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Abstract

Psychotria viridis Ruiz & Pav. is a neotropical shrub of pharmacological relevance whose seeds exhibit
slow and irregular germination. This study aimed to evaluate the dormancy mechanisms and the
conditions required for seed germination in this species. Pre-germinative treatments were applied,
including water imbibition, stratification, chemical scarification, seed coat removal, and embryo excision,
followed by in vitro and ex vitro cultivation. Gibberellic acid (GA;) and abscisic acid (ABA) were quantified
by LC-MS/MS. The seeds were classified as recalcitrant due to a marked loss of viability (from 96% to
19.3%) when moisture content was reduced from 45% to 15%. Dormancy maintenance was associated
with seed coat restrictions and elevated ABA levels (38.1 ng g-"), indicating a hormonal imbalance
unfavorable to germination. Embryo excision followed by in vitro culture on half-strength Murashige and
Skoog medium (MS/2) supplemented with 20 uM GA; was the most effective treatment to overcome
dormancy, resulting in 98.85% germination and 100% seedling formation. A high frequency of
polyembryony (78.34%) was observed, with embryos at different developmental stages. The results
indicate that P, viridis seeds exhibit morphophysiological dormancy characterized by the presence of
seed coat barriers, hormonal imbalance, and asynchronous embryo development.

1. Introduction

Psychotria viridis Ruiz & Pav. (Rubiaceae) is a neotropical shrub widely distributed from Central to South
America (REFLORA 2025). The species holds significant ethnobotanical importance due to its use in the
preparation of ayahuasca, a psychoactive beverage employed by Indigenous peoples and Amazonian
religious groups in ritualistic contexts for spiritual and therapeutic purposes (Alexander 2025). In
addition, P, viridis has attracted considerable therapeutic and pharmacological interest because of the
presence of indole alkaloids, particularly N,N-dimethyltryptamine (DMT), which has stimulated
investigations focused on its chemical characterization and potential application in the treatment of
mental disorders (Costa et al. 2024; De Andrade et al. 2025).

Species within the Rubiaceae family exhibit germination strategies associated with recalcitrance and
different classes of dormancy, especially morphophysiological dormancy (Athugala et al. 2016; Baskin
and Baskin 2024). These characteristics suggest a synergistic interaction between seed coat constraints
and hormonal signaling pathways in the regulation of the germination process (Athugala et al., 2016). In
P. viridis, the low germination performance (approximately 20%) is characterized by slow and irregular
germination kinetics (Corréa et al. 2007) indicating the presence of dormancy and physiological
constraints analogous to those reported for other taxa within the family.

Such germinative traits may favor species persistence under natural conditions by promoting staggered
germination and increasing the likelihood of seedling establishment under variable environmental
conditions (Baskin and Baskin, 2024). However, they also impose limitations on achieving homogeneous
germination and experimental reproducibility, thereby hindering the development of standardized
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propagation protocols and the advancement of therapeutic and pharmacological studies that depend on
uniform plant material and consistent biological responses (Bewley et al. 2013).

In this context, in vitro culture has emerged as an effective strategy for overcoming dormancy and
standardizing germination, enabling the exploration of the medicinal potential of the species (Karalija et
al. 2025). This approach allows direct manipulation of physicochemical factors and hormonal
mechanisms underlying dormancy regulation and germination processes (Homczinski et al. 2023).

The transition from dormancy to germination is primarily governed by the hormonal antagonism
between abscisic acid (ABA) and gibberellins (GAs) (Kogak-Sahin et al. 2025). While ABA maintains
dormancy and promotes stress tolerance, GAs, particularly gibberellic acid (GA,), trigger embryo
elongation, activate hydrolytic enzymes involved in reserve mobilization, and weaken surrounding
tissues, thereby facilitating radicle protrusion (Kogak-Sahin et al. 2025). Consequently, strategies such as
the application of plant growth regulators, chemical scarification, and stratification have been employed
to modulate these pathways and overcome physiological and seed coat-related restrictions to
germination (Fu et al. 2024).

In addition to endogenous factors, the germination environment plays a determinant role in modulating
dormancy-associated mechanisms. Comparative studies between in vitro and ex vitro cultivation
systems in taxa such as Hibiscus sp., Rosa persica, and Handroanthus sp. have demonstrated that the
abiotic and biological stimuli inherent to each system significantly influence germination kinetics and
early seedling development (Hamidou 2009; Apdstolo et al. 2016; Vaziee et al. 2023). Evidence suggests
that in vitro approaches provide methodological advantages by enabling greater control over
environmental variables and isolation of intrinsic seed constraints, thereby facilitating the distinction
between physiological responses and external limitations, in addition to improving uniformity and
reproducibility of germination processes (Pathak et al. 2023; Souza et al. 2024).

Despite the ethnobotanical and medicinal relevance of P, viridis, integrated investigations into the
physiological determinants of its germination remain scarce. The present study aimed to elucidate the
mechanisms underlying dormancy overcoming and germination in this species through a comparative
approach between in vitro and ex vitro cultivation systems. Seed physiological behavior, the
effectiveness of pre-germinative treatments, and endogenous levels of GA; and ABA were investigated.
Furthermore, polyembryony and embryonic ontogeny were characterized. We hypothesized that
germination in P. viridis is governed by physiological dormancy regulated by an unfavorable hormonal
balance between ABA and GA,. Furthermore, we expect that responses will differ between cultivation
systems due to environmental and microenvironmental constraints imposed by germination conditions.

2. Materials and Methods
2.1 Seed Collection and Storage
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Mature fruits of P, viridis were collected from randomly selected adult individuals growing in a fragment
of Seasonal Semideciduous Forest in the municipality of Mirassolandia, Sdo Paulo, Brazil (Fig. 1). Fruits
at the physiological maturity stage, characterized by red pericarp coloration, were selected. The seeds
were transported to the laboratory in kraft paper bags and processed within a maximum period of 24 h
after collection. Pulp removal was performed manually under running water to eliminate the mesocarp.
After drying the surface at room temperature for 24 h, the seeds were visually screened, and only intact
seeds without mechanical damage, microbial contamination, and with uniform size and coloration were
selected. Seeds intended for liquid chromatography—tandem mass spectrometry (LC-MS/MS) analyses
were immediately stored in an ultra-low temperature (ULT) freezer at - 80°C, whereas seeds used in
biological assays were maintained in hermetically sealed containers at room temperature.

2.2 Liquid Chromatography—-Tandem Mass Spectrometry
(LC-MS/MS)

2.2.1 Analytical Standards and Reagents

Analytical standards of GA; and ABA (purity = 98%; Sigma—Aldrich, Barueri, SP, Brazil) were used for the
preparation of standard solutions and recovery assays. Methanol, formic acid, and acetonitrile (= 98%,
LC—MS grade) were employed for extraction procedures and as mobile phases. Nitrogen used as
nebulizing, drying, and collision gas was generated by a dedicated system (Genius NM32LA, Peak
Scientific Instruments).

2.2.2 Preparation of Standard Solutions and Calibration
Curves

Stock solutions of GA; and ABA were prepared in methanol and stored at - 20°C under light protection.
Working solutions were obtained by serial dilution in methanol to construct analytical calibration curves
within the concentration range of 5.7-50 ng mL-". Linearity was evaluated by linear regression (least
squares method), correlating chromatographic peak area with nominal analyte concentrations, using the
coefficient of determination (R?) as the fitting criterion. Limits of detection (LOD) and quantification
(LOQ) were calculated based on a signal-to-noise ratio (S/N) of 3:1 and 10:1, respectively, and validated
using statistical parameters of the calibration curve.

2.2.3 Sample Extraction and Preparation

Approximately 50 mg of seeds were accurately weighed using an analytical balance and subjected to
ultrasound-assisted extraction. The plant material was homogenized in 1T mL of an extraction solution
consisting of methanol and formic acid (96:4, v/v). Extraction was performed in an ultrasonic bath (42
kHz, 170 W) for 15 min at room temperature, followed by centrifugation at 10,000 rpm for 10 min. The
supernatant was collected, and the solid residue was re-extracted with 1 mL of the same solution for 10
min under identical conditions. Combined supernatants evaporated to dryness at room temperature. The
dry residue was reconstituted in 100 pL of LC—MS grade acetonitrile and centrifuged at 10,000 rpm for
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10 min. Finally, the extract was filtered through a 0.22 um polytetrafluoroethylene (PTFE) membrane filter
and transferred to 1.5 mL amber vials for subsequent LC—-MS/MS analysis.

2.2.4 Chromatographic Conditions

Analyses were performed using an ultra-high-performance liquid chromatography (UHPLC) system
coupled to a triple quadrupole mass spectrometer (Shimadzu LCMS-8045), equipped with a Kinetex XB-
C18 column (2.6 um, 100 x 2.1 mm; Phenomenex). The column temperature was maintained at 40°C,
and the injection volume was 5 pL. Separation was carried out at a flow rate of 0.3 mL min~" using a
mobile phase consisting of (A) water with 0.1% (v/v) formic acid and (B) acetonitrile with 0.1% (v/v)
formic acid. The gradient elution program was as follows: 10% B (0 min); linear increase to 55% B (5
min); maintained at 55% B (until 6.5 min); immediate return to 10% B (6.51 min); and column re-
equilibration for 1 min (total run time: 7.5 min).

2.2.5 Mass Spectrometry Conditions

Detection was performed using a triple quadrupole mass spectrometer (QqQ) with electrospray
ionization (ESI) operating in negative mode under multiple reaction monitoring (MRM). For GA, (tR =2.92
min), the transition m/z 345.2 — 239.1 was used as the quantifier (collision energy, CE: 17 V), with m/z
205.1 (CE: 17 V) and 143.1 (CE: 30 V) as qualifier ions. For ABA (tR = 4.01 min), the transition m/z 263.2
— 153.1 was used as the quantifier (CE: 14 V), with m/z 219.1 (CE: 11 V) and 203.1 (CE: 16 V) as
qualifiers. MRM transitions were selected based on fragmentation data reported by (Flokova et al. 2014)
and optimized for the instrumental conditions employed. The dwell time was set to 100 ms for all
transitions. Source conditions were as follows: nebulizing, heating, and drying gas at 3, 10, and 10 L
min~’, respectively; interface temperature at 300°C; desolvation temperature at 526°C; DL capillary at
250°C; and heat block at 400°C. High-purity nitrogen was used as the collision gas.

2.2.6 Analytical Performance of the Method

The analytical response was evaluated over a concentration range of 5.7-50 ng mL™", yielding
coefficients of determination (R?) higher than 0.998 for both phytohormones. Precision, expressed as
coefficient of variation (CV), remained below 2% across different concentration levels, indicating high
analytical repeatability. Recovery assays in spiked samples ranged from 103% to 110%. Limits of
detection (LOD) were 1.06 ng mL-" for GA; and 0.78 ng mL-" for ABA, while limits of quantification (LOQ)
were 3.21 ng mL-" and 2.36 ng mL~", respectively. These parameters indicate adequate sensitivity for the
quantification of ABA and GA; in P, viridis seeds.

2.3 Moisture content and seed viability after desiccation

Seed water content (WC) was determined by oven-drying at 120°C for 3 h (Hong and Ellis 1996), using
five replicates of 50 freshly collected seeds per treatment. Water content was calculated according to
the following equation:
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We (%) = (fresh mass — dry mass) £ 100

fresh mass

Desiccation tolerance was assessed by gradually reducing seed water content in hermetically sealed
containers containing silica gel to reach levels of 20%, 15%, and < 10% (Hong and Ellis, 1996). Seed
viability at each hydration level was evaluated using the tetrazolium test (2,3,5-triphenyltetrazolium
chloride) at 1.0%. Seeds were pre-soaked in distilled water for 24 h, longitudinally sectioned, and
incubated at 30°C in the dark for 4 h. Embryos showing uniform red staining were classified as viable.

Based on storage behavior, seeds were classified as orthodox (maintenance of viability at WC < 10%),
recalcitrant (severe loss of viability at WC between 15-20%), or intermediate (partial desiccation
sensitivity) (Chin et al., 1989).

2.4 Seed Disinfestation for Pre-germinative Treatments

For in vitro experiments, seeds were initially washed in a neutral detergent solution under constant
agitation for 5 min. Disinfestation was then performed under a laminar flow hood by immersion in 70%
(v/v) ethanol for 3 min, followed by treatment with 2.5% (v/v) sodium hypochlorite (NaCIO) for 20 min.
Subsequently, seeds were rinsed six times with sterile distilled water.

For ex vitro assays, seeds were surface sterilized with 70% (v/v) ethanol for 1 min and 1% (v/v) NaCIO for
10 min, followed by six successive rinses with autoclaved distilled water.

2.5 Pre-germinative Treatments

Pre-germinative treatments were applied to seeds cultivated under both in vitro and ex vitro conditions,
except for seed coat removal and embryo excision, which were performed exclusively under in vitro
conditions. All experiments were conducted using five replicates of 50 seeds per treatment.

2.5.1 Water imbibition

Seeds were subjected to water imbibition in distilled water under two thermal regimes: (i) room
temperature (25 +2°C) and (ii) initial immersion in water at 50°C followed by cooling. Both treatments
were applied for 24 and 48 h, and dry seeds were used as a control.

2.5.2 Stratification

Seeds were kept at 5+ 1°C for 15, 30, and 60 days in Petri dishes containing double-layered moistened
filter paper (Fig. 4A). Seeds maintained at room temperature served as the control treatment.

2.5.3 Chemical scarification

Seeds were immersed in concentrated sulfuric acid (H,S0,, analytical grade) for 5, 10, 20, and 40 min, in
addition to an untreated control. After acid exposure, seeds were rinsed six times with distilled water.

2.5.4 Gibberellic acid (GA;) modulation
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Under in vitro conditions, the culture medium (MS/2) was supplemented with GA, at concentrations of
2.5,5.0,10.0, and 20.0 pM. Under ex vitro conditions, seeds were imbibed for 24 h in GA,; solutions (250,
500, and 1000 mg L-"). For both systems, a control treatment without GA, supplementation was
included.

2.5.5 Seed coat removal and embryo excision

Manual removal of the seed coat and excision of embryos and endosperm were performed under a
stereomicroscope (Lumen XT-3L-B). Zygotic embryos were inoculated onto culture medium (MS/2)
supplemented with GA; (2.5, 5.0, 10.0, and 20.0 uM), as well as a control treatment without GA, addition.

2.6 Culture Medium and Growth Conditions

For in vitro experiments, the culture medium consisted of (Murashige and Skoog 1962) basal salt
solution at half-strength (MS/2), supplemented with 30 g L-" sucrose and 5.7 g L-" agar (Kasvi K25-
1800). The pH was measured and adjusted to 5.8 £ 0.1 using 1 N NaOH or HCI. Media were sterilized by
autoclaving at 120°C and 1.06 kg cm~2 for 20 min. When added to the culture medium, GA; was sterilized
by membrane filtration using a 0.22 pm filter (Millex™). In vitro cultures were maintained in test tubes
(200 x 100 mm) under controlled conditions at 23 + 2°C, a 16 h photoperiod, and a photosynthetic
photon flux density (PPFD) of 72 pmol m-2 s~* provided by white light-emitting diodes (LEDs; 9.5 W, 6000
K, Electrolux).

Ex vitro experiments were conducted in Gerbox® containers (11 cm x 11 cm x 3.5 cm) containing 20 g of
fine-grade vermiculite (Glow Cultivo). The containers were incubated in a biochemical oxygen demand
(B.0.D.) chamber (LT 320 TFP-I, LIMA TEC) at 25°C under a 12 h photoperiod.

2.7 Polyembryony Characterization and Embryo Ontogeny

After disinfestation, embryos were excised under a stereomicroscope (Lumen XT-3L-B). Polyembryony
was quantified using five replicates of 50 seeds and expressed as both percentage and mean number of
embryos per seed. Embryos were classified into globular, heart-shaped (cordiform), torpedo, or
cotyledonary stages. Three replicates of 50 embryos per developmental stage were cultured on MS/2
medium supplemented with GA; (5, 10, 20, and 40 uM). Embryos cultured on hormone-free medium
served as controls. Disinfestation procedures, culture medium composition, and growth conditions
followed the protocols described above.

2.8 Experimental Design and Statistical Analysis

After 90 days of in vitro and ex vitro cultivation, germination percentage (G%) and seedling formation
percentage (P%) were evaluated. Germination was monitored at three-day intervals to calculate the
Germination Speed Index (GSI), according to the equation below, where G; represents the number of

seeds germinated at each count and N; corresponds to the number of days elapsed since sowing
(Maguire 1962):
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GSI= ) Gi/Ni

The experiment was conducted in a completely randomized design. Germination (G%) and seedling
formation (P%) data were analyzed using Generalized Linear Models (GLM) with binomial distribution
and logit link function. Continuous variables were assessed for normality and homoscedasticity using
Shapiro—-Wilk and Levene’s tests, respectively, and analyzed using linear models under Gaussian
distribution when assumptions were met. When necessary, data transformations or alternative models
were applied. Means were compared using the Bonferroni post-hoc test at a 5% significance level (p <
0.05). All analyses and graphs were performed in R software (version 4.4.0).

3. Results
3.1 LC-MS/MS

LC-MS/MS analysis revealed the presence of ABA in P, viridis seeds at an average concentration of 38.1
+0.64 ng g" fresh weight. The low variability among replicates (CV = 1.7%) highlights the precision and
reproducibility of the analytical method for this matrix. In contrast, GA, levels remained below the
system'’s limit of detection (LOD < 1.94 ng g-" fresh weight).

3.2 Initial Moisture Content and Post-desiccation Seed
Viability

Freshly harvested seeds of P, viridis (Fig. 2A) exhibited a mean fresh mass of 0.1254+0.0211 gand a
dry mass of 0.0689 + 0.0187 g, with an initial water content of 45.25% and a viability of 96%. Reduction in
seed moisture content resulted in a significant decrease in viability (p < 0.05) (Fig. 3), reaching 59.3% at

20% water content and 19.3% at 15%. Desiccation to approximately 10% moisture resulted in a viability
of 0.48%. The red staining of embryos, indicating viability during the tetrazolium test, is shown in Fig. 2B.

3.3 Pre-germinative Treatments and In Vitro Germination

Water imbibition under different thermal regimes and exposure times, as well as stratification
treatments, resulted in low germination percentages (< 17.0%), with seedling formation ranging from
68% to 82% and GSI values between 4.8 and 5.1, with no significant difference compared to the control
(p > 0.05). Chemical scarification with H,SO, for 5 or 10 min also showed low efficiency, with 4%
germination, 69% seedling formation, and a GSI of 4.9, whereas longer exposure periods (20-40 min)
completely inhibited germination (Table 1).

In contrast, intact seeds cultured in the presence of GA; showed significant increases (p < 0.05) in all
evaluated parameters, with the 20 uM concentration yielding 60% germination, 98% seedling formation,
and a GSI of 6.76.
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Seed coat removal combined with culture on MS/2 medium supplemented with 20 and 40 pM GA,
increased germination to approximately 80%, with high seedling formation percentages (= 98%).
However, the best results were obtained through embryo excision and culture of zygotic embryos on
MS/2 medium containing 20 and 40 pM GA,, reaching 98.85% and 98.21% germination, respectively.
Under these conditions, the highest GSI values (8.52 and 8.44) were also recorded, with 100% seedling
formation (Table 1). These treatments resulted in significantly higher germination and germination
speed compared to all others (p < 0.05).
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Table 1

In vitro germination of Psychotria viridis: germination percentage (G%), seedling formation percentage
(P%), and germination speed index (GSI) under different pre-germinative treatments after 90 days of

cultivation.
Experiments Treatments G% P% GSl
(meantSD) (mean*SD) (meant
SD)
Controle ]j 5.36+1.23 30.22 +459 4.92+0.54
g
Water imbibition 25°C-24h 2494 +1.59 c79.81 +1.89 4.98+0.67
e g
25°C-48h 2521213 c2130.52 +415 5.0410.61
e 9
50°C-24h 25.38+1.58 ?2.08 +2.69 4.84+0.48
e g
50°C-48h 26.82+2.32 Z9.1 8+487 4.8810.26
e g
Stratification (5°C) 5°C-15d 9811094  gg93+312¢ 498£0.76
g g
5°C-30d 10.34+1.78 69.44+422 508x0.49
g e g
5°C-60d 10.18+1.49 68.98+298 5.02+0.67
g e g
Chemical scarification (H,SO,) CS5min :1.87 +3.64 69.82+3.15 :1.96 +0.24
e
CS10min :1.45 +0.47 69.42 +4.56 :1.98 +0.31
e
CS20min 0.00£0.00' 000+000f 0.00+0.00
i
CS40min 0.00+0.00' 000+000f 0.00+0.00
i
Intact seeds cultured with GA, GA;-5uM f19.23 +3.73 90.48+3.26 4.92+0.11
c g
GA3—10uM 49.76+6.94 96.58+3.48 6.18+0.49
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Experiments Treatments G% P% GSl
(mean+*SD) (mean*SD) (meant
SD)
GA3—20uM 60.27+7.89 98.52+1.21 6.7610.67
c b d
GA;-40uM 58.88+6.28 98.52+1.10 6.8610.56
c b d
Seeds without seed coat cultured SC+GA3-0uM 2446+3.12 89.57+3.97 5.01x0.55
with GA,; e c f
SC+GA;-5uM 26.59+2.65 87.20+4.25 5.42+0.81
e c f
SC+GA3-10uM  61.85+481 ggo+3p5c 6.02+0.29
c d
SC+GA3-20UM 80.43+6.12 98.2+0.94 b 6.54 +0.67
b c
SC+GA3-40uM  80.62+536 g9go+pg7P 6.68+0.73
b c
Zygotic embryos cultured with GA, ZE+GA5-0uM 59.87+521 100+0002 7-19%0.51
c b
ZE+GA3z-5uM 63.65+4.71 1p00+0002 7-08+0.44
c b
ZE+GA3-10uM  83.46+4.86 1p0p+0002 /.48+0.47
b b
ZE+GA3-20UM 98.85+0.94 100 +0.00 @ 8.52+0.52
a a
ZE+GAz-40uM  98.21+1.10 qppo+0002 844%0.18
a a

Note: Values are presented as mean = standard deviation (n = 5 replicates of 50 seeds per treatment).
Different lowercase letters indicate significant differences among treatments according to Bonferroni’s
test (p < 0.05). CS = chemical scarification; GA, = gibberellic acid; SC = seed coat removal; ZE = zygotic
embryo excision.

3.4 Pre-germination treatments and ex vitro germination

Pre-soaking in water under different thermal regimes and exposure times, as well as stratification,
resulted in germination below 28%, with seedling formation ranging from 51.1% to 82.1% and a GSI
ranging from 4.22 to 5.54. Overall, these treatments showed significantly superior performance
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compared to the control (p < 0.05; Table 2). In contrast, chemical scarification reduced germination
(2.47-4.96%), which was associated with the lowest seedling formation rates (33.4-44.6%) and the
lowest GSI values (4.35-5.48) (p < 0.05; Table 2).

Imbibition in a GA; solution at 250 mg L-" promoted the best germinative performance, with 62.55%
germination and 81.7% seedling formation, significantly outperforming the other treatments (p < 0.05;
Table 2). Higher concentrations (500 and 1000 mg L") resulted in lower germination percentages
(53.04% and 50.32%, respectively), with no significant differences in GSI (7.24-7.86). The initial seedling
establishment in the 250 mg L-" GA, treatment is evidenced in Figs. 4C and 4D.
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Table 2

Ex vitro germination of Psychotria viridis: germination percentage (G%), seedling formation percentage
(P%), and germination speed index (GSI) under different pre-germination treatments, after 90 days of

cultivation.
Experiments Treatments G% P% GSlI
(mean * SD) (mean * SD) (mean * SD)
Controle ;}788 +3.26 7;]-.42 +5.59 422+121¢
a
Water imbibition 25°C-24h 35.96 +4.21 78.491t8.65% 469+0.84bc
25°C-48h 30.46 +3.95 Zb3'27 648  443+067bC
50°C-24h 38.81 +4.36 82145772  474+0.51°bc
50°C-48h 29.40+4.98 75.4316.21 518+1.02°
c ab
Stratification (5°C) 5°C-15d 19.42 +3.84 51.15+4.89¢ 5.26+0.48°
d
5°C-30d c%0.50 +3.21 l?(:3.87 +8.65 4.81+0.65 b
5°C-60d 17.45£4.66  5421+748° 554+0.49°
d
Chemical scarification CS5min 247 +195¢ 4463+1049 548+067P
(H,S0,)
CS10min 3.60+1.63¢  33.40+9.989 472+1.35bC
CS15min 3.83+1.02¢ 41.85+7.489 435+1.48"°
CS30min 496+096¢ 38.80+8.339 465+0.97Pb°
Imbibition in GA; solution GA3-250mg LT E1‘62.55 +7.59 81.76+ 5982 7.86+1.68°2
GA;-500mg L 53.04+9.21  76.49+6.47  7.45+147°2
b ab
GA,1000mg L 50.32+8.44  7348t7.63 79441032
b ab

Notes: Means * standard deviation (n = 5 replicates of 50 seeds per treatment). Distinct lowercase
letters indicate significant differences between treatments according to Bonferroni's test (p < 0.05).

CS = chemical scarification; GA; = gibberellic acid.

Page 13/25




3.5 Principal Component Analysis (PCA)

The multivariate analysis highlighted the effect of different pre-germination treatments on P, viridis seeds
cultivated in vitro and ex vitro (Fig. 5). The first two principal components explained 96.8% of the total
data variance. The first principal component (PC1) held the greatest explanatory power (85.9%) and was
positively correlated with germination variables and GSI. The second component (PC2) explained 10.9%
of the variance, being primarily associated with seedling formation (Fig. 5).

Seeds subjected to pre-germination treatments followed by in vitro cultivation clustered on the positive
side of PC1, with emphasis on those involving seed coat removal and embryo excision (Fig. 5). In this
group, zygotic embryos cultivated in MS/2 medium supplemented with GA; (10 and 20 pM) were
consolidated as the most effective for overcoming dormancy, showing the highest association with the
germination and GSI vectors (Fig. 5).

In contrast, seeds cultivated ex vitro exhibited greater dispersion and a shift toward the negative
quadrants, indicating a reduction in germinative potential compared to in vitro cultivation (Fig. 5). This
effect was deleterious in the chemical scarification and stratification treatments, which occupied the
opposite end of the germination and seedling development vectors (Fig. 5).

3.6 Polyembryony and zygotic embryo germination

The incidence of polyembryony in P, viridis was 78.34% (Fig. 2F), with an average of 3.71 embryos per
seed. A predominance of the cotyledonary stage (56.1%) was observed, followed by the torpedo (21.7%),
heart (13.5%), and globular (8.7%) stages. Regardless of the initial stage, germinative performance was
statistically superior in MS/2 medium supplemented with 20 and 40 uM of GA; (Fig. 6).

Embryos at the cotyledonary and torpedo stages showed germination above 50% in the control (without
GA;) and close to 100% from 20 uM GA, onwards (Fig. 6). The heart stage exhibited the greatest
response to the regulator, with an increase from 35% in the control to 94% at 40 yM. In contrast, embryos
at the globular stage presented the lowest germination rates, albeit with a significant increment, rising
from 8% in the control to approximately 59% under 40 uM GA, (Fig. 6).

4. Discussion

Psychotria viridis seeds exhibited high viability when freshly harvested (96%), but proved to be sensitive
to desiccation, with viability decreasing as water content declined, reaching 19.3% when moisture was
reduced to 15%. This pattern is characteristic of recalcitrant seeds (Chin et al. 1989), common in tropical
species of the Rubiaceae family, where water loss compromises membrane integrity, enzymatic activity,
and cellular metabolism, resulting in loss of viability (Sommerville et al. 2021; Ley-Lépez et al. 2023;
Escobar et al. 2025). This behavior has direct implications for the storage and propagation of the
species, requiring high humidity conditions and immediate use after collection (Lah et al. 2023).
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Despite the high initial viability (96%), the seeds showed low germination (< 17%) in the absence of pre-
germination treatments, both in vitro and ex vitro, highlighting the presence of germination blocks even in
viable seeds. This pattern indicates that, beyond its recalcitrant nature, there is also the occurrence of
dormancy that restricts germination after dispersal (Vaziee et al. 2023). In Rubiaceae, such behavior
may represent an adaptive strategy by modulating germination timing in variable environments (Baskin
and Baskin 2024), but it also imposes challenges for species management and propagation, especially
when seeking greater uniformity in seedling establishment (Bewley et al. 2013).

Despite the increase relative to the control, the low germination in vitro (25%) and ex vitro (< 30%) after
water soaking demonstrated that this treatment was not efficient in overcoming germination restrictions
in P, viridis. This suggests the presence of structural and/or physiological barriers, such as seed
mechanical constraint and the possible action of chemical inhibitors (Awasthi 2023). The low
germination rates observed after stratification treatments (in vitro < 10%; ex vitro < 20%) reinforced the
hypothesis of mechanical limitations, since this treatment acted predominantly on metabolic processes
internal to the embryo (Bewley et al. 2013). Chemical scarification with H,SO, resulted in low (< 4%) or
inhibited germination, possibly due to embryo damage caused by reagent penetration (Awasthi, 2023).

Despite the low germination percentages, satisfactory seedling formation rates (= 68-82%) were
recorded, indicating that the seeds that germinated exhibited vigor and establishment capacity. This
behavior is characteristic of seeds with mechanical constraint that affect germination but not viability or
post-germinative performance (Fu et al. 2024). This interpretation was corroborated by the increased
germinative responses (59%) observed in the in vitro cultivation of zygotic embryos in a medium free of
plant growth regulators, showing that once the coat restriction is overcome, the embryo can germinate.
This is because the seed coat and adjacent tissues exert mechanical restriction on radicle protrusion (Fu
et al., 2024), limiting embryonic elongation, the overcoming of which depends on the removal of these
barriers (Lamont and Pausas 2023).

The percentage of germination, seedling formation, and GSl increased significantly in all treatments
containing GA,, both in vitro and ex vitro, highlighting the role of hormonal regulation in overcoming
dormancy in P, viridis. The action of GA; is associated with increasing the growth potential of the embryo
and radicle (Gazzarrini and Tsai 2015) and deactivating mechanisms involved in maintaining dormancy,
thus favoring germination (Kocak-Sahin et al. 2025). Physiologically, dormancy is related to high levels of
ABA and/or reduced levels of GA, while the relative increase in GA,; promotes the resumption of
embryonic growth and radicle protrusion (Kogak-Sahin et al. 2025). These results indicated the existence
of a second level of dormancy control associated with hormonal regulation in P, viridis.

Hormonal quantification supported this interpretation by revealing an endogenous balance favoring ABA
(38.1+0.64 ng g-") over GA, (< 1.94 ng g") in the seeds. These results corroborated the low
spontaneous germination of the seeds and reinforced the efficacy of GA, supplementation in embryonic
development (Kogak-Sahin et al., 2025), increasing turgor pressure and enabling germination
(Homczinski et al. 2023). In Rubiaceae, the endosperm has a rigid constitution due to the accumulation
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of reserve polysaccharides, such as mannans (Bewley et al. 2013), and GA; also acts by inducing
hydrolytic enzymes, such as endo-B-mannanase, promoting the degradation of these reserves and
reducing the mechanical resistance of the enclosing tissues (Silva et al. 2019). Therefore, dormancy in P
viridis was of a complex nature, involving both structural restrictions and physiological components
associated with the hormonal imbalance between high ABA levels and low endogenous gibberellin
concentrations.

The high incidence of polyembryony and ontogenetic heterogeneity observed in P, viridis seeds indicated
that, in addition to mechanical constraint and physiological dormancy, there is also a morphological
component associated with dormancy. The presence of embryos in the early ontogenetic stages
(globular and heart) indicated that the seed was dispersed before all its embryonic axes had completed
the development necessary for germination (Bewley et al. 2013). Such a phenomenon is characteristic of
other species in the Rubiaceae family, where morphological immaturity has occurred alongside
physiological blocks (Baskin and Baskin 2024).

Although cotyledonary embryos showed greater autonomy, GA; supplementation was indispensable for
uniformizing the maturation of the globular and heart stages. This response indicated that GA,
accelerated the histological differentiation required to overcome MPD (Athugala et al. 2016). Therefore,
the observed heterogeneity not only reflected a taxonomic characteristic of the family (Baskin and
Baskin 2024) but also reinforced the need for in vitro protocols using gibberellins to rescue the
germinative potential of embryos that, under natural conditions, would be restricted by their incomplete
development and the imbalance between ABA and GA,.

Thus, seed dormancy in P, viridis can be classified as morphophysiological dormancy (MPD), indicating
that the germination process requires both the overcoming of biochemical barriers and an additional
period of embryonic growth and differentiation after dispersal. The observed mechanical constraint does
not characterize physical dormancy, as there is no impediment to water imbibition, an essential
condition for this type of dormancy (Fu et al. 2024). Thus, although the seed coat imposes a barrier to
the germination process, its action is associated with the mechanical resistance of the enclosing
tissues, rather than the water impermeability typical of physical dormancy (Awasthi 2023).

5. Conclusions

Psychotria viridis presented a germinative system characterized by recalcitrance and
morphophysiological dormancy (MPD). Desiccation sensitivity, combined with the seed coat barrier,
hormonal imbalance, and the presence of embryos at different ontogenetic stages, confers low
germination rates (< 17%) to the species. Overcoming these limitations was enabled by the in vitro
cultivation of zygotic embryos in MS/2 medium supplemented with 20 uM GA;. This technique
eliminated the coat-imposed restriction, while supplementation with the plant growth regulator
simultaneously resolved both physiological and morphological blocks. This occurred because it restored
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hormonal balance (compensating for basal GA, levels and the ABA surplus) and accelerated the
histological differentiation of globular and heart-stage embryos.

Declarations

Competing Interests

The authors declare that they have no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Funding

This work was supported by the Coordination for the Improvement of Higher Education Personnel
(CAPES), linked to the Ministry of Education of Brazil.

Author Contribution

RCVT, LLFR, RFS. Investigation / Methodology: RCVT, LLFR, RFS, DCS. Formal analysis: RCVT. Writing —
original draft: RCVT, RFS, DCS, LLFR. Writing — review & editing: RCVT, RFS, DCS, LLFR.

Acknowledgement

We are grateful to the Instituto Fogo Sagrado, especially Bruna Cristina and Alex Cordeiro, for the
donation of P. viridis seeds. We are also grateful to the Multiuser Laboratory of Equipment and
Environmental Analyses (LAMEAA-UTFPR) for spectrophotometric and chromatographic analyses.

References

1. Alexander RG (2025) Ayahuasca and ‘Shamanism’: A Critical Overview. In: A Criminological
Investigation into Psychedelic Drug Use. Springer Nature Switzerland, Cham, pp 87-99

2. Apdstolo NM, Larraburu EE, Gil MN, et al (2016) In Vitro and Ex Vitro Germination of Three
Handroanthus Species (bignoniaceae). Bonplandia 25:5-16

3. Athugala YS, Jayasuriya KMG, Gunaratne AMTA, Baskin CC (2016) Morphophysiological epicotyl
dormancy in seeds of three Psychotria species from Sri Lanka: first record for Rubiaceae. Seed Sci
Res 26:171-181. https://doi.org/10.1017/S0960258516000027

4. Awasthi P (2023) REVIEW ON DORMANCY, CAUSES, USES, AND MEASURES OF OVERCOMING IT.
Science Heritage Journal 7:57-60. https://doi.org/10.26480/gws.02.2023.57.60

5. Baskin CC, Baskin JM (2024) Diversity of embryos and seed dormancy in Rubiaceae: a
taxonomic/phylogenetic and biogeographic perspective. Seed Sci Res 34:239-263.

Page 17/25



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

https://doi.org/10.1017/S0960258524000278

. Bewley JD, Bradford KJ, Hilhorst HWM, Nonogaki H (2013) Seeds: Physiology of Development,

Germination and Dormancy, 3rd Edition. Springer New York, New York, NY

. Chin HF, Krishnapillay B, Stanwood PC (1989) Seed Moisture: Recalcitrant vs. Orthodox Seeds. In:

Seed Moisture. John Wiley & Sons, Ltd, pp 15-22

. Corréa MA, Andrade CG, Brandao A, Costa JCA (2007) Manual de plantio de Mariri e Chacrona, 1st

edn. Unido da Vegetal, Uba, Minhas Gerais

. Costa SPM, Carvalho KC, Gomes IN, et al (2024) Potential therapeutic use of ayahuasca: A literature

review. Acta Amaz 54:e54cp23182. https://doi.org/10.1590/1809-4392202301821

De Andrade CML, Bismara BAPP, Santos FP, et al (2025) Establishment of Psychotria viridis Ruiz &
Pav. callus cultures, plantlet regeneration and in vitro production of the hallucinogenic indole
alkaloid N,N-dimethyltryptamine. Plant Cell Tiss Organ Cult 161:65. https://doi.org/10.1007/s11240-
025-03061-y

Escobar DF, Zupo T, Carvalho CDS, et al (2025) Seed persistence and germination strategies of
Carajasia cangae (Rubiaceae): an endemic forb from the Amazon ironstone outcrop. Seed Sci Res
35:41-48. https://doi.org/10.1017/S0960258525000017

Flokova K, Tarkowska D, Miersch O, et al (2014) UHPLC-MS/MS based target profiling of stress-
induced phytohormones. Phytochemistry 105:147-157.
https://doi.org/10.1016/j.phytochem.2014.05.015

FuY, Ma L, Li J, et al (2024) Factors Influencing Seed Dormancy and Germination and Advances in
Seed Priming Technology. Plants 13:1319. https://doi.org/10.3390/plants13101319

Gazzarrini S, Tsai AY-L (2015) Hormone cross-talk during seed germination. Essays in Biochemistry
58:151-164. https://doi.org/10.1042/bse0580151

Hamidou FS (2009) Sulfuric acid and hot water treatments enhance ex vitro and in vitro germination
of Hibiscus seed. Afr J Biotechnol 8:6185-6190. https://doi.org/10.5897/AJB09.932

Homczinski I, Dos Santos JM, Sanson D, et al (2023) Dormancy break induced by gibberellic acid
and in vitro germination of seeds and zygotic embryos of Prunus campanulata Maxim. evid 23:9-
22. https://doi.org/10.18593/evid.32526

Hong TD, Ellis RH (1996) A protocol to determine seed storage behavior. International Plant Genetic
Resources Institute, Rom

Karalija E, Macanovi¢ A, Ibragi¢ S (2025) Revisiting Traditional Medicinal Plants: Integrating
Multiomics, In Vitro Culture, and Elicitation to Unlock Bioactive Potential. Plants 14:2029.
https://doi.org/10.3390/plants14132029

Kogak-Sahin N, Okumus O, Say A (2025) Role of Giberellic Acid (GA3) in Seed Germination and Early
Seedling Development in Some Field Crops: A Review. https://doi.org/10.5281/ZENODO.15082178
Lah NHC, El Enshasy HA, Mediani A, et al (2023) An Insight into the Behaviour of Recalcitrant Seeds
by Understanding Their Molecular Changes upon Desiccation and Low Temperature. Agronomy

Page 18/25



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

13:2099. https://doi.org/10.3390/agronomy13082099

Lamont BB, Pausas JG (2023) Seed dormancy revisited: Dormancy-release pathways and
environmental interactions. Functional Ecology 37:1106—-1125. https://doi.org/10.1111/1365-
2435.14269

Ley-Lépez JM, Wawrzyniak MK, Chacén-Madrigal E, Chmielarz P (2023) Seed traits and tropical
arboreal species conservation: a case study of a highly diverse tropical humid forest region in
Southern Costa Rica. Biodivers Conserv 32:1573-1590. https://doi.org/10.1007/s10531-023-02565-
3

Maguire JD (1962) Speed of Germination—Aid In Selection And Evaluation for Seedling Emergence

And Vigor. Crop Science 2:176-177.
https://doi.org/10.2135/cropsci1962.0011183X000200020033x

Murashige T, Skoog F (1962) A Revised Medium for Rapid Growth and Bio Assays with Tobacco
Tissue Cultures. Physiologia Plantarum 15:473-497. https://doi.org/10.1111/j.1399-
3054.1962.tb08052.x

Pathak A, Hag S, Meena N, et al (2023) Multifaceted Role of Nanomaterials in Modulating In Vitro
Seed Germination, Plant Morphogenesis, Metabolism and Genetic Engineering. Plants 12:3126.
https://doi.org/10.3390/plants12173126

REFLORA (2025) Psychotria in Flora e Funga do Brasil. In: Flora e Funga do Brasil.
https://floradobrasil.jbrj.gov.br/FB24581

Silva EAAD, Acencio ML, Bovolenta LA, et al (2019) Gene expression during the germination of
coffee seed. J Seed Sci 41:168-179. https://doi.org/10.1590/2317-1545v41n2208263

Sommerville KD, Errington G, Newby Z-J, et al (2021) Assessing the storage potential of Australian
rainforest seeds: a decision-making key to aid rapid conservation. Biodivers Conserv 30:3185-3218.
https://doi.org/10.1007/s10531-021-02244-1

Souza AMBD, Ferraz MV, Braga AC, et al (2024) Temperature, saline stress, sowing method and
water availability in the germination of bahiagrass seeds. Ornam Hortic 30:€242811.
https://doi.org/10.1590/2447-536x.v30.e242811

Vaziee S, Khoshhal-Sarmast M, Ghaderi-Far F, Wang C (2023) The role of gibberellic acid,
temperature and scarification on in/ex vitro germination of Rosa persica Michx ex Juss. Journal of
Plant Production Research 29:. https://doi.org/10.22069/jopp.2022.20323.2941

Figures

Page 19/25



v "".' - v v
el il sl

‘i

__..\..1

#

AARREFR RNy

»
 /

- -
L] .llllllll"

~ v/ ~
-N..~ *" y vf

N AR

4 '.;ctlpi'.t-l"tvvnnni

0 500 1000 km

0 50 100km
| —

Figure 1

Geographic location of the Psychotria viridis mother plants. (A) Map of Brazil highlighting the state of
Sao Paulo; (B) Location of the municipality of Mirassolandia in the state of Sdo Paulo (red dot); (C)
Branch of the mother plant showing fruits at different maturation stages, with a close-up of
physiologically mature fruits.
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Figure 2

Germination of Psychotria viridis. (A) External morphology of seeds. (B) Longitudinal section after
viability testing with 2,3,5-triphenyltetrazolium chloride; the white arrowhead indicates the viable embryo
(stained red). (C) Longitudinal section showing an embryo at the cotyledonary stage. (D—E) Germination
ontogeny of embryos cultured in vitro on MS/2 medium (Murashige and Skoog medium with half-
strength salts) supplemented with 20 uM gibberellic acid (GA;) after 7 and 21 days, respectively. (F)
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Polyembryony in longitudinal section: arrows indicate embryos at different developmental stages (black
arrow: globular; white arrow: cordiform; black arrowhead: torpedo). (G) Phenotypic expression of
polyembryony during germination.

Embryo viability (%)
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Figure 3

Initial seed moisture content (45%) and the effect of controlled desiccation (20%, 15%, and 10%) on the
viability of Psychotria viridis seeds (n = 5 replicates of 50 seeds). Different lowercase letters above the
standard deviation bars indicate significant differences among treatments according to Bonferroni's test
(p < 0.05).
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Figure 4

Ex vitro cultivation and initial seedling morphology of Psychotria viridis. (A) Arrangement of seeds in Petri
dishes on a double layer of moistened filter paper during the cold stratification process at 5 °C. (B)
Germination assay conducted in Gerbox®-type containers. (C) Seedling emergence showing initial
cotyledon development. (D) Morphological characterization of the established seedling.
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Figure 5

Principal Component Analysis. (A) Correlation circle of variables (germination, seedling formation, and
germination speed index - GSI) colored according to their contribution to the principal components. (B)
Principal Component Analysis (PCA) showing the spatial distribution of the effect of pre-germination
treatments on Psychotria viridis seeds cultivated in vitro (IN, in blue) and ex vitro(EX, in red). CS =
chemical scarification; GA; = gibberellic acid; SC = seed coat removal; ZE = zygotic embryo excision.
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Figure 6

Germination percentage of Psychotria viridis zygotic embryos as a function of the ontogenetic stage
(globular, heart, torpedo, and cotyledonary) and gibberellic acid (GA;) supplementation in MS culture
medium with half-strength salt concentration (MS/2). Bars represent the mean + standard deviation (n =
5 replicates of 50 seeds). Distinct lowercase letters above the bars indicate significant differences in
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germination percentages according to Bonferroni's test (p < 0.05).
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