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Abstract: Unconventional germination, wherein shoots emerge and establish true leaves before the
root emerges, is only found in Zosteraceae. In Garcinia, germination proceeds with the primary
root emerging, followed by shoot emergence on the opposite side, but before leaf differentiation,
adventitious roots emerge at the base of the shoots. However, germination and survival mechanisms
in several Garcinia species are still unclear. We subjected freshly collected G. aristata seeds to an imbi-
bition test, and germination was evaluated at various temperatures and light conditions. Desiccation
sensitivity assessments were made at different stages of drying. The effect of natural drying (ambient
storage) on germination was assessed by leaving the seeds outside in natural conditions. Seeds
of G. aristata with a moisture content (MC) of 67% had more than 95% germination only at 25 and
25/30 ◦C both in light/dark and darkness, but at 25/40 ◦C only 10% germinated. In 4% of the seeds,
germination incepted with primary shoot emergence, and a secondary (adventitious) root emerged
just before leaf differentiation. More than 95% of the seeds germinated with only a secondary root
and shoot emerging concurrently. Drying fresh seeds above silica gel to 30% MC resulted in complete
viability loss. Seeds stored at ambient conditions germinated without external water, and had no
primary or secondary root, and the emerging shoot continued to grow into seedlings. A root develops
in these seeds only when water becomes available. G. aristata seeds are desiccation-sensitive and
non-dormant. When no external water is available, G. aristata seeds can germinate with shoots and
establish seedlings. This is the first report on germination and successful seedling establishment
without roots in Garcinia.

Keywords: adventitious roots; desiccation; embryo; inverse dormancy; recalcitrant

1. Introduction

Germination is the most critical event in the life history of spermatophytes [1,2].
Invariably, germination leads to radicle protrusion from the external covering layers of
seeds or dispersal/germinating unit [hereafter germinating unit or seeds] and establishes a
root system, followed by the development of a shoot system and “eventually” leaves [3,4].
Indeed, this pattern occurs in most contemporary species; consequently, radicle extension
by 2 mm outside the germinating unit has been recommended as a criterion to assess
germination by various regional and international authoritative bodies, including the
International Seed Testing Association [5]. However, germination is much more complex
than this simplistic overview in at least c.10–20% of global species, where the first structure
emerging from the germinating unit is not a radicle per se but a range of other structures,
including the hypocotyl, coleorhiza, coleoptile, etc. Baskin and Baskin [6] recently drew

Plants 2024, 13, 3269. https://doi.org/10.3390/plants13233269 https://www.mdpi.com/journal/plants

https://doi.org/10.3390/plants13233269
https://doi.org/10.3390/plants13233269
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0003-0972-9263
https://doi.org/10.3390/plants13233269
https://www.mdpi.com/journal/plants
https://www.mdpi.com/article/10.3390/plants13233269?type=check_update&version=1


Plants 2024, 13, 3269 2 of 14

attention to such germination behavior, as they do not fit the ‘radicle emergence’ criterion,
and stressed that more caution is needed in studies involving those species.

Regardless of the emerging structures from the germinating unit, a root system is
permanently established before onsetting a shoot system. The only exception to this
otherwise ubiquitous rule is a few species from Zosteraceae. As early as 1902, Gibbs
demonstrated that Phyllospadix seeds had their hypocotyl and plumule emerge first, and
they established several leaves 6 months before roots emerged. Tutin [7] and Taylor [8]
found identical results in Zostera marinia, demonstrating that roots are not necessary for the
leaves to form and function independently. These studies underpinned that leaf emergence
followed by root emergence could be much more common in Zosteraceae. Perhaps the
most detailed assessment of this subject was presented by Kuo et al. [9], who clearly
showed in Phyllospadix iwatensis that the seeds have dormancy and germination onsets,
with leaves emerging first and root emergence being delayed for six months after the first
leaves emerged. Thus, if the seeds have dormancy, there is a delay between dispersal and
germination, but leaves emerge first, and radicle emergence in the germination process is
further delayed. Subsequent studies have shown similar germination patterns in Zostera
marinia maturing in other locations [10]. Similarly, evidence is emerging to show this
germination pattern in a wide range of Zosteraceae species, e.g., P. japonicus [11].

A more unusual germination pattern occurs in the genus Garcinia, belonging to Clu-
siaceae. While the radicle develops into the primary root system, the hypocotyl plays
a crucial role in seedling establishment by lifting the cotyledons, facilitating root–shoot
transition, and regulating growth in response to environmental cues, without directly
developing into roots itself. Unlike other families, Garcinia species have the primary root
and the shoot appearing on opposite sides, but subsequently, just before leaf differentiation,
an adventitious root develops at the base of the shoot, which matures into the main root,
often referred to as Garcinia-type germination [12–20]. However, Malik et al. [20] showed
that the shoot and primary and secondary roots emerged on the same side in G. indica,
G. cambogia, and G. xanthochymus. This germination pattern has been previously described
in other members of Clusiaceae, e.g., Symphonia globulifera [21] and G. kola [22]. Further,
Garcinia seeds of many species can “have multiple embryos” or “germinate with multiple
seedlings”. For instance, when the fully intact seed is cut into pieces artificially with a
scalpel or naturally by animals, each piece could produce a seedling [18,20,23]. However,
the prevalence of Garcinia-type germination across the c. 300 known Garcinia species re-
mains uncertain, as research has primarily focused on a limited number of species, mainly
found in Southeast Asia [24].

The moisture content of the seeds at the time of dispersal influences germination.
Desiccation-tolerant or orthodox seeds [sensu [25]] require water imbibition to onset germi-
nation. Desiccation studies conducted on a handful of Garcinia species have shown that
the moisture content at the time of dispersal is high, typically above 35% on a fresh weight
basis (fwb), and drying to a moisture range of approximately 25% fwb results in complete
mortality [26–33], thus indicating that these seeds are desiccation-sensitive, i.e., recalcitrant
[sensu [25]]. Because dormancy in desiccation-sensitive seeds is rare yet not mutually
exclusive [34,35], dormancy in Garcinia species has received scant attention. The results of
these dormancy studies are equivocal, with some studies showing that Garcinia species
produce non-dormant seeds, e.g., G. lucida [36], but others indicating that seed germination
is delayed when sown in appropriate conditions [29,30,37–40], presumably indicating the
presence of physiological dormancy (PD), wherein the embryo lacks the potential to break
open the seed coat. Baskin and Baskin [6] included Garcinia under a new subclass of PD
called ‘Hypocotylar’ and suggested that warm temperatures are required to break PD and
the shoot is produced after the root is produced. Nonetheless, Viana et al. [41] claimed
that seeds of G. gardneriana have recalcitrant seeds with physical dormancy (PY), which
results from the water-impermeable nature of the seed/fruit coat. They further stated that
this paradoxical combination could arise due to environmental pressure. When coupled
with other inferences in previous studies suggesting epicotyl dormancy, where the root
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emerges as soon as seed dispersal occurs but shoot emergence is delayed, e.g., G. kola [14],
dormancy in Garcinia species requires further investigation.

To date, no other species outside Zosteraceae has been known to have leaves emerging
before root emergence. Here, we describe this germination pattern in Clusiaceae. Garcinia
aristata (Griseb.) Borhidi (≡Rheedia aristata Griseb.) is a slow-growing evergreen tropical
tree that grows up to 15 m [42]. The species is endemic to the Caribbean and naturally
distributed in Cuba and the Dominican Republic [43]. In Cuba, G. aristata is a critically
endangered species to the extent it is among the top 60 species protected by the Cuban forest
system. Despite such conservation actions, overexploitation for medicinal and timber use,
habitat loss, degradation caused by deforestation, agricultural activity, livestock, invasive
exotic plants, and climate change put more pressure on natural regeneration [44,45]. This
fate is shared by 11 endemic Cuban species of Garcinia [46].

The standing populations of G. aristata have been observed only in mesophyllous and
microphyllous evergreen forests, where water is readily available throughout summer [46].
Moreover, climate change is seriously affecting the germination phenology of numerous
species across the globe and Caribbean regions, and our knowledge of how a changing
climate might affect seeds in general and, particularly, recalcitrant seeds, such as Garcinia,
is rudimentary. Indeed, there is evidence of hampered germination in Cuban tree species
that colonize tropical evergreen forests [47,48].

In this work, we studied the germination and seedling growth of G. aristata to gain
more understanding of the following questions: (1) Do seeds have dormancy and, if so,
what is the class of dormancy? (2) Does germination occur only at specific temperatures
and light conditions? (3) What are the germination processes of the seeds? (4) Are seeds
sensitive to desiccation? (5) How do low water potential and ambient storage affect
seed germination?

2. Materials and Methods
2.1. Seed Collection and Habitat Characteristics

Fully ripened yellow color fruits of G. aristata were collected on 24 July 2017, in the
National Botanical Garden in the Boyeros municipality of Havana, Cuba (22◦99′34′′ N,
82◦33′49′′ W) from seven trees with the help of a telescopic rod. The change in the color
of the fruit from green to yellow indicated that the seeds had reached maturity, and our
collection time was synchronized with the natural dispersal time. The collected fruits
were pooled together and washed under running tap water before extracting the seeds
by crushing them. Typically, a fruit contained one seed, but rarely two or three. A scalpel
was used to scrap out any fruit remains. Subsequently, the clean seeds were sterilized
in 1% sodium hypochlorite for 5 min, washed thrice with distilled water to avoid fungal
infections, and then placed on filter paper in iron trays at ambient laboratory conditions
(25 ± 2 ◦C; 60% RH) for 48 h. Seeds were randomly sampled for experiments, which began
immediately. However, seeds used to assess general characteristics, for the imbibition test,
and to assess ambient storage were fresh, unsterilized seeds.

The climate of the seed collection site is subtropical and seasonally humid, with a
rainy season that extends from May to October (summer season) and a dry period from
November to April, the latter corresponding to the lowest temperatures for Cuba [49]. The
mean annual rainfall is 1541 mm, and the mean annual temperature is 24.3 ◦C, with an
average temperature of 31.8 ◦C during the warmest month and a lowest average monthly
temperature of 26.7 ◦C, according to the WorldClim 2 [50].

2.2. Seed Characteristics

Seed dimensions (length, width, and depth), shape, fresh and dry mass, moisture
content (on a fresh weight basis), and coat and embryo weight were determined from a
random sample of 100 seeds. Seed length, width, and depth measurements were made
using a Mitutoyo Caliper with a precision of 0.02 mm. The seed shape index (variance of
seed dimensions) was calculated as described by Thompson et al. [51]. Before calculating
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the variance, each value of the seminal dimension was divided by the length value. Thus,
a spherical seed will present a variance value of 0, while for an elongated or flattened
one, its variance can be up to 0.33. This is because in a perfectly spherical seed, the
L = W = H, resulting in ratios of 1,1, and 1; thus, the variance of these identical values
would be 0. In contrast, larger variance values indicate seeds are more elongated or
flattened compared to a sphere. The fresh mass was determined by individually placing
the seeds on a scale (Sartorius, with 10−4 g accuracy), and the seed coat ratio (seed coat dry
mass/whole seed dry mass) (SCR) was determined following the methods described by
Daws et al. [52]. The probability index of sensitivity to desiccation (P) was also determined
based on biometric data of the seeds (total dry mass and seed coat ratio), according to
Daws et al. [52]. Briefly, this method takes into account the seed mass and SCR to predict
desiccation-sensitivity. Thus, as the seed mass increases, the probability of desiccation
sensitivity generally increases. On the other hand, the probability of desiccation sensitivity
decreases with an increasing SCR. The model considers a seed to be desiccation-sensitive
when P(D-S) > 0.5, and desiccation-tolerant when P(D-S) < 0.5. The moisture content was
calculated by comparing the fresh mass after drying the seeds at 103 ± 2 ◦C for 17 h [5].

2.3. Seed Imbibition

The ability of seeds to absorb water (or not) was determined in an imbibition test,
using seven replicates of 20 seeds placed on two layers of filter paper moistened with
distilled water in 12 cm diameter Petri dishes incubated at 25 ± 2 ◦C under diffused white
light. After 48 h of imbibition, seeds of each replicate were removed separately, placed in
a soft tissue pad, patted dried to remove surface water, and then weighed on a balance
(0.00 g). The percentage increase in mass (PIM) was calculated following Baskin et al. [53]:
PIM = [(M2 − M1)/M1] × 100, where M1 and M2 represent the initial fresh mass of the
seed (zero time) and the mass of the seed after 48 h on a moistened substrate, respectively.

2.4. Effect of Temperature and Light on Seed Germination of Fresh Seeds

To determine the effect of temperature and light, seven replicates of 20 seeds were
germinated in 12 cm diameter Petri dishes containing a double layer of filter paper moist-
ened with distilled water placed in growth chambers (Medcenter Einrichtungen GmbH,
FRIOCEL 111 L, Munich, 2.8 Germany) at a constant temperature of 25 ◦C and alternating
temperatures of 25/30 ◦C, 25/35 ◦C, and 25/40 ◦C either in dark or dark/light. The light
had an illumination of 40 µmol m−2s−1; 400–700 nm of cool-white fluorescent light was
provided for 12 h at 25 ◦C in seeds experiencing constant temperature or during the warm
phase of the cycle. The Petri dishes of seeds in the dark were wrapped with a double layer
of aluminum foil to preclude light from reaching the seeds. The tested temperature range
mirrored the soil temperature variations observed in humid forests of western Cuba during
the month when the seeds were collected. These temperatures represented conditions from
the forest interior to large open clearings [47,48]. The temperature range of 25/40 ◦C was
used to investigate the influence of climate change on germination.

2.5. Effects of Drought Stress on Seed Germination

The effect of drought stress (i.e., low water potential) on germination was determined
by incubating seeds at 0, −0.3, −0.6, −0.9, and −1.2 MPa. Different water potentials were
achieved by diluting 0, 151.40, 223.66, 279.29, and 326.26 g/L of polyethylene glycol-6000
(PEG 6000, Merck Group, Darmstadt, Germany), respectively, in water at 25 ◦C, as described
by Villela et al. [54], based on Michel and Kaufmann [55]. Seeds were then set to germinate
on a double layer of filter paper soaked in at least 12 mL of the corresponding PEG solution
in 12 cm Petri dishes, sealed with plastic film to prevent evaporation of the solution. Seven
replicates of 20 seeds were used for each treatment and placed in an incubator at 25 ◦C
with 12 h light conditions. Germination was evaluated daily over 30 days. Non-germinated
seeds were rinsed with distilled water and transferred to 12 cm diameter Petri dishes
containing a double layer of moistened filter paper. These seeds were germinated at 25 ◦C
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with 12 h light for 25 days. Seeds that remained ungerminated throughout were subjected
to a cut test to evaluate the internal structures.

2.6. Desiccation-Sensitivity Assessment

The germination capacity of freshly collected seeds at different moisture levels was
determined by desiccating four replicates of 45 seeds in air-tight glass vessels (3 L capacity)
containing activated silica gel. The seeds were desiccated for 1, 2, 3, 4, and 5 weeks
under laboratory conditions (25 ± 2 ◦C; 60–65% RH). At the end of each drying period,
germination assessments were carried out by incubating four replicates of 25 seeds on Petri
dishes containing double-layered moist filter paper at 25/30 ◦C (12 h light conditions).
The remaining four replicates of 20 seeds were used to determine the moisture content, as
described above. Germination tests were terminated after four weeks. The final germination
percentage and first germination time (in each replicate) were evaluated.

2.7. Effects of ‘Ambient Storage’ on Seed Germination

To determine how quickly the seeds can dry under ambient conditions and whether
this would influence germination, 362 fresh seeds were placed on two layers of dry filter
paper in an iron tray (44: length × 34: width × 4: thickness, cm). These trays were incubated
at room temperature with 12 h of light provided using 400–700 nm of 30 µmol m−2s−1

cool-white fluorescent lamps. The physical change in the seeds and any germination were
monitored for three months. The temperature and relative humidity of the laboratory
during storage were recorded using a HOBO U12 Data Logger, for which a thermocouple
was placed inside the tray that contained the seeds. The intact and ungerminated seeds
were subjected to a cut test to evaluate the internal structures. We refer to this group of
seeds as ‘ambient storage’.

2.8. Documenting the Morphological Progression in Germination of Fresh and ‘Ambient
Storage’ Seeds

Preliminary germination tests showed that the shoot (i.e., the epicotyl) was the first
to emerge; therefore, a seed was defined as germinated when the shoot emerged ≥ 2 mm.
However, we documented the emergence of primary and secondary roots, from which side
they emerged, and their growth. Visible changes were observed and documented daily for
30 days, except for seeds held in complete darkness, for which morphological changes were
documented after 30 days. The seeds that did not germinate in light and dark at 25/40 ◦C
were transferred to 25/30 ◦C with 12 h of light, and morphological changes in seeds were
monitored for an additional 20 days.

2.9. Statistical Analysis

Descriptive analyses (e.g., mean, standard deviation, and coefficient of variation) were
used to describe the seed traits. The final germination percentage was calculated as the
mean of the seven replicates and expressed with standard errors. A generalized linear
model (GLM) was used to evaluate the effect of temperature, light, and their interactions on
seed germination, assuming a binomial error distribution and using the Logit Link function.
The model with the best fit was selected using Akaike’s information criterion and the
Bayesian information criterion [56]. A generalized linear model was used to evaluate the
effects of drying periods on final germination percentage, but the time to start germination
was analyzed assuming a Gaussian distribution and using the identity link function. Data
were analyzed using the InfoStat program, which implements a user-friendly interface for
the platform R. Means were compared with a post hoc DGC test.

3. Results
3.1. Seed Characteristics and Imbibition

Fully matured fruits of G. aristana were yellow; each contained one large, heavy,
and bean-shaped seed with an average mass of 2.01 ± 0.68 g. The mature seeds were
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enclosed in a dark brown seed coat and lack endosperm. Inside, the embryo, ranging from
yellow to light green in color, consisted primarily of a large hypocotyl–radicle axis that
occupied the entire seed cavity. The embryo was approximately 6-fold heavier than the coat,
and the seed coat embryo ratio was 0.11 ± 0.04 (Table 1). The probability of desiccation
sensitivity value was 0.82 ± 0.13 (Table 1). All the morphophysiological traits studied
showed considerable variability, except for the initial moisture content and the increase in
seed mass after imbibition (Table 1). The average moisture content of the fresh seeds was
67.22 ± 3.38% on a fresh weight basis, with a maximum value of 76.10 and a minimum
value of 61.04% (Table 1). When incubated in a wet substratum, the mass of the seeds
increased by 12.02 ± 2.21% within 48 h (Table 1).

Table 1. Morphophysiological traits of fresh seeds of Garcinia aristata.

Seed Traits Mean
(±SD)

Maximum
Value

Minimum
Value

Coefficient
of Variation

Length (mm) 17.20 (2.62) 21.17 12.30 15.23
Width (mm) 11.40 (1.90) 13.71 7.82 16.71
Depth (mm) 9.75 (1.69) 13.50 6.36 17.34
Seed shape 0.05 (0.01) 0.09 0.02 25.58

Fresh mass (g) 2.01 (0.68) 3.07 0.65 33.89
Dry mass (g) 0.69 (0.22) 1.08 0.18 32.15

Initial moisture content (%) 67.22 (3.38) 76.10 61.04 5.03
Seed embryo dry mass (g) 0.61 (0.20) 1.00 0.14 33.24

Seed coat dry mass (g) 0.07 (0.03) 0.18 0.04 30.96
Seed coat ratio 0.11(0.04) 0.21 0.07 36.77

Probability of desiccation sensitivity 0.82 (0.13) 0.93 0.32 16.23
Increase in seed mass after

imbibition (%) 12.02 (2.21) 15.38 10.02 8.39

3.2. Effect of Temperature and Light on Seed Germination on Fresh Seeds

The final germination percentage of fresh G. aristata seeds was significantly affected by
temperature (p < 0.001; Table 2; Figure 1) but not by light (p > 0.05; Table 2) or the interaction
between temperature and light (p > 0.05; Table 2; Figure 1). At 25 ◦C, final germination
reached above 80% in light and darkness. However, regardless of light, seeds incubated at
25/30 ◦C had 98% germination, but those at 25/35 and 25/40 ◦C only had around 50 and
10% germination, respectively (Figure 1). Nonetheless, when the non-germinated seeds
were moved from 25/40 ◦C to 25/30 ◦C, the germination percentage significantly increased
(Figure 2). The final germination percentage of seeds incubated at 25/40 ◦C for 30 days and
then moved to 25/30 ◦C for an additional 20 days was 98 ± 1.22%, identical to the seeds
incubated at 25/30 ◦C (Figure 2). For seeds incubated at 25/30 ◦C, germination began after
seven days and reached 98% within 22 days, whereas at 25 ◦C, germination began after
9 days, reaching only 87% germination after 30 days (Figure 2). On the other hand, for the
seeds incubated at 25/40 ◦C, it took 22 days for germination to start and they had only 10%
germination after 30 days. However, within 20 days after moving the seeds from 25/40 ◦C
to 25/30 ◦C, germination increased to 98% (Figure 2).

Table 2. Analysis of deviance of GLM for the influence of light, temperature, and their interaction on
final germination percentage of fresh seeds of Garcinia aristata.

Factor df Deviance Resid. Df Resid. Dev p (>Chi)

Null 39 481.48
Light 1 0.05 38 481.43 0.8252

Temperature 3 466.71 35 14.72 0.0001
Light × Temperature 3 3.64 32 11.08 0.3035
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after 30 days (shown with a dotted line) was determined after moving the seeds to 25/30 ◦C.
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3.3. Desiccation Sensitivity Assessment

Before drying, the freshly collected seeds with 67% moisture content had 95% ger-
mination at 25/30 ◦C. All seeds germinated in 20 days, most between 7 and 10 days
(Figures 2 and 3). Silica gel drying was slow, and there was no apparent loss in moisture
content or germination when tested at the end of the first week (Figure 3). There was a
slight decrease (non-significant) in germination percentage after two weeks of drying, but
moisture content remained above 50%. However, there was a sharp decline in germination
percentage after continuously drying the seeds over 2 weeks, with only 68 and 18% germi-
nating when the moisture content reached 46 and 39% after 3 and 4 weeks, respectively
(Figure 3). This significant drop in germination percentage continued, and no germination
was observed after drying the seeds for 5 weeks, at which stage the moisture content
remained at 28%. The first two weeks of drying did not influence the mean germination
time; despite a significant difference in moisture content, germination was completed
within 25 days. However, the germination percentage differed significantly between 3- and
4-week-dried seeds; the first germination time did not show such a difference (Figure 3).
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Figure 3. The relationship between moisture content, germination percentage (blue line with error
bars), and time taken for first germination (just the error bars) after drying fresh Garcinia aristata
seeds for different durations above silica gel. Different lower-case blue letters indicate significant
differences between groups for germination. Different lower-case red letters indicate significant
differences between groups for mean germination time. Error bars represent standard errors.

3.4. Effects of Drought Stress on Seed Germination

None of the freshly matured seeds tested at any lower water potentials were able to
germinate after 30 days. Subsequent movement of seeds to filter paper containing water
at various water potential levels showed no signs of germination. However, the cut test
indicated that the internal structures of the seeds were unaffected.

3.5. Effects of ‘Ambient Storage’ on Seed Germination

After 21 days of ‘ambient storage’ with no external water supplied, shoot emergence
(i.e., germination) was observed in 56 seeds (15.46%) of 362 seeds (Figure 4), and after
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28, 35, 42, and 49 days, 27.0, 35.63, 87.56, and 96.68% of seeds germinated, respectively.
A more significant increase in germination was obtained at 42 days of storage (52.0%).
At the end of three months, 12 seeds (3.31%) did not germinate, and a cut test revealed
these seeds were dead from drying; the emerged shoot reached the true leaf stage with an
average height (mean ± SD) of 5.3 ± 0.09 cm (Figures 4 and 5). These seedlings had neither
primary nor secondary adventitious roots (see below). However, once in contact with water,
these seedlings had secondary root emergence within two or three days, regardless of the
seedling stage. The average temperature experienced by seeds during ‘ambient storage’
for three months was 24.7 ◦C (maximum: 26.1 ◦C and minimum: 24.3 ◦C), and the relative
humidity was 65% (maximum: 71.5% and minimum: 54%).
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Figure 5. Two different forms of germination observed in fresh Garcinia aristata seeds with and
without primary root. Germination of Garcinia aristata seeds without primary roots (a) 2 days,
(b) 7 days, (c) 15 days, and (d) 25 days after germination. Germination of Garcinia aristata seeds with
primary and secondary roots: (e) 2 days, (f) 7 days, (g) 15 days, (h) 21 days, and (i) 28 days after
germination. S, shoot; AR, adventitious or secondary root; PR, primary root. Scale = 0.5 cm.
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3.6. Germination and Seedling Structures of Fresh and ‘Ambient Stored’ Seeds

More than 95% of the G. aristata fresh seeds germinated with the emergence of the
shoot, followed by the adventitious root emerging from the base of the shoot just before the
leaf differentiated (Figure 5a–c). The primary root never emerged in this group of seeds
(Figure 5d). In another group of seeds, the shoot emerged first (Figure 5e), and within three
to four days, the primary root emerged on opposite poles (Figure 5f,g). Immediately after
the emergence of the primary root, the secondary root emerged from the base of the shoot,
and approximately 25 days after germination, true leaves appeared (Figure 5h,i). This type
of germination only occurred in 4.28% of those sown. Both these groups had the shoot
emerging first (Figure 5a,f). A third group of seeds had shoot emergence, but no primary
or secondary root emerged (Figure 6a,b). The shoot continued growing and establishing
true leaves without roots (Figure 6c). This pattern was only observed in ‘ambient storage’
seeds without an external water supply.
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4. Discussion

The initial moisture content of 67% observed in the present study on G. aristata is on
the higher end of the spectrum when compared with a range of species across Garcinia
species, typically between 34.92% in G. atroviridis and 61.12% in G. mangostana [27]. The
higher moisture content does not necessarily indicate immature unripe seeds because the
extracted seeds are dark brown, but immature Garcinia seeds tend to be cream-white [31].
Despite these differences, our results agree with other traits found in Garcinia seeds. Firstly,
all the species investigated hitherto, including G. aristata (Table 1), have no endosperm
or cotyledons or any other storage tissues, and the embryo (nic axis) occupies most of
the seeds [26,27,29–32]. Secondly, the seed size and shape are in the range reported previ-
ously [12,19].

Temperature is a crucial factor affecting G. aristata seed germination. A higher tem-
perature above 30 ◦C seems to inhibit germination, which could be ubiquitous among
Garcinia species. Consequently, studies using higher germination temperatures ascribed
failed germination to dormancy. For instance, Liu et al. [37] showed that G. cowa did not
germinate after 120 days when incubated at 30 ◦C. Yet, this assertion does not explain the
more extended period required for germination at 25 ◦C [32]. A more common finding
with dormancy in Garcinia species is that the seed coat imposes a barrier to germination;
thus, removing the seed coat increases water uptake and the germination rate and per-
centage [29,30,57]. As such, this indicates that PD might be a possibility. However, our
results showed that G. aristata seeds germinated within 30 days in light and darkness
when incubated at 25 ◦C and 25/30 ◦C but not at 25/40 ◦C (Figures 1 and 2). In addition,
germination was hampered at lower water potentials, but viability was unaffected. Seeds
experiencing a lower potential after dispersal could remain ungerminated. We surmise that
the germination rate and percentage of Garcinia seeds would depend mainly on the temper-
ature at which germination tests are carried out and the maturation state. In this regard, it
must be stressed that a slower water uptake does not necessarily imply the seed coats are
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impermeable to water, i.e., PY. Thus, the PY claim in G. gardneriana by Viana et al. [41] and
the other studies making such inferences stems from the fact that these authors equated the
physical barrier of the seed coat impeding embryo protrusion with PY.

There is general agreement that seeds of Garcinia species do not survive desiccation,
and our results strongly support this assertion (Figure 3). Indeed, the probability of desic-
cation sensitivity estimated based on Daws et al. [52] had a value of 0.82. From this, along
with the desiccation results showing that seeds of G. aristata used in the present investiga-
tion lost more than half of their viability when dried to c. 35% MC (Figure 3), which is the
critical moisture content (CMC), we conclude the seeds are highly desiccation-sensitive. As
such, this result contrasts with the CMC of 20–30% reported in most—if not all—Garcinia
species studied thus far [26,27,29,58]. Further, the time taken to reach the CMC when
dried above silica gel was 3–4 weeks in the present study, but Normah et al. [27] reported
that seeds of G. mangostana, G. atrovirdis, and G. prainiana took only 2–3 days to reach the
CMC. Likewise, Malik et al. [26] showed that G. indica, G. cambogia, and G. xanthochymus
seeds dried above silica gel lost complete viability within two days. Working with G. kola,
Joshi et al. [29] also reported that fresh G. kola seeds with 43% MC took 3–5 days to reach
the CMC when dried above silica gel.

Our germination and seedling growth assessment revealed that seedling establishment
in G. aristata is much more complex, with three patterns, namely (1) the shoot emerged,
and the primary root emerged on the opposite side, with adventitious roots developing
at the base of the shoot before leaf differentiation (Figure 5g–i); (2) the shoot emerged,
but the primary root never emerged, with only adventitious roots shortly emerging at the
base of the shoot (Figure 5b–e); and (3) the shoot emerged and no primary or secondary
root emerged (Figure 6a–c). However, shoot emergence without a root is found only
in ‘ambient storage’ seeds. Because there was no delay in root emergence after shoot
emergence, the occurrence of epicotyl physiological dormancy (ePD) can be ruled out,
which agrees with results found on G. kola [59], G. brasiliensis [19], and G. gummi-gutta [12].
Normah et al. [27] showed that in G. prainiana, there was no emergence of the adventitious
root, and the primary root grew into the main root. However, in their study, G. mangostana,
G. hombroniana, and G. atroviridis followed typical Garcinia-type germination.

Of the three germination patterns observed, failure of root emergence occurred only
during ‘ambient storage’, and germination of seeds in the presence of water always had
either a primary or secondary root emergence. Intriguingly, seeds experiencing ‘ambient
drying conditions’ continued to grow a shoot, and the adventitious roots emerged within
days when water became available, irrespective of the seedling size. Dormancy could
synchronize germination with the growing season, but we argue that the seeds of G. aristata
are non-dormant, even though they closely resemble the ‘inverse epicotyl’ dormancy
reported in Zosteraceae [6]. Dormancy is a temporary failure in seed germination even
if seeds experience all the conditions, including water, oxygen, soil, etc. [1,2,60]. Because
the seed coat is permeable to water, intact seeds germinated within 30 days, and there
was fully functional shoot emergence and failure of root emergence only occurred in seeds
not provided with external water, and so we rule out the possibility that the seeds are
dormant. However, seedlings without roots could be an adaptive mechanism to cope with
post-dispersal dry conditions. Desiccation-sensitive seeds do not necessarily need external
water for germination, as the moisture content is high at dispersal and proceeds to embryo
growth [61]. Nonetheless, the lack of germination in seeds exposed to salt-induced water
potential solutions remains inexplicable, especially given the shoot emergence in open-air
stored seeds with lower water potential. We hypothesize that direct contact between salt
solutions and seeds creates a unique aqueous microenvironment, distinct from ambient
storage conditions. Thus, the extent to which G. aristata seeds can continue to grow without
roots remains to be explored in future studies.

The finding that G. aristata seeds can grow seedlings without roots is puzzling. Cur-
rently, it is not known if this mechanism is common in other Garcinia species because all
the germination studies, thus far, have been conducted in a medium supplied with water.
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Similarly, the ecological significance of this mechanism is also unclear. It is plausible that
the high moisture content of G. aristata seeds, and the requirement to maintain a sufficient
moisture content above the CMC until germination, played a critical role in the evolution
of this unusual germination. Unlike most Garcinia species, we found the initial MC and
CMC are slightly higher for G. aristata. In addition, to the best of our knowledge, the slower
drying rate reported in the present study with seeds requiring 3 weeks of drying to reach
the CMC has never been reported, although variation in initial moisture content within
species has been reported for seeds maturing at different locations. For instance, seeds of
G. kola from Nigeria had a fresh MC of 50.8% [62], but those from Ghana had 58% [58]. A
drop in moisture content may lead to the onset of stress response [63]. From the studies
conducted on G. kola, seeds under stress could germinate with abnormal root systems [22].
We also found that G. aristata seeds experiencing lower water potentials did not germinate,
although the viability seemed unaffected. Perhaps the requirement to maintain a higher
moisture content during post-dispersal survival results in shoot emergence as a mechanism
to avoid desiccation. The post-dispersal conditions from the seed collection site indicate
a dry season between August and September, before the arrival of the rainy season. This
response could have evolved to counteract the drying pressure. The effect of water potential
on the germination of Garcinia requires further detailed study.

Similarly, shoot emergence without roots enhances the likelihood of dispersal in
the form of seedlings to other locations. Seeds of many Garcinia species are dispersed
by animals of various sizes [64–66]. Evidence is accumulating that removing primary
roots at different stages of development does not affect germination or seedling growth
in Garcinia species [12]. Our study did not support multiple root emergence in G. aristata;
thus, having shoot emergence without roots could bait some animals, propelling dispersal.
For seedlings to grow without the help of roots, storage tissues must supply reserves for
growing seedlings. Whilst it is not known which tissue supplies nutrients to the growing
seedling, we conjecture that the hypocotyl is somehow involved. Although more studies
are required to test these hypotheses, we presume these explanations work inclusively.
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