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Abstract

Black-eyed Susan (Rudbeckia hirta L.) is a North American native species used in ornamen-
tal horticulture, pollinator landscapes, and ecological restoration. This study evaluated 
the effects of light, surface sterilization, and substrate on germination behavior and early 
seedling establishment. Germination was evaluated for 20 days under two contrasting light 
treatments: continuous light and continuous darkness. Five surface-sterilization protocols 
were compared for microbial contamination, followed by seedling establishment in Pro Mix 
BX and Sunshine Mix #4 for 60 days under controlled conditions. Final germination per-
centage did not differ significantly between continuous light (89.6%) and continuous dark-
ness (68.0%). Mean germination time was significantly lower under continuous darkness
(4 days) than under continuous light (9 days), while germination speed was significantly 
higher under darkness (26.8%) than under light (11.6%) (p < 0.05). Surface sterilization re-
duced contamination relative to the nonsterilized control, which exhibited an approximately 
100% contamination rate. Treatments with 60% commercial bleach for 10 min (T1), 10% 
commercial bleach with Tween 20 for 20 min (T2), and 30% commercial bleach for 5 min 
followed by 0.2% Plant Preservative Mixture™ (T4) produced the lowest contamination 
levels. Principal component analysis showed that PC1 and PC2 explained 52.3% and 25.2% 
of the variance, respectively, accounting for 77.5% of the cumulative variance. T4 × Sunshine 
Mix #4 was associated with the highest plant height and leaf number, whereas T2 × Sunshine 
Mix #4 showed higher leaf chlorophyll content. These results provide information for seed 
propagation and early establishment of R. hirta.

Keywords: aseptic establishment; Asteraceae; black-eyed Susan; growing substrate;
ornamental horticulture; seedling development

1. Introduction
The Asteraceae family, comprising more than 1600 genera and 25,000 species world-

wide, represents one of the largest and most diverse families of flowering plants, occurring 
across a broad range of ecosystems and accounting for nearly 10% of all flowering plant 
species [1]. Species within this family are widely recognized for their diverse floral character-
istics, medicinal applications, and morphological diversity [2]. Members of the Asteraceae 
also exhibit considerable variation in growth habit, ranging from herbaceous species to 
shrubs and trees [3]. Native species such as blanket flower (Gaillardia pulchella) and lance-
leaf coreopsis (Coreopsis lanceolata) provide pollen and nectar resources for flower-visiting 
insects and other beneficial pollinators [4]. Many Asteraceae occur as herbaceous forbs that 
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contribute to habitat biodiversity and provide floral resources throughout multiple growing 
seasons [4–6]. These plant–pollinator interactions support the inclusion of Asteraceae 
species in ecological restoration, where the recovery of pollination services can contribute 
to the reestablishment of ecosystem functions following a disturbance [7]. In addition to 
their ecological importance, the Asteraceae includes economically important food crops, 
particularly vegetables within the genus Lactuca, such as head, leaf, and romaine lettuce, 
which generated approximately USD 5.84 billion in 2025, while artichoke production was 
valued at approximately USD 86.6 million [8,9].

Among the ornamental taxa within the Asteraceae, the genus Rudbeckia comprises more 
than 20 species of herbaceous flowering plants native primarily to North America, including 
annual, biennial, and perennial species [10]. Members of the genus vary in growth habit, 
habitat, and longevity and are characterized by conspicuous composite inflorescences that 
contribute to their high aesthetic value and widespread use in the floriculture industry, 
which constitutes a significant component of global horticulture [11,12]. In 2024, Rudbeckia 
ranked 14th among herbaceous perennial crops in the U.S. floriculture industry, with sales 
valued at approximately USD 11.7 million, increasing from USD 10.2 million in 2019 [13,14]. 
Rudbeckia hirta L., commonly known as black-eyed Susan, is a North American native 
wildflower characterized by polychromatic inflorescences with conical, convex, or flattened 
centers and can reach approximately 1 m in height [15,16]. The species is characterized 
by its adaptability to relatively dry conditions and an extended flowering period from 
mid-summer through fall, traits that contribute to its use in ornamental and low-input 
landscapes [17]. In addition to its ornamental value, R. hirta is frequently included in 
conservation and restoration plantings, where it has demonstrated successful establishment 
and consistent flowering [18]. Successful establishment of native forbs can increase floral 
richness and resource availability, which has been positively associated with the abundance 
of native bees and honey bees in restored habitats [19].

Despite its broad distribution and adaptability, the establishment and development 
of R. hirta are influenced by environmental conditions across different stages of its life 
cycle. Across its geographic range, the species occurs under diverse climatic and edaphic 
conditions that can affect seedling establishment, vegetative growth, and reproductive devel-
opment [20,21]. Seed germination may be influenced by dormancy-related mechanisms and 
environmental cues, including temperature and water availability [22]. Light availability 
is also an important environmental factor that can influence both the extent and temporal 
dynamics of seed germination [23]. A previous study has shown that germinability is 
higher under light conditions, whereas germination occurs more rapidly under continuous 
darkness for R. hirta, R. triloba, E. perfoliatum, and L. spicata [24]. Dormancy and germination 
responses in R. hirta can also vary among seed lots. Recent evaluations of commercial 
seed lots reported differences in germination and dormancy status, while temperature and 
dormancy-breaking treatments such as GA3  also modified germination responses [25]. 
Similar variation has been reported within Asteraceae, with light promoting the release 
of seed dormancy in Crassocephalum crepidioides in association with differences in abscisic 
acid levels [26]. In Scolymus hispanicus, germination increased in response to light and cold 
storage [27], while studies with Solidago species showed that the effect of cold stratification 
on germination can vary among taxa [28]. These studies indicate that light sensitivity and 
dormancy responses are species-specific and not uniform within Asteraceae. Under certain 
conditions, germination percentages of approximately 60% have been reported, while differ-
ences among seed lots and responses to water stress further demonstrate variability in the 
germination performance of R. hirta [25]. Variations in temperature and seasonal conditions 
can modify flowering phenology and flowering duration [29], while light availability and 
spectral quality can regulate flowering time and reproductive development in R. hirta [30].
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In addition to these environmental factors, the growth and development of R. hirta are 
influenced by nutrient availability, with an appropriate supply of macro- and micronutrients 
contributing to vegetative performance and plant establishment [31]. Nutrient management is 
particularly relevant in ornamental production because excessive fertilization can increase nu-
trient losses without proportional improvements in plant performance. Commercial growing 
substrates may differ in physical properties and incorporated amendments that can influence 
plant growth and performance. Silicon-containing amendments have been widely associated 
with increased plant width and stem diameter in ornamental species, including R. hirta and 
other flowering plants [32]. Similarly, substrates inoculated with biologically active amend-
ments such as arbuscular mycorrhizal fungi (AMF) may influence vegetative development. 
AMF colonization has been associated with changes in morphological traits, such as plant 
height, leaf area, and aboveground biomass in members of the Asteraceae family [33]. Stud-
ies with container-grown ornamentals have demonstrated that optical measurements of leaf 
chlorophyll and canopy greenness can provide rapid, non-destructive indicators of plant 
nutrient status and support more precise fertilization management [34–36].

Because R. hirta responds to environmental conditions across multiple developmental 
stages, reliable propagation requires a better understanding of the factors regulating seed 
germination and early seedling establishment. Although previous studies have examined 
dormancy, temperature, water availability, and light responses, information remains limited 
on how contrasting light conditions affect final germination and germination timing in R. 
hirta across subsequent stages of aseptic establishment and early seedling development. 
Despite its horticultural and ecological importance, information on suitable propagation 
conditions and their effects on the morphological and physiological development of R. hirta 
remains limited. Standardized propagation procedures are also limited, particularly for seed 
germination, aseptic establishment, and early seedling development. Seed-based propaga-
tion can yield variable responses because germination is governed by interactions between 
intrinsic seed characteristics and environmental factors, including dormancy, temperature, 
and light [37]. In ornamental horticulture, in vitro propagation has particular value because 
it enables the production of large quantities of uniform plant material while providing con-
trolled culture conditions and facilitating season-independent production [38,39]. In vitro 
systems can also facilitate the establishment of plant material and enable evaluation of 
species-specific responses to environmental conditions and culture treatments [40,41]. How-
ever, successful aseptic establishment requires effective surface-disinfection procedures that 
suppress microbial contamination without adversely affecting seed viability, germination, 
or subsequent seedling development [42].

Given the limited information available on the propagation requirements of R. hirta, 
this study aimed to examine key factors affecting seed germination, aseptic establishment, 
and early seedling development under controlled conditions. The specific objectives were 
to (i) determine the effects of light conditions on seed germination and germination dy-
namics, (ii) evaluate seed surface-sterilization treatments for their effectiveness in reducing 
microbial contamination during in vitro establishment, and (iii) assess the morphological 
and physiological responses of seedlings derived from different sterilization treatments 
following establishment in two commercial peat-based substrates. We hypothesized that 
continuous light would increase final germination percentage but reduce germination speed. 
We further hypothesized that surface sterilization would reduce microbial contamination 
relative to the nonsterilized control and that seedling growth and leaf greenness would vary 
among sterilization treatment × substrate combinations. By examining these successive 
stages of propagation, the study provides insights for improving seed-based production of 
R. hirta and its establishment under controlled conditions, with potential applications in 
ornamental horticulture, native plant production, and ecological restoration.
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2. Materials and Methods
Three sequential experiments were conducted to evaluate factors affecting seed prop-

agation and early establishment of Rudbeckia hirta. Experiment I examined the effects of 
light conditions on seed germination. Experiment II evaluated seed surface-sterilization 
protocols for reducing microbial contamination during in vitro establishment. Experiment 
III assessed early seedling establishment and vegetative development in two commercial 
peat-based substrates using seedlings obtained following the sterilization treatments.

2.1. Plant Material
Seeds of ‘Black-eyed Susan’ (Rudbeckia hirta L.) were obtained from Eden Brothers 

(Arden, NC, USA). Seeds were maintained in their original packaging under dry conditions 
at 21 °C until use. Prior to each experiment, seeds were visually inspected, and damaged or 
malformed seeds were excluded.

2.2. General Experimental Conditions
All aseptic procedures were performed in a laminar flow hood (Purair LF Series HLF72, 

Air Science USA, Fort Myers, FL, USA) to minimize airborne microbial contamination 
during seed sterilization, handling, and in vitro establishment. All three experiments were 
conducted in a controlled environment growth chamber (GEN1000 GE, Conviron, Winnipeg, 
MB, Canada) maintained at 27 °C, consistent with temperatures previously reported for 
in vitro culture of R. hirta [43]. Photosynthetically active radiation (PAR; μmol m−2  s−1 ) 
and relative humidity (RH; %) were monitored throughout the experimental period using 
a HOBO MX2308 Temp/RH/PAR Data Logger (Onset Computer Corporation, Bourne, MA, 
USA). Across the experimental period, daily mean PAR was 59.51 ± 0.09 μmol m−2  s−1 , 
while daily mean RH was 46.89 ± 0.08%. Daily mean PAR and RH values recorded during 
the three experiments are presented in Supplementary Figure S1.

2.3. Experiment I: Effect of Light on Seed Germination
The effect of light on seed germination was evaluated under two conditions: continuous 

light and continuous darkness. These contrasting treatments were selected to isolate the 
effect of light availability on germination under controlled conditions rather than to simulate 
a natural day–night cycle. Seeds used in this experiment were not subjected to surface 
sterilization before placement in the Petri dishes. Seeds were placed in sterile 90 mm 
Petri dishes lined with filter paper moistened with sterile distilled water. Each Petri dish 
contained 25 seeds and represented one experimental unit. The experiment followed a 
completely randomized design with four independent replicates per light treatment, for 
a total of 100 seeds per treatment, consistent with replication schemes used in previous 
controlled seed germination studies [44–46].

Petri dishes assigned to the continuous light treatment were maintained under a
24 h photoperiod provided by cool white fluorescent lamps. For the continuous darkness 
treatment, Petri dishes were completely wrapped in two layers of aluminum foil immediately 
after sowing to prevent light exposure. Germination was monitored daily for 20 days for 
both treatment groups. Dishes maintained under continuous darkness were evaluated 
under dim green safe light within a laminar flow hood to minimize light exposure that could 
influence seed photoreceptor activity. The aluminum foil was removed only for the time 
required to record germinated seeds, after which the dishes were immediately rewrapped. 
A seed was considered germinated when the radicle extended at least 2 mm beyond the seed 
coat. Germination percentage (GRP, %), mean germination time (MGT, days), germination 
speed (GSP, %), and germination synchrony (SYN) were calculated using the GerminaR 
2.1.6 package [46].
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2.4. Experiment II: Optimization of Seed Surface Sterilization
Unlike Experiment I, in which non-surface-sterilized seeds were germinated on sterile 

filter paper moistened with sterile distilled water, Experiment II evaluated aseptic estab-
lishment on MS medium. Nutrient media used for in vitro culture can support microbial 
growth when microorganisms are present on or within plant material, making surface 
disinfection important for aseptic establishment [47,48]. Surface disinfectant concentration 
and exposure time can affect seed germination and early seedling development [49,50]. Five 
surface-sterilization protocols were evaluated for their effectiveness in reducing microbial 
contamination while maintaining the germination capacity of R. hirta seeds during in vitro 
establishment (Table 1). Sterile distilled water without chemical disinfection (T0) served as 
the control. Treatment T1 consisted of 60% commercial bleach (8.25% sodium hypochlorite) 
for 10 min following Ozel et al. [51]. Treatment T2 consisted of 10% commercial bleach 
supplemented with Tween 20 (one drop per 100 mL) for 20 min according to Sugii [52]. 
Treatment T3 consisted of 3% hydrogen peroxide (H2 O2 ) for 2 h following Barampuram 
et al. [53]. Treatment T4 consisted of 30% commercial bleach for 5 min followed by 0.2% 
Plant Preservative Mixture™ (PPM) based on Ozel et al. [51].

Table 1. Surface-sterilization protocols evaluated for Rudbeckia hirta seeds during in vitro estab-
lishment. Treatments differed in disinfectant type, concentration, exposure time, and the use of 
antimicrobial or surfactant additives.

Treatments Surface Disinfection Reference Basis

T0 No sterilization, only distilled water rinse —
T1 60% commercial bleach for 10 min Ozel et al. [51]
T2 10% bleach solution + Tween 20 for 20 min Sugii [52]
T3 3% hydrogen peroxide (H2 O2 ) for 2 h Barampuram et al. [53]
T4 30% bleach solution for 5 min + 0.2% PPM Ozel et al. [51]

Following surface sterilization, seeds were rinsed three times with sterile distilled 
water under aseptic conditions and inoculated onto hormone-free Murashige and Skoog 
(MS) basal medium. Cultures were maintained under a 16 h photoperiod, consistent with 
previous in vitro culture conditions reported for R. hirta [43]. Each Petri dish contained 
25 seeds and represented one experimental unit. The experiment was conducted using a 
completely randomized design with four replicates per sterilization treatment, resulting in 
20 experimental units and 500 seeds in total. Seed germination and microbial contamination 
were recorded daily for 20 days.

Sterilization efficiency was assessed using germination percentage (GRP, %) and con-
tamination rate (CR, %). The CR metric was calculated following Munoz-Salas et al. [54], 
based on an adaptation of the germination speed approach described by Lozano-Isla 
et al. [46]. Visible fungal or bacterial growth on the culture medium was recorded as 
contamination. The index was calculated as

CR(%) = (


∑𝑘
𝑖=1 𝐶𝑖

∑𝑘
𝑖=1 𝐶𝑖𝐷𝑖

)


× 100

where Ci  is the number of seeds that became contaminated on day i, Di  is the corresponding 
number of days after culture initiation, and k represents the final observation day. Higher 
CR values indicated earlier and faster contamination, whereas lower values reflected delayed 
contamination and improved sterilization efficiency during the 20-day evaluation period.

https://doi.org/10.3390/seeds5060071

https://doi.org/10.3390/seeds5060071


Seeds 2026, 5, 71 6 of 18

2.5. Experiment III: Seedling Establishment in Commercial Substrates
Seedlings obtained following the sterilization treatments were transplanted into two 

commercial peat-based growing substrates to evaluate early establishment and vegetative 
development. The substrates were Pro Mix BX (Premier Tech Horticulture, Rivière-du-Loup, 
QC, Canada), composed of 75–85% peat moss, perlite, calcitic and dolomitic limestone, 
wetting agent, and mycorrhizae, and Sunshine Mix #4 (Sun Gro Horticulture, Agawam, 
MA, USA), composed of Canadian sphagnum peat moss, perlite, dolomitic lime, wetting 
agent, and the RESiLIENCE®  silicon amendment.

The experiment was conducted using a completely randomized design with a 4 × 2 facto-
rial arrangement comprising four sterilization treatments (T1–T4) and two growing substrates 
(Pro Mix BX and Sunshine Mix #4). The nonsterilized control (T0) was excluded from this 
experiment because all seedlings from this treatment developed microbial contamination 
during in vitro establishment. For each treatment (e.g., sterilization treatment × substrate 
combination), five seedlings were evaluated, resulting in a total of 40 experimental units.

Individual seedlings were transplanted into square plastic containers (10 × 10 × 11 cm) 
filled with the corresponding substrate and maintained under a 16 h photoperiod [43]. 
Plants were irrigated as needed throughout the 60-day experimental period without sup-
plemental fertilization.

At 60 days after transplanting, plant height (cm) and the number of fully expanded 
leaves were recorded. Leaf greenness was assessed using a SPAD 502 Plus chlorophyll 
meter (Konica Minolta, Osaka, Japan) and an atLEAF + chlorophyll meter (FT Green LLC., 
Wilmington, DE, USA). Measurements were collected from the third fully expanded leaf, 
with three readings taken per plant and averaged for statistical analysis, following the 
protocol described by Lozano-Isla et al. [55].

2.6. Statistical Analysis
Statistical analyses were performed in R version 4.6.0 [56] within a reproducible Quarto 

workflow (Supplementary Material S1). Prior to analysis, datasets were screened for poten-
tial outliers and evaluated for normality and homogeneity of variance. Outlier detection 
was conducted with the outliers_remove () function from the inti 0.7.2 package [57].

Experiment I and Experiment II each included four independent replicates per treat-
ment, whereas Experiments III included five independent replicates per treatment combina-
tion, respectively. The number of replicates was selected with reference to Piepho et al. [58], 
balancing statistical precision with logistical feasibility.

For Experiments I and II, treatment effects were analyzed using linear mixed-effects 
models according to the following general model:

Yij  = 𝜇 + Ti  + Rj  + 𝜀ij 

where Yij  represents the response variable, 𝜇 is the overall mean, Ti  is the fixed effect of 
treatment, Rj  is the random effect of replicate, and 𝜀ij  is the residual error. In Experiment 
I, light condition was included as the fixed effect and replicate as a random effect. In 
Experiment II, surface-sterilization treatment was included as the fixed effect and replicate 
as a random effect.

For Experiment III, surface-sterilization treatment, substrate, and their interaction were 
included as fixed effects according to the following factorial model:

Yijk  = 𝜇 + Si  + Mj  + (SM)ij  + Rk  + 𝜀ijk 

where Yijk  represents the response variable, 𝜇 is the overall mean, Si  is the effect of surface-
sterilization treatment, Mj  is the effect of substrate, (SM)ij  is the interaction between surface-
sterilization treatment and substrate, Rk  is the random effect of replicate, and 𝜀ijk  is the 
residual error.
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Linear mixed effects models were fitted with the lme4 2.0-6 package [59]. Fixed 
effects were assessed by Type III analysis of variance, with degrees of freedom and p-
values estimated using the Kenward–Roger approximation implemented in the car 3.1-5 
package [60]. When significant treatment effects were detected, estimated marginal means 
were compared using Tukey-adjusted pairwise comparisons at α = 0.05 with the emmeans 
2.0.4 package [61].

Principal component analysis (PCA) was conducted using the FactoMineR 2.16 R 
package [62] to evaluate associations among morphological and physiological variables and 
differences among treatments. Treatment similarity was further evaluated by hierarchical 
cluster analysis based on Euclidean distances and Ward’s minimum variance method. Model 
diagnostic plots, PCA ordinations, and hierarchical clustering dendrograms were generated 
with the ggplot2 4.0.3 package [63] and additional packages from the tidyverse collection 
2.0.0 package [64].

3. Results
3.1. Effect of Light on Seed Germination

To evaluate the response of R. hirta seeds to light conditions, germination was moni-
tored daily for 20 days under continuous light and continuous darkness (Figure 1). Final 
germination percentage (GRP) was numerically higher under continuous light (89.6%) 
than under continuous darkness (68.0%); however, no significant difference was detected 
between treatments. Mean germination time (MGT) differed significantly between light 
conditions (p < 0.05), with seeds maintained in continuous darkness exhibiting a lower MGT 
(4 days) than those exposed to continuous light (9 days). Germination speed (GSP) was 
also significantly affected by light conditions (p < 0.05), reaching 26.82% under continuous 
darkness compared with 11.58% under continuous light. Germination synchrony (SYN) 
was 0.20 under continuous darkness and 0.26 under continuous light, with no significant 
difference between treatments.

3.2. Effect of Surface Sterilization on Microbial Contamination
Surface sterilization significantly affected contamination rate (CR) during the 20-day 

culture period (Figure 2a). The non-sterilized control (T0) exhibited the highest CR (100%) 
and was significantly higher than all sterilization treatments (p < 0.05). Among the dis-
infection protocols, T3 exhibited an intermediate CR of 31.67%, significantly exceeding 
the values observed for T1, T2, and T4 (p < 0.05). In contrast, T1 (3.25%) and T2 (7.67%) 
showed the lowest CR values and did not differ significantly from one another (p > 0.05), 
while no contamination was recorded in T4 (0.00%). Representative cultures at the end of 
the 20-day evaluation period visually reflected these differences, with extensive microbial 
growth in T0, varying levels of contamination in T1–T3, and no visible contamination in T4, 
where germinated seedlings were observed (Figure 2b).
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Figure 1. Effect of light conditions on seed germination of Rudbeckia hirta. Seeds were maintained 
under continuous darkness (Dark) or continuous light (Light) for 20 days. (a) Final germination 
percentage (GRP; %), (b) mean germination time (MGT; days), (c) germination speed (GSP; %), 
and (d) germination synchrony (SYN). Bars represent estimated marginal means ± SE. Different 
lowercase letters above bars indicate significant differences between light treatments (p < 0.05); bars 
sharing the same letter are not significantly different (p > 0.05).
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Figure 2. Effect of surface-sterilization treatments on microbial contamination of Rudbeckia hirta 
seeds during in vitro establishment: (a) Contamination rate (CR) of seeds subjected to five surface-
sterilization treatments (T0–T4) during the 20-day evaluation period. (b) Representative cultures 
showing microbial contamination and seed germination after 20 days of in vitro culture for each 
sterilization treatment. T0, sterile distilled water rinse; T1, 60% commercial bleach for 10 min; T2, 
10% commercial bleach supplemented with Tween 20 for 20 min; T3, 3% H2 O2  for 2 h; and T4, 30% 
commercial bleach for 5 min followed by 0.2% Plant Preservative Mixture™. Statistical differences 
between light treatments were assessed using pairwise comparisons of estimated marginal means with 
Tukey’s adjustment. Different lowercase letters indicate significant differences between treatments 
(p < 0.05).

3.3. Seedling Establishment and Vegetative Development
Seedling responses differed among sterilization treatment and substrate combina-

tions (Table 2). Plant height ranged from 10.16 ± 6.57 cm in T3 × Sunshine Mix #4 to 
16.18 ± 2.97 cm in T4 × Pro-Mix BX, with no significant differences among combinations
(p > 0.05). SPAD and atLEAF values also did not differ significantly among combinations
(p > 0.05). In contrast, leaf number differed among treatments. T4 × Sunshine Mix #4 
produced 7.20 ± 1.92 leaves, while T1 × Sunshine Mix #4 and T4 × Pro-Mix BX produced
3.20 ± 1.92 and 3.80 ± 0.84 leaves, respectively. The remaining combinations showed 
intermediate values (Table 2).

The first two principal components explained 77.5% of the total variation, with PC1 
accounting for 52.3% and PC2 for 25.2% (Figure 3). Plant height and leaf number showed 
similar loading patterns, while SPAD and atLEAF were also closely associated (Figure 3a). 
T2 × Sunshine Mix #4 was associated with SPAD and atLEAF, whereas T4 × Sunshine Mix #4 
was positioned in the direction of plant height and leaf number (Figure 3b). These results 
indicate that the treatment combination associated with leaf greenness differed from that 
associated with morphological development.
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Table 2. Morphological and physiological traits of Rudbeckia hirta seedlings after 60 days of estab-
lishment under different surface-sterilization treatment and growing substrate combinations. Values 
represent mean ± SD (n = 5). Different lowercase letters within each column indicate significant 
differences among treatment combinations according to Tukey pairwise comparisons (p < 0.05).

Sterilization Substrate Plant Height 
(cm) Leaf Number SPAD atLEAF

T1 Pro-Mix BX 14.80 ± 4.55 a 5.60 ± 1.14 ab 29.27 ± 5.25 a 32.87 ± 5.03 a
T1 Sunshine Mix #4 10.70 ± 6.43 a 3.20 ± 1.92 a 30.03 ± 16.95 a 33.05 ± 19.18 a
T2 Pro-Mix BX 15.58 ± 1.34 a 5.40 ± 1.14 ab 30.57 ± 7.77 a 36.68 ± 8.78 a
T2 Sunshine Mix #4 13.80 ± 1.52 a 5.80 ± 0.84 ab 41.39 ± 5.57 a 40.60 ± 4.22 a
T3 Pro-Mix BX 12.26 ± 1.38 a 5.40 ± 0.55 ab 33.33 ± 9.12 a 32.99 ± 4.01 a
T3 Sunshine Mix #4 10.16 ± 6.57 a 4.40 ± 2.70 ab 28.94 ± 16.45 a 29.99 ± 17.25 a
T4 Pro-Mix BX 16.18 ± 2.97 a 3.80 ± 0.84 a 30.74 ± 1.53 a 33.85 ± 1.11 a
T4 Sunshine Mix #4 13.60 ± 4.06 a 7.20 ± 1.92 b 31.09 ± 5.75 a 31.03 ± 5.08 a

Figure 3. Principal component analysis (PCA) of morphological and physiological traits of Rudbeckia 
hirta seedlings after 60 days of establishment in a controlled environment growth chamber under 
different sterilization treatment and substrate combinations: (a) PCA of variables showing the 
relationships among plant height (plth), number of leaves (nleaf), and leaf greenness indices measured 
using SPAD and atLEAF. (b) PCA of individuals grouped by sterilization treatment (T1–T4) and 
growing substrate (Pro-Mix BX and Sunshine Mix #4). Colors represent sterilization treatments, 
while symbols indicate substrates (circles, Pro-Mix BX; triangles, Sunshine Mix #4) (n = 40).

4. Discussion
Rudbeckia hirta responded differently across the three propagation stages evaluated. 

Light affected germination kinetics, with continuous darkness reducing mean germination 
time and increasing germination speed without significantly changing final germination 
percentage, indicating that light mainly influenced germination timing. NaOCl-based 
sterilization treatments reduced microbial contamination during in vitro establishment, 
consistent with their use as surface disinfectants. Seedling morphology and leaf greenness 
varied among sterilization treatment and substrate combinations, showing that early es-
tablishment was influenced by both pre-establishment treatment and growing substrate. 
These results provide practical information for seed propagation, aseptic establishment, 
and early seedling development of R. hirta.
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4.1. Effects of Light Conditions on Seed Germination
Light availability affected germination dynamics of R. hirta but did not significantly 

change final germination percentage. Seeds under continuous light reached 89.6% germi-
nation compared with 68.0% under continuous darkness (Figure 1). The value observed 
under light is consistent with Ermiş et al. [25], who reported germination of 89% after 
4 days and 95% after 14 days in R. hirta. Germination responses in this species can also 
vary with temperature and stratification. Hoffman [65] reported 4% germination at 24 °C 
without stratification, while stratified seeds exposed to light reached 24–36% germination.

Continuous darkness reduced mean germination time from 9 to 4 days and increased 
germination speed from 11.58% to 26.82%. Ferreira et al. [66] reported mean germination 
times ranging from approximately 2.4 to more than 15 days among native Asteraceae, 
depending on species and temperature. Based on this classification, R. hirta shifted from 
an intermediate germination response under continuous light to a faster response under 
darkness. These results indicate that light affected germination timing more than final 
germination percentage under the conditions evaluated.

Light responses during germination vary among Asteraceae. Experiments with 9 grass-
land Asteraceae species showed that germination probability and speed varied among taxa 
in response to environmental conditions, emphasizing that germination kinetics can differ 
even among closely related species [67]. Similar variation has been reported among four 
annual Asteraceae from southwestern Australia, where three species with comparatively 
larger seeds germinated better in darkness, whereas germination of the smallest-seeded 
species was largely restricted to light [68]. In tallgrass prairie Asteraceae, Rudbeckia laciniata 
was classified as non-photoblastic because germinability changed little across light levels, 
whereas other species in the same family showed increased germination with increasing 
light availability [69]. Positive photoblasticity has also been reported in Crepidiastrum 
denticulatum, where germination was higher in light than darkness [70]. These interspe-
cific differences indicate that a uniform light requirement cannot be assumed even among 
closely related taxa. For R. hirta, the present results suggest that light was not essential for 
final germination under the conditions tested, yet its absence substantially accelerated the 
germination process.

4.2. Effects of Surface Sterilization on Aseptic Seed Germination
Surface sterilization influenced the success of aseptic establishment in R. hirta. Al-

though all sterilization treatments reduced contamination relative to the untreated control, 
the lowest contamination levels were observed with T1, T2, and T4, which remained below 
8%, with no contamination recorded in T4 (Figure 2). In contrast, seeds treated with 3% 
H2 O2  alone showed a higher contamination level of approximately 32%. These results 
indicate that NaOCl-based treatments provided more effective microbial control than H2 O2 
alone during in vitro establishment of R. hirta seeds.

The effectiveness of NaOCl observed in this study is consistent with its widespread use 
for aseptic establishment, although efficacy is dependent on concentration and exposure 
duration [71–73]. Within Asteraceae, Cirsum pitcheri seeds were surface disinfected with 
0.25% sodium hypochlorite before controlled germination assays [74]. The absence of 
visible contamination in T4 agrees with findings by Bošnjak Mihovilović et al. [75], who 
reported reduced microbial contamination in wheat seeds treated with NaOCl and PPM 
without a significant effect on germination. Higher PPM concentrations, however, can 
negatively affect plant development [75,76]. In the present study, T1, T2, and T4 provided 
the lowest contamination levels, while H2 O2  alone was less effective.
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4.3. Effects of Sterilization Treatment and Substrate on Early Seedling Development
Early seedling development varied according to the combination of sterilization treat-

ment and growing substrate (Table 2). Vegetative growth and leaf greenness did not 
respond similarly across the conditions evaluated, as combinations associated with in-
creased plant height and leaf production differed from those associated with higher SPAD 
and atLEAF values (Figure 3). This response was reflected in the PCA, where plant height 
and leaf number were grouped in one direction, while SPAD and atLEAF were grouped 
in another along PC2. This response indicates that conditions favoring vegetative growth 
were not necessarily those favoring leaf greenness during the early establishment of R. hirta.

Growing medium-dependent differences in morphological and physiological traits 
have been reported in other horticultural species. In Erythropalum scandens, substrate com-
position differentially affected above-ground growth, root development, and chlorophyll ac-
cumulation, with peat-rich mixtures favoring shoot development while a perlite-containing 
substrate was associated with enhanced root development and chlorophyll content [77]. Sim-
ilarly, peat-based substrate modifications affected plant height, leaf production, chlorophyll 
content, and photosynthetic performance in Rhododendron delavayi [78]. Within Asteraceae, 
Di Lonardo et al. [79] reported that the growth response of Leucanthemum vulgare depended 
on growing-medium composition: most of the evaluated peat-free mixtures supported 
plant growth and quality, while some mixtures improved biomass and biometric traits 
relative to the conventional peat-based medium.

In ornamental production, substrate composition similarly influenced germination, 
seedling uniformity, and plant quality in marigold and zinnia, highlighting the importance 
of the growing medium’s physical and biological properties [80]. More recent work with 
native container plants has also shown that responses to substrate composition are species-
specific rather than universally associated with one medium [81]. These findings are 
consistent with the broad separation observed among Sunshine Mix #4 combinations in the 
present PCA and the tighter grouping of several Pro-Mix BX combinations near the origin.

Within the present study, T2 in Sunshine Mix #4 was most strongly associated with 
SPAD and atLEAF, whereas T4 in Sunshine Mix #4 was positioned in the direction of 
plant height and leaf number. This divergence suggests that the combination favoring leaf 
greenness was not identical to that associated with more pronounced vegetative develop-
ment. Similar dissociation among plant traits has been reported in substrate studies where 
chlorophyll accumulation, shoot growth, and root development responded to different 
proportions of peat, perlite, and other components [77]. Because both Pro-Mix BX and 
Sunshine Mix #4 are peat-based formulations but differ in amendments and physical char-
acteristics, their contrasting positions in the PCA likely reflect differences in the root-zone 
environment experienced during early establishment. Responses to silicon amendments 
can also vary among species and measured traits. Costa et al. [82] reported species-specific 
responses to silicon application in landscape plants, with effects differing among plant 
height, leaf production, SPAD, atLEAF, and NDVI measurements. This interpretation is 
consistent with broader substrate research showing that water-holding capacity, aeration, 
nutrient retention, and substrate composition jointly influence seedling morphology and 
physiological performance [83].

The close positioning of SPAD and atLEAF in the PCA indicates that both instruments 
described a similar leaf greenness response across the evaluated combinations. Both meters 
estimate relative chlorophyll status using light transmittance at similar wavelengths [84,85]. 
Similar relationships between SPAD and atLEAF have also been reported in Chrysanthemum 
and Lactuca sativa [86,87]. The usefulness of non-destructive optical sensing has also been 
demonstrated within Asteraceae. Dunn et al. [88] reported that SPAD and NDVI measure-
ments could be used to monitor nitrogen status in potted Gaillardia aristata, although the 
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strength of their relationships with leaf nitrogen varied with sampling time. These findings 
support the use of both instruments for non-destructive assessment of leaf greenness in 
R. hirta. The lower cost reported for atLEAF relative to SPAD may also make it a practical 
alternative when repeated measurements or larger numbers of plants are required [87].

Beyond the responses observed during germination and seedling establishment, op-
timization of propagation practices for R. hirta has broader relevance for ornamental and 
landscape production. Species of Rudbeckia combine ornamental value with adaptability 
to environmental conditions, characteristics that support their use in private and public 
landscapes and other managed green spaces [15]. In this context, reliable protocols or 
germination, aseptic establishment, and early seedling development can support more con-
sistent production of plant material for ornamental horticulture, native plant production, 
and ecological restoration.

4.4. Limitations and Future Research
Despite the practical relevance of these findings, some limitations should be considered. 

Rudbeckia hirta is a North American native wildflower widely used in landscaping and rec-
ognized for its hardiness and adaptability to different growing conditions [89]. The present 
study focused on the effect of light availability on germination, although the response of 
R. hirta seeds may also depend on interactions with other environmental and seed-related 
factors. Future studies examining light together with temperature and dormancy status 
would provide a broader understanding of the factors regulating germination in this species.

Second, the sterilization experiment evaluated visible microbial contamination during 
a 20-day culture period but did not identify the microorganisms present. Future studies 
should identify fungal and bacterial contaminants and determine whether the protocols 
differ in their effectiveness against specific microbial groups. The absence of visible contam-
ination should also be considered together with subsequent seedling performance, because 
antimicrobial treatments that effectively suppress contamination can adversely affect plant 
development at higher concentrations.

Finally, the seedling establishment experiment was limited to two commercial peat-
based substrates and a 60-day period under controlled conditions. The PCA identified 
differences among treatment and substrate combinations, but the physical and chemical 
properties of the substrates were not independently evaluated. Future studies should 
include larger sample sizes, substrate characterization, root architecture, biomass accumu-
lation, nutrient status, and longer-term survival and flowering. Evaluation of peat-reduced 
and peat-free substrates would also be relevant, particularly because alternative growing me-
dia have successfully supported growth of other perennial Asteraceae used for ornamental 
and restoration purposes.

5. Conclusions
This study identified stage-specific responses during seed propagation and early es-

tablishment of Rudbeckia hirta. Continuous darkness reduced mean germination time and 
increased germination speed relative to continuous light, whereas final germination per-
centage did not differ significantly between light conditions. Surface sterilization reduced 
microbial contamination, with the NaOCl-based T1, T2, and T4 protocols providing the 
lowest contamination levels. During subsequent establishment, leaf number differed among 
sterilization treatment × substrate combinations, whereas plant height, SPAD, and atLEAF 
showed no significant differences. PCA further identified distinct associations between mor-
phological traits and leaf-greenness indices. These findings provide practical information 
for controlled seed propagation, aseptic establishment, and early seedling production of R. 
hirta for ornamental horticulture, native plant production, and ecological restoration.
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