.61 * 0.50 * −0.21 −0.53 0.64 * 0.54 * −0.55 * 0.74 *
Orion −0.27 −0.58 * 0.58 * −0.60 * 0.29 −0.59 * −0.39 0.51 *

NI3
Csemő 0.13 −0.07 0.38 0.40 −0.78 * 0.43 * 0.04
Robké −0.14 0.17 0.73 * −0.56 −0.48 * 0.52 * −0.78 *
Orion −0.05 −0.10 0.02 0.58 * 0.48 * 0.14 −0.48 *

Lut
Csemő 0.14 −0.10 0.53 * −0.39 0.09 0.57 *
Robké 0.32 −0.46 0.57 * 0.39 −0.93 * 0.48 *
Orion −0.06 0.62 * −0.23 0.61 * 0.46 * −0.56 *

Zeax
Csemő −0.39 0.13 −0.05 −0.26 0.60 *
Robké −0.40 * 0.14 −0.18 −0.41 * −0.09
Orion −0.47 * 0.32 −0.48 * −0.42 * −0.10

SbMo
Csemő 0.57 * −0.07 0.95 * −0.39
Robké −0.57 * −0.23 0.67 * −0.53 *
Orion −0.66 * 0.79 * 0.85 * −0.37

SbMi
Csemő −0.10 0.77 * 0.50 *
Robké 0.07 −0.54 * 0.56 *
Orion −0.12 −0.38 −0.23

SbFu
Csemő −0.13 −0.02
Robké −0.39 0.82 *
Orion 0.79 * −0.64 *

SbRes
Csemő −0.14
Robké −0.49 *
Orion −0.35

For cv. ‘Orion’, 18 of the 35 significant correlations were positive (PH vs. StD, PH
vs. ShFW, StD vs. ShFW, StD vs. SbMi, NI vs. NI3, NI vs. SbMi, FWI vs. FWI3, FWI vs.
Zeax, FWI3 vs. Zeax, FWI3 vs. SbDeh, NI3 vs. SbMi, NI3 vs. SbFu, Lut vs. SbMo, Lut
vs. SbFu, Lut vs. SbRes, SbMo vs. SbFu, SbMo vs. SbRes, and SbFu vs. SbRes), whereas
17 correlations were negative (PH vs. FWI, StD vs. FWI, StD vs. Lut, StD vs. SbMo, ShFW
vs. FWI, ShFW vs. Lut, ShFW vs. Zeax, FWI3 vs. Lut, FWI3 vs. SbMo, FWI3 vs. SbFu, NI3
vs. SbDeh, Lut vs. SbDeh, Zeax vs. SbMo, Zeax vs. SbFu, Zeax vs. SbRes, SbMo vs. SbMi,
and SbFu vs. SbDeh) (Table 7).

Overall, genotype-specific relationships revealed that the strongest correlations
(r > 0.85) were observed for PH vs. StD in cv. ‘Csemő’, for StD vs. ShFW and NI vs.
NI3 across all cultivars, and for SbMo vs. SbRes in cvs. ‘Csemő’ and ‘Orion’ (Table 7).

3.7.3. Substrate–Environment-Specific Pearson Correlation Analysis

When the dataset comprising 4 × 91 parameter pairs was analyzed separately for
the peat–greenhouse, peat–field, peat-free 1–field, and peat-free 2–field treatments, 50,
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57, 49, and 37 variable pairs, respectively, showed statistically significant correlations at
the p = 0.05 level (Table 8). In the case of the hydroponic–greenhouse treatment, only
36 parameter pairs were analyzed due to the absence of a substrate in this treatment, of
which 12 variable pairs showed statistically significant correlations at the p = 0.05 level.

For the hydroponic–greenhouse treatment, 6 of the 12 significant correlations were
positive (FWI3 vs. ShFW, NI3 vs. NI, Lut vs. ShFW, Lut vs. FWI3, Zeax vs. FWI3, and Zeax
vs. Lut), whereas 6 correlations were negative (FWI3 vs. PH, Lut vs. StD, Lut vs. NI, Lut vs.
NI3, Zeax vs. StD, and Zeax vs. NI3) (Table 8).

For the peat–greenhouse treatment, 27 of the 50 significant correlations were positive
(FWI vs. PH, FWI vs. ShFW, FWI3 vs. ShFW, FWI3 vs. FWI, NI3 vs. PH, NI3 vs. NI, Lut
vs. StD, Zeax vs. StD, Zeax vs. Lut, SbMo vs. ShFW, SbMo vs. FWI, SbMo vs. FWI3, SbMi
vs. StD, SbMi vs. NI, SbMi vs. Lut, SbFu vs. ShFW, SbFu vs. FWI3, SbFu vs. Lut, SbFu vs.
SbMo, SbRes vs. Lut, SbRes vs. SbFu, SbDeh vs. PH, SbDeh vs. ShFW, SbDeh vs. FWI,
SbDeh vs. FWI3, SbDeh vs. SbMo, and SbDeh vs. SbFu), whereas 23 correlations were
negative (NI vs. ShFW, FWI vs. StD, FWI3 vs. NI, NI3 vs. ShFW, Lut vs. PH, Lut vs. NI,
Lut vs. FWI, Lut vs. NI3, Zeax vs. PH, Zeax vs. NI, Zeax vs. FWI, Zeax vs. NI3, SbMo vs.
NI, SbMo vs. NI3, SbMi vs. ShFW, SbMi vs. FWI, SbMi vs. SbMo, SbFu vs. NI, SbFu vs.
NI3, SbRes vs. PH, SbDeh vs. StD, SbDeh vs. NI, and SbDeh vs. SbMi) (Table 8).

For the peat–field treatment, 24 of the 57 significant correlations were positive (ShFW
vs. PH, FWI3 vs. FWI, NI3 vs. StD, NI3 vs. NI, Lut vs. StD, Zeax vs. StD, Zeax vs. Lut,
SbMo vs. FWI, SbMo vs. FWI3, SbMi vs. StD, SbMi vs. Lut, SbMi vs. Zeax, SbFu vs. PH,
SbFu vs. ShFW, SbFu vs. FWI, SbFu vs. FWI3, SbRes vs. FWI, SbRes vs. FWI3, SbRes vs.
SbMo, SbRes vs. SbMi, SbDeh vs. FWI, SbDeh vs. FWI3, SbDeh vs. SbMo, and SbDeh vs.
SbRes), while 33 correlations were negative (FWI vs. StD, FWI vs. NI, FWI3 vs. NI, NI3 vs.
FWI, NI3 vs. FWI3, Lut vs. PH, Lut vs. ShFW, Lut vs. FWI, Zeax vs. PH, Zeax vs. ShFW,
Zeax vs. FWI, SbMo vs. PH, SbMo vs. StD, SbMo vs. ShFW, SbMo vs. NI, SbMo vs. NI3,
SbMi vs. PH, SbMi vs. ShFW, SbMi vs. FWI, SbFu vs. StD, SbFu vs. Lut, SbFu vs. Zeax,
SbFu vs. SbMi, SbRes vs. PH, SbRes vs. StD, SbRes vs. ShFW, SbRes vs. NI, SbRes vs.
NI3, SbDeh vs. PH, SbDeh vs. StD, SbDeh vs. ShFW, SbDeh vs. NI, and SbDeh vs. NI3)
(Table 8).

For the peat-free 1–field treatment, 27 of the 49 significant correlations were positive
(ShFW vs. PH, FWI vs. PH, FWI3 vs. ShFW, FWI3 vs. FWI, NI3 vs. NI, NI3 vs. FWI, Zeax
vs. Lut, SbMo vs. PH, SbMo vs. FWI, SbMo vs. FWI3, SbMo vs. NI3, SbMi vs. PH, SbMi
vs. ShFW, SbMi vs. FWI, SbMi vs. FWI3, SbMi vs. SbMo, SbRes vs. PH, SbRes vs. ShFW,
SbRes vs. FWI, SbRes vs. FWI3, SbRes vs. SbMo, SbRes vs. SbMi, SbDeh vs. PH, SbDeh vs.
ShFW, SbDeh vs. SbMo, SbDeh vs. SbMi, and SbDeh vs. SbRes), whereas 22 correlations
were negative (NI vs. ShFW, FWI3 vs. StD, Lut vs. PH, Lut vs. ShFW, Lut vs. FWI, Lut vs.
FWI3, Lut vs. NI3, Zeax vs. PH, Zeax vs. ShFW, Zeax vs. FWI, Zeax vs. FWI3, SbMo vs.
Lut, SbMo vs. Zeax, SbMi vs. Lut, SbMi vs. Zeax, SbFu vs. PH, SbFu vs. ShFW, SbRes vs.
Lut, SbRes vs. Zeax, SbDeh vs. Lut, SbDeh vs. Zeax, and SbDeh vs. SbFu) (Table 8).

For the peat-free 2–field treatment, 17 of the 37 significant correlations were positive
(FWI vs. PH, FWI3 vs. PH, FWI3 vs. FWI, NI3 vs. ShFW, NI3 vs. NI, Lut vs. StD, Zeax vs.
StD, Zeax vs. Lut, SbMo vs. ShFW, SbMi vs. StD, SbMi vs. Lut, SbMi vs. Zeax, SbFu vs.
SbMo, SbRes vs. FWI3, SbDeh vs. ShFW, SbDeh vs. SbMo, and SbDeh vs. SbFu), while
20 correlations were negative (StD vs. PH, NI vs. PH, FWI vs. StD, FWI3 vs. StD, NI3 vs.
StD, Lut vs. PH, Lut vs. FWI, Lut vs. FWI3, Zeax vs. PH, Zeax vs. FWI, SbMo vs. StD,
SbMo vs. Lut, SbMo vs. Zeax, SbMi vs. PH, SbMi vs. FWI, SbMi vs. FWI3, SbMi vs. SbMo,
SbDeh vs. StD, SbDeh vs. Lut, and SbDeh vs. Zeax) (Table 8).
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Table 8. Substrate–environment-specific Pearson correlation coefficient (r) matrices between fourteen
measured plant and substrate parameters across five substrate–environment combinations—‘Hydroponic–
greenhouse’, ‘Peat–greenhouse’, ‘Peat–field’, ‘Peat-free 1–field’, and ‘Peat-free 2–field’—for three Tagetes
patula cultivars (‘Csemő’, ‘Robuszta kénsárga’, and ‘Orion’). Data were pooled across the three cultivars
for each treatment. The hydroponic–greenhouse treatment was excluded from the correlation analyses of
the five substrate microbiological parameters (SbMo, SbMi, SbFu, SbRes, and SbDeh) due to the absence of
a solid growing medium in this treatment. Red and blue colors indicate positive and negative correlations,
respectively, and bold values marked with asterisks (*) denote statistically significant correlations (p < 0.05).
Abbreviations: Treat., treatments; PH, plant height; StD, stem diameter; ShFW, shoot fresh weight; NI,
total number of inflorescences; FWI, fresh weight of inflorescences; FWI3, fresh weight of inflorescences at
the third harvest; NI3, number of inflorescences at the third harvest; Lut, lutein content of inflorescences;
Zeax, zeaxanthin content of inflorescences; SbMo, substrate moisture; SbMi, total microbial count of the
substrate; SbFu, total microscopic fungal count of the substrate; SbRes, substrate respiration; SbDeh,
dehydrogenase enzyme activity; h-G, hydroponic–greenhouse; p-G, peat–greenhouse; p-F, peat–field;
pf1-F, peat-free 1–field; pf2-F, peat-free 2–field.

Treat. PH StD ShFW NI FWI FWI3 NI3 Lut Zeax SbMo SbMi SbFu SbRes

StD

h-G 0.25
p-G −0.36
p-F −0.03

pf1-F 0.36
pf2-F −0.56 *

ShFW

h-G 0.03 0.10
p-G 0.11 −0.20
p-F 0.65 * −0.16

pf1-F 0.57 * −0.11
pf2-F 0.07 −0.38

NI

h-G −0.35 0.38 −0.16
p-G 0.24 0.15 −0.65 *
p-F 0.14 0.32 0.06

pf1-F −0.08 0.14 −0.42 *
pf2-F −0.49 * −0.20 0.26

FWI

h-G −0.20 0.01 0.19 0.32
p-G 0.66 * −0.56 * 0.71 * −0.30
p-F 0.19 −0.40 * 0.34 −0.61 *

pf1-F 0.60 * −0.22 0.34 0.08
pf2-F 0.51 * −0.64 * 0.03 −0.17

FWI3

h-G −0.45 * −0.35 0.48 * 0.00 0.38
p-G 0.37 −0.02 0.77 * −0.48 * 0.67 *
p-F −0.12 −0.24 −0.22 −0.53 * 0.61 *

pf1-F 0.39 −0.42 * 0.59 * −0.16 0.76 *
pf2-F 0.47 * −0.63 * 0.21 −0.13 0.73 *

NI3

h-G −0.35 0.36 −0.30 0.93 * 0.20 −0.28
p-G 0.43 * −0.12 −0.49 * 0.93 * −0.02 −0.40
p-F 0.13 0.43 * 0.07 0.96 * −0.56 * −0.58 *

pf1-F 0.39 0.14 0.01 0.81 * 0.52 * 0.21
pf2-F −0.23 −0.47 * 0.61 * 0.80 * 0.16 0.18

Lut

h-G −0.19 −0.70 * 0.42 * −0.46 * 0.10 0.86 * −0.70 *
p-G −0.91 * 0.62 * −0.01 −0.41 * −0.59 * −0.13 −0.66 *
p-F −0.79 * 0.50 * −0.69 * 0.04 −0.52 * −0.03 0.04

pf1-F −0.82 * −0.11 −0.62 * 0.01 −0.85 * −0.72 * −0.43 *
pf2-F −0.77 * 0.86 * −0.21 0.15 −0.87 * −0.60 * −0.07

Zeax

h-G −0.16 −0.61 * 0.34 −0.31 0.22 0.89 * −0.58 * 0.96 *
p-G −0.87 * 0.60 * 0.16 −0.43 * −0.56 * −0.08 −0.66 0.90 *
p-F −0.54 * 0.68 * −0.41 * −0.07 −0.41 * 0.01 −0.04 0.87 *

pf1-F −0.45 * 0.30 −0.65 * 0.18 −0.72 * −0.81 * −0.16 0.80 *
pf2-F −0.54 * 0.58 * −0.25 0.27 −0.48 * −0.29 0.18 0.75 *

SbMo

p-G 0.16 −0.17 0.95 * −0.82 * 0.68 * 0.79 * −0.69 * 0.00 0.14
p-F −0.46 * −0.51 * −0.48 * −0.46 * 0.53 * 0.53 * −0.42 * 0.17 0.00

pf1-F 0.51 * −0.04 0.33 0.23 0.56 * 0.45 * 0.42 * −0.75 * −0.70 *
pf2-F 0.26 −0.64 * 0.73 * 0.10 0.30 0.26 0.30 −0.60 * −0.81 *

SbMi

p-G −0.37 0.71 * −0.69 * 0.41 * −0.73 * −0.40 0.20 0.49 * 0.27 −0.64 *
p-F −0.78 * 0.41 * −0.74 * −0.06 −0.42 * 0.09 −0.07 0.99 * 0.85 * 0.25

pf1-F 0.80 * 0.18 0.58 * 0.00 0.76 * 0.68 * 0.39 −0.98 * −0.80 * 0.82 *
pf2-F −0.77 * 0.82 * −0.04 0.08 −0.92 * −0.58 * −0.07 0.96 * 0.65 * −0.41 *

SbFu

p-G −0.20 0.33 0.53 * −0.54 * 0.16 0.70 * −0.66 * 0.46 * 0.40 0.62 * −0.01
p-F 0.58 * −0.65 * 0.43 * −0.32 0.78 * 0.66 * −0.36 −0.67 * −0.46 * 0.04 −0.59 *

pf1-F −0.45 * −0.37 −0.59 * −0.06 0.07 −0.19 −0.16 0.31 0.33 −0.22 −0.40
pf2-F 0.22 −0.12 0.33 −0.35 −0.32 −0.24 −0.23 −0.09 −0.38 0.49 * 0.10

SbRes

p-G −0.61 * −0.09 0.18 −0.29 0.01 0.10 −0.39 0.48 * 0.36 0.12 −0.05 0.47 *
p-F −0.56 * −0.47 * −0.54 * −0.46 * 0.48 * 0.61 * −0.45 * 0.33 0.14 0.98 * 0.41 * 0.01

pf1-F 0.75 * 0.27 0.53 * −0.17 0.76 * 0.72 * 0.23 −0.91 * −0.77 * 0.56 * 0.92 * −0.38
pf2-F 0.22 −0.03 0.13 −0.23 0.08 0.42 * −0.21 −0.12 −0.06 0.00 −0.11 0.29

SbDeh

p-G 0.52 * −0.45 0.84 * −0.55 * 0.89 * 0.75 * −0.31 −0.40 −0.27 0.89 * −0.72 * 0.43 * −0.03
p-F −0.47 * −0.51 * −0.48 * −0.52 * 0.55 * 0.55 * −0.48 * 0.17 0.01 0.99 * 0.25 0.04 0.98 *

pf1-F 0.62 * 0.18 0.51 * −0.03 0.17 0.14 0.10 −0.54 * −0.53 * 0.74 * 0.65 * −0.62 * 0.43 *
pf2-F 0.33 −0.46 * 0.60 * −0.15 −0.01 0.05 0.03 −0.42 * −0.69 * 0.85 * −0.21 0.87 * 0.21
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When correlations were analyzed by substrate–environment combination, the strongest
relationships (r > 0.85) were observed between NI3 vs. NI, Lut vs. FWI3, Zeax vs. FWI3,
and Zeax vs. Lut in the hydroponic–greenhouse treatment; between NI3 vs. NI, Lut vs.
PH, Zeax vs. PH, Zeax vs. Lut, SbMo vs. ShFW, SbDeh vs. FWI, and SbDeh vs. SbMo in
the peat–greenhouse treatment; between NI3 vs. NI, Zeax vs. Lut, SbMi vs. Lut, SbMi vs.
Zeax, SbRes vs. SbMo, SbDeh vs. SbMo, and SbDeh vs. SbRes in the peat–field treatment;
between Lut vs. FWI, SbMi vs. Lut, SbRes vs. Lut, and SbRes vs. SbMi in the peat-free
1–field treatment; and between Lut vs. StD, Lut vs. FWI, SbMi vs. FWI, SbMi vs. Lut,
SbDeh vs. SbMo, and SbDeh vs. SbFu in the peat-free 2–field treatment (Table 8).

3.8. Principal Component Analysis of Plant and Substrate-Related Parameters

The first five principal components (PCs) with eigenvalues > 1 accounted for 83.51%
of the total variance and were therefore retained for interpretation (Table 9). The root mean
square residual (RMSR) was 0.05, indicating a good model fit. PC1 explained 34.98% of the
total variance and was primarily associated with PH, StD, FWI, Lut, and Zeax (Table 9).
PC2 explained 22.72% of the variance and was associated with NI, FWI3, NI3, and SbDeh.
PC3 accounted for 15.39% of the variance and was associated with SbMo, SbMi, and SbRes.
PC4 explained 12.64% of the variance and was associated with NI, NI3, SbMo, and SbRes.
PC5 accounted for 7.78% of the variance and was primarily associated with SbFu (Table 9).

Table 9. Eigenvalues, explained variances, and eigenvectors derived from principal component anal-
ysis (PCA) of fourteen measured plant and substrate parameters across five substrate–environment
combinations (‘Peat–greenhouse’, ‘Hydroponic–greenhouse’, ‘Peat–field’, ‘Peat-free 1–field’, and
‘Peat-free 2–field’) for three Tagetes patula cultivars (‘Csemő’, ‘Robuszta kénsárga’, and ‘Orion’).
Statistically significant values (p < 0.05) are shown in bold.

Items PC1 PC2 PC3 PC4 PC5

Eigenvalue 3.50 3.18 2.15 1.77 1.09

Proportion of variance (%) 24.98 22.72 15.39 12.64 7.78

Cumulative variance (%) 24.98 47.70 63.09 75.73 83.51

Eigenvectors

Plant height—PH −0.387 −0.090 −0.162 0.090 −0.052

Stem diameter—StD 0.357 0.122 0.177 0.279 −0.093

Fresh weight of shoot—ShFW −0.014 0.318 0.320 0.333 0.031

Total number of inflorescences—NI 0.038 −0.360 0.255 0.434 0.171

Fresh weight of inflorescences—FWI −0.383 0.217 0.228 0.029 −0.293

Fresh weight of inflorescences at 3rd harvest—FWI3 −0.162 0.427 0.217 0.027 −0.265

Number of inflorescences at 3rd harvest—NI3 −0.089 −0.398 0.231 0.401 0.134

Lutein content of inflorescences—Lut 0.476 −0.035 0.079 −0.269 0.073

Zeaxanthin content of inflorescences—Zeax 0.442 0.028 0.035 −0.134 −0.235

Moisture content of substrate—SbMo −0.208 −0.181 0.373 −0.454 0.115

Total number of microbes of substrate—SbMi 0.229 0.100 0.463 0.056 0.015

Number of microscopic fungi of substrate—SbFu −0.037 0.259 −0.061 −0.048 0.799

Substrate respiration—SbRes −0.141 −0.149 0.506 −0.383 0.078

Dehydrogenase enzyme activity of substrate—SbDeh −0.022 0.473 0.037 0.060 0.257
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According to the biplot of the fourteen measured variables, the PC1 and PC2 axes
played a major role in explaining variation among all measured traits (Figure 3). PC1,
accounting for 24.98% of the total variance, was primarily associated with pigment-related
variables (Lut and Zeax), while plant height and inflorescence-related traits loaded in the
opposite direction. PC2, explaining 22.72% of the variance, reflected a contrast among sub-
strate microbiological activity parameters (substrate dehydrogenase activity, microscopic
fungi, and total microbial abundance), whereas substrate respiration and the number of
inflorescences (total and at the third harvest) loaded negatively along this axis (Figure 3).

Figure 3. Principal component analysis (PCA) loading plot of the fourteen measured variables for
three Tagetes patula cultivars grown under five substrate–environment combinations. Data from culti-
vars and treatments were combined for each of the fourteen measured parameters. Abbreviations: PH,
plant height; StD, stem diameter; ShFW, shoot fresh weight; NI, total number of inflorescences; FWI,
fresh weight of inflorescences; FWI3, fresh weight of inflorescences at the third harvest; NI3, number
of inflorescences at the third harvest; Lut, lutein content of inflorescences; Zeax, zeaxanthin content of
inflorescences; SbMo, substrate moisture; SbMi, total microbial abundance in the substrate; SbFu, total
number of microscopic fungi in the substrate; SbRes, substrate respiration; SbDeh, dehydrogenase
enzyme activity.

According to the biplot illustrating the combined effects of treatments and cultivars,
the PC1 and PC2 axes explained a substantial proportion of the overall variation (Figure 4).
PC1 primarily separated the peat–greenhouse treatment, which showed positive PC1 scores,
from the peat–field and hydroponic–greenhouse treatments, which were associated with
negative PC1 scores. PC2 further differentiated the substrate–environment combinations,
with the hydroponic–greenhouse treatment clustering in the lower PC2 region, while
the peat–greenhouse and peat-free 2–field treatments were predominantly located in the
upper PC2 space. In contrast, the three cultivars (TAG1, TAG2, and TAG3) showed only
limited separation along the PCA axes compared with the pronounced clustering driven
by substrate–environment combinations, indicating that substrate–environment effects
exerted a stronger influence on overall trait variation than genotype (Figure 4).
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Figure 4. Substrate–environment treatments (field_peat = peat–field, field_peatfree_1 = peat-free
1–field, field_peatfree_2 = peat-free 2–field, greenhouse_hydroponic = hydroponic–greenhouse,
and greenhouse_peat = peat–greenhouse) and Tagetes patula cultivars (TAG1: ‘Csemő’, TAG2:
‘Robuszta kénsárga’, and TAG3: ‘Orion’) were subjected to a targeted principal component anal-
ysis (PCA) score plot. Values of the fourteen measured parameters were combined for each
treatment × cultivar combination.

4. Discussion
This study demonstrates that the five substrate–environment combinations signifi-

cantly influenced vegetative growth, inflorescence traits, and pigment composition in the
three evaluated T. patula cultivars. Overall, substrate–environment effects exerted a stronger
influence on the variation in measured parameters than genotype (Tables 3, 4 and 8;
Figure 4). Although cultivar was not the primary driver for most traits, it played a de-
cisive role in specific cases, particularly in determining carotenoid levels (Tables 3 and 7;
Figure 3).

4.1. Substrate–Environment Combinations in Relation to Growth and Flowering Responses

Hydroponic cultivation consistently promoted vigorous vegetative growth across all
three cultivars, as reflected by substantial increases in plant height, stem diameter, and
shoot biomass (Table 3, Figure 2). These findings are consistent with the observations of
Ujala et al. [38], who reported enhanced vegetative performance under hydroponic condi-
tions in several T. patula cultivars. Such growth responses likely result from the continuous
nutrient supply, stable moisture availability, and high root-zone aeration characteristic of
deep-water-culture systems. The enhanced vegetative performance in hydroponics can
be attributed to several physiological and metabolic mechanisms. Continuous access to
balanced macro- and micronutrients supports sustained cell division and elongation, while
optimal root-zone oxygenation promotes higher root respiration and nutrient uptake effi-
ciency. These conditions likely increase photosynthetic rates and carbon assimilation, pro-
viding greater resources for vegetative biomass accumulation. Moreover, cultivar-specific
traits such as leaf area expansion, root architecture, and inherent nutrient use efficiency
modulate the degree of growth enhancement observed among cvs. ‘Csemő’, ‘Robuszta kén-
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sárga’, and ‘Orion’. For instance, cv. ‘Csemő”s compact morphology and high chlorophyll
content may allow more efficient light capture and photosynthate allocation, whereas cv.
‘Robuszta kénsárga’ may prioritize stem elongation over reproductive development, reflect-
ing intrinsic differences in growth strategy. In contrast to Ujala et al. [38], who observed
pronounced increases in inflorescence number and biomass across all cultivars under
hydroponics, flowering responses in our study were more variable and clearly cultivar-
dependent (Table 3). For example, cv. ‘Robuszta kénsárga’ produced fewer inflorescences
under hydroponic conditions than in peat-based substrates, whereas cvs. ‘Csemő’ and
‘Orion’ exhibited comparable flowering levels across substrates. Overall, cultivars showing
stronger investment in vegetative growth under hydroponic conditions, particularly cvs.
‘Csemő’ and ‘Robuszta kénsárga’, tended to exhibit reduced inflorescence production, sug-
gesting a reallocation of biomass away from reproductive development. These patterns
may be influenced by differences between greenhouse and outdoor growing environments.
In particular, the relatively moderate photosynthetic photon flux density (PPFD) in our
greenhouse (~330 µmol m−2 s−1) may have constrained the generative potential of hy-
droponically grown plants, given the strong light dependency of flowering in T. patula.
Moreover, the hydroponic system applied in this study was designed primarily as a peat-
free alternative with moderate nutrient inputs rather than as an optimized, high-intensity
production system, which may have further limited its capacity to stimulate inflorescence
formation. Collectively, the results on hydroponics indicate that while this cultivation
reliably enhances vegetative vigor in T. patula, its effects on flowering are not universal and
depend strongly on genotype, light availability, and nutrient management practices.

Under field conditions, differences between peat and peat-free substrates were more
modest. Both alternative substrates supported equal or higher flowering performance than
peat in most cultivar × trait combinations, indicating that compost- and wood fiber-based
mixtures can serve as suitable and sustainable alternatives for T. patula cultivation (Table 3,
Figure 2). These findings are consistent with studies that specifically evaluated substrate
effects in T. patula [19,26,27,29]. Salachna et al. [19] demonstrated that supplementing
peat with waste mushroom biomass (WMB) increased inflorescence number by 35–46%
and enhanced shoot biomass relative to pure peat, largely due to improved nutrient
availability and organic matter enrichment. Krzymińska et al. [29] found that T. patula
cultivars grown in a low-nutrient organic substrate produced larger plants with more
inflorescences than those grown in a high-nutrient peat-based mixture, highlighting that
substrate composition—particularly nutrient balance and air–water properties—strongly
influences generative performance. Bi et al. [26] showed that incorporating industrial wood
ash into peat-based substrates (up to 20–30%) did not reduce inflorescence number or
biomass, and that plants performed similarly to those grown in commercial peat mixes.
Likewise, research on combined compost–peat substrates has demonstrated that balanced
air–water properties can sustain vigorous T. patula growth and high floral output [27].

4.2. Carotenoid Accumulation of Cultivars

Among the three genotypes, ‘Csemő’ showed the most consistent and favorable
responses with respect to lutein and zeaxanthin accumulation in the inflorescences
(Table 3; Figure 2), highlighting that cultivar identity plays a decisive role in determining
carotenoid levels.

Lutein accumulation varied markedly among cultivars and substrates, reflecting
the combined influence of genetic and environmental factors, whereas zeaxanthin levels
remained comparatively stable and were primarily genotype-dependent. Cultivar ‘Csemő’
accumulated the highest lutein concentrations, approaching 1000 mg kg−1 DW, clearly
exceeding cvs. ‘Robuszta kénsárga’ and ‘Orion’ (150–365 mg kg−1 DW) (Table 3). The
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analytical approach applied in this study was based on an HPLC method with fast, simple,
and cost-effective sample preparation, enabling the specific quantification of free lutein.
Consequently, the reported values represent non-esterified lutein only, in contrast to the
total (predominantly esterified) lutein contents commonly reported in the literature.

Our findings are consistent with baseline values reported for free lutein in T. patula.
Lin et al. [53] measured approximately 0.15 g kg−1 DW (150 mg kg−1) of free, unesterified
lutein, which corresponds well to the lower-performing Hungarian cultivars in our study
and underscores the unusually high accumulation of non-esterified lutein observed in cv.
‘Csemő’. The cultivar-specific patterns detected for free lutein concentration are also in line
with earlier reports demonstrating substantial variation in lutein content and antioxidant
activity among Tagetes cultivars [54].

According to Piccaglia et al. [55], more than 90% of floral carotenoids in T. patula
consist of esterified lutein derivatives. Riaz et al. [2] further summarized that T. patula
petals predominantly contain lutein (both free and esterified forms), with orange and yellow
petals representing particularly rich xanthophyll sources. These authors also confirmed the
presence of multiple lutein esters identical to those described by Piccaglia et al. [55], together
with minor amounts of zeaxanthin, antheraxanthin, and violaxanthin. The dominance of
lutein over other xanthophylls is fully consistent with our observations of relatively low
zeaxanthin concentrations across all three cultivars (62.2–123.6 mg kg−1 DW).

Beyond free lutein, extensive variability has been reported for total xanthophyll content
(free + esterified forms) among T. patula genotypes. Saini et al. [18] quantified total lutein
contents ranging from 23.73 to 2613 mg kg−1 FW, which—assuming approximately 90%
moisture [53,55]—corresponds to about 0.24–26 mg g−1 DW. Similarly, Khalil et al. [17]
reported lutein ester concentrations of 1.9–11.6 mg g−1 DW, depending on cultivar and
flower color. These cultivar-specific patterns align with previous findings documenting
pronounced genotype-dependent variation in carotenoid composition and floral metabolite
profiles among Tagetes cultivars [56].

Several studies have also shown that lighter-colored inflorescences tend to accumulate
higher lutein concentrations than darker, reddish forms [2,55,57]. This trend was likewise
evident in our results, as the yellow-flowered cultivars (‘Csemő’ and ‘Robuszta kénsárga’)
contained substantially higher lutein levels than the red/Bordeaux-colored cv. ‘Orion’
(Table 3).

Although cv. ‘Csemő’ exhibited the highest free lutein concentration among the
examined cultivars (Table 3), its pigment levels remain below the substantially higher
lutein ester contents typically reported for T. erecta [15]. Nevertheless, overall pigment yield
is determined by total floral biomass per unit area. Calculations based on Saini et al. [18]
indicate that T. patula cultivars can exceed the hectare-level lutein yields of T. erecta due to
their higher inflorescence productivity (lutein yield: T. erecta 0.71–70.67 kg ha−1 vs. T. patula
6.06–94.45 kg ha−1).

4.3. Substrate Microbiology

In our study, clear differences were observed in the microbial properties of the applied
substrates. Peat-based substrates exhibited the highest moisture content and substrate
respiration (Table 4), which is consistent with previous reports showing that peat retains
water efficiently and supports higher basal respiration due to its fine structure and high
water-holding capacity [58,59]. In contrast, the peat-free 2 substrate showed the highest
dehydrogenase activity across cultivars (Table 4), in agreement with studies indicating
that compost-rich and wood-derived materials often stimulate more intensive microbial
enzymatic activity than peat-based media [60].
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Taparia et al. [61] demonstrated that composts and woody fractions support distinct
and frequently more active microbial communities than peat, driven by differences in
substrate origin, organic matter composition, and physical structure. Similarly, green
composts and vegetable, fruit, and garden (VFG) composts have been reported to exhibit
significantly higher microbial biomass than pure peat, although substantial variability exists
among compost types and sources [58,59]. Further evidence indicates that the incorporation
of compost—particularly at proportions around 30% (v/v)—can markedly enhance key
microbial enzyme activities, including dehydrogenase and fluorescein diacetate (FDA)
hydrolysis, in peat-based growing media [60].

4.4. Pest Occurrence in Relation to Growing Environment and Cultivar

Although Tagetes species are frequently described as pest-repellent plants due to their
thiophene and essential oil composition [1,41,62], several studies have reported that certain
pests, particularly thrips and spider mites, may still require chemical or biological control
especially in greenhouse marigold production systems [63–65].

In the present study, damage caused by thrips and spider mites was detected ex-
clusively under greenhouse conditions, whereas no pest occurrence was observed under
outdoor conditions (Table 5). This pest pressure in the greenhouse was partially mitigated
using biopesticides, including azadirachtin-based products against thrips and a rapeseed
oil-based formulation against spider mites. The restriction of pest occurrence to green-
house environments is likely attributable to differences in pest pressure, microclimatic
conditions, and cultivation environment, as previous studies have demonstrated that these
factors strongly influence pest development, infestation levels, and the effectiveness of pest
management strategies [40,43,63,64].

Spider mite infestation was observed exclusively on marigold cv. ‘Orion’, while
no spider mite damage was detected on cvs. ‘Csemő’ or ‘Robuszta kénsárga’ (Table 5).
This finding suggests that T. patula cultivars may differ markedly in their susceptibility
to specific pests, particularly under greenhouse microclimatic conditions. Such cultivar-
dependent responses may be associated with differences in canopy architecture, leaf surface
characteristics, or physiological traits, as well as variation in secondary metabolite pro-
files, including essential oil composition and thiophene concentrations among Tagetes
genotypes [2]. Moreover, greenhouse conditions such as lower relative humidity may
favor spider mite proliferation [66], while dense canopy structures can promote thrips
establishment and damage [67].

In contrast, thrips incidence and damage severity were not significantly cultivar-
dependent in this study (Table 5), indicating that thrips pressure in T. patula may be
primarily driven by environmental factors rather than genetic differences among cultivars.
Overall, these results corroborate earlier findings that the pest-repellent effects attributed
to T. patula are not universal and may vary substantially depending on growing conditions
and genotype identity [41].

4.5. Intercorrelations Among Parameters

The overall Pearson correlation analysis revealed that T. patula properties interact in
a context-dependent manner (Table 6). Strong positive relationships among vegetative
traits—such as plant height vs. stem diameter and shoot fresh weight—reflect coordi-
nated growth patterns commonly observed in French marigold and other ornamentals,
where morphological traits covary due to shared developmental regulation (e.g., shoot
elongation and biomass partitioning) [56]. Studies on Tagetes carotenoid accumulation
have documented that larger plants often support greater overall biomass, even when
pigment concentrations vary among cultivars, reinforcing the link between growth and
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metabolic capacity [56]. The pronounced positive correlation between substrate moisture
and substrate respiration (Table 6) underscores the central role of water availability in
driving microbial metabolic activity, well documented in soil–substrate studies where
moisture enhances oxygen diffusion and microbial turnover [29]. Positive associations
between substrate enzymatic activity (e.g., dehydrogenase) and both shoot and inflores-
cence biomass (Table 6) are consistent with evidence that microbial oxidative activity
serves as an indicator of biologically active substrates and nutrient cycling, contributing
to improved plant growth. Conversely, negative correlations between early vegetative
vigor and inflorescence number (Table 6) suggest a typical biomass allocation trade-off,
where greater vegetative investment may delay or reduce reproductive output, particularly
under non-limiting nutrient conditions—a pattern aligned with developmental allocation
dynamics in annual ornamentals. The overall PCA further supported these patterns, with
PC1 heavily loaded on pigment accumulation variables (lutein and zeaxanthin) and PC2
reflecting reproductive intensity alongside microbial enzymatic activity (Table 9, Figure 3),
highlighting the multivariate complexity underlying T. patula trait covariance.

Regarding the substrate–environment-specific correlations in hydroponic systems,
where solid substrate and microbiome are absent, significant correlations were fewer and
mainly reflected intrinsic physiological relationships among plant growth and pigment
traits (Table 8), aligning with recent research showing that hydroponic culture enhances
morpho-physiological traits such as plant height, biomass, and flower quality in T. pat-
ula relative to conventional cultivation [38]. In conventional peat-based greenhouse and
field substrates, trait networks were more complex, with numerous positive correlations
linking substrate microbial parameters, moisture, and plant performance (Table 8). This
pattern suggests that biologically active substrates—notably those with balanced moisture
and microbial communities—can support both vegetative and reproductive performance.
Indeed, studies on T. patula and related ornamentals have shown that microbial biostimu-
lants and beneficial rhizobacteria can significantly improve growth and metabolic profiles,
including shoot mass, root architecture, and biochemical quality [68]. Peat-free field sub-
strates showed distinct patterns, especially in associations between microbial abundance
and pigment accumulation (Table 8), suggesting that organic constituents (e.g., compost,
wood fibers) can influence secondary metabolism beyond peat alone. These findings align
with experiments showing that microbial inoculation and organic amendments can mod-
ify morphological and biochemical responses in ornamentals, including marigolds, often
enhancing antioxidant capacity and flowering compared with unamended controls [69].
The PCA reinforced that substrate–environment effects outweigh genotype, as PC3 and
PC4, dominated by moisture and microbial activity, accounted for substantial variance
(Table 9), indicating water–microbe interactions form a distinct dimension of T. patula
trait expression.

Cultivar-specific correlations highlighted differences in integrating growth, pigment,
and microbial signals (Table 7); for example, cv. ‘Csemő’ showed strong positive links
between microbial respiration, vegetative biomass, and pigment accumulation, indicating
high responsiveness to substrate biology. This aligns with reports that microbial inocu-
lation enhances French marigold shoot/root biomass and biochemical traits, including
antioxidants and secondary metabolites [68]. In contrast, cv. ‘Robuszta kénsárga’ showed
more negative correlations between microbial parameters and plant growth, possibly re-
flecting genotype-specific nutrient uptake or sensitivity to substrate biology (Table 7). Such
interactions can be seen where microbial amendment effects depend on both microbial com-
position and host genetics. Cultivar ‘Orion’ exhibited distinct associations linking substrate
moisture and fungal abundance with pigment traits (Table 7), suggesting cultivar-specific
responsiveness to microenvironmental signals. While T. patula is well known as a valu-
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able source of lutein and other carotenoids, metabolic profiling studies have highlighted
significant cultivar variation in carotenoid composition and total carotenoid content [56],
with our PCA effectively discriminating among cultivars based on their metabolic profiles
(Figure 4).

Overall, the general integration of correlation and PCA results indicates that substrate–
environment conditions more strongly structure trait covariance than genotype, but cultivar
identity remains crucial for specific quality traits such as pigment accumulation and micro-
bial interaction profiles.

5. Conclusions
This study demonstrates that both substrate system and cultivar identity significantly

affect growth, flowering, and carotenoid accumulation of T. patula under greenhouse and
field conditions.

Peat-free substrates performed comparably or better than peat, while hydroponic
deep-water culture (DWC) strongly stimulated vegetative growth. Hydroponics generated
extensive white root masses and vigorous shoots, with plants remaining actively growing at
the experiment’s end, indicating further potential gains in biomass and inflorescence yield
through optimized density, container volume, or root-zone management. These results
highlight the feasibility of sustainable, peat-reduced production systems.

Beyond morphological traits, T. patula also represents a source of industrially relevant
metabolites, including root thiophenes and shoot flavonoids and essential oils. In this study,
DWC cultivation offers a method to produce clean, easily harvestable biomass, relevant for
pharmaceutical, cosmetic, and other bio-based applications.

Correlation and PCA analyses showed that substrate–environment factors influenced
trait covariance more than genotype alone. Moisture and microbial activity strongly
determined plant performance, with positive links between dehydrogenase activity and
biomass, and negative correlations indicating trade-offs between vegetative growth and
inflorescence number. PC1 reflected pigment accumulation, PC2 reproductive intensity
and microbial activity, while PC3–PC4 captured substrate moisture and microbial effects.

Cultivar-specific responses were evident across the tested systems. Cultivar ‘Csemő’
showed stable growth, the highest lutein accumulation, and positive associations between
microbial activity, biomass, and pigment content. In contrast, cv. ‘Robuszta kénsárga’
exhibited the strongest flowering in peat but predominantly negative correlations between
microbial parameters and vegetative growth. Cultivar ‘Orion’ produced high floral biomass
but lower lutein levels, consistent with its red/Bordeaux pigmentation, and showed links
between substrate moisture, fungal abundance, and carotenoid content. Overall, flow-
ering and pigment patterns reflected complex trade-offs among vegetative investment,
reproductive output, and secondary metabolite allocation.

Based on these findings, further hydroponic studies with T. patula are recommended,
focusing on different soilless systems, increased light intensity, optimized nutrient sup-
ply, and targeted analyses of root- and shoot-derived metabolites to enhance biomass
production and bioactive compound accumulation for sustainable high-value applications.
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