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Abstract: The genus Alstroemeria originates from South America, and Chile is one of the countries
showing the highest number of taxa (49), of which 40 are endemic. However, anthropogenic and
environmental factors are affecting the survival of these species; therefore, the conservation of their
genetic variability is of great importance, and can be achieved through seed propagation. Seeds of this
genus normally show dormancy, which prevents their germination under favorable conditions. The
objective of this work was to understand the pre-germinative barriers to develop a seed propagation
protocol for native alstroemerias and to determine the best method to break their dormancy. Seeds
from 10 Alstroemeria species native to Chile were collected from the Coquimbo Region to Maule
Region, and 5 pre-germination treatments combining scarification and stratification methods were
evaluated. Moreover, a morphological and biochemical evaluation of the seeds was performed. The
results showed a positive and significant effect on the percentage of emergence using seed soaking in
water and cold stratification at 13 ◦C, obtaining the best results in A. pelegrina and A. angustifolia subsp.
angustifolia (98.33% and 91.67%, respectively) after 30 days. The morphological characterization of
seeds showed a wide range of size (diameter), from 2.18 mm (A. pulchra subsp. pulchra) up to 3.43 mm
(A. pelegrina), and different shapes (pseudospherical and angular) and textures (rough and smooth).
The highest phenol and tannin concentrations were observed in A. hookeri subsp. maculata with values
of 4.71 and 30.95 mg g−1 of seeds, respectively. A bigger size of the seed and a higher concentration
of phenols could be related to a higher % of emergence of alstroemeria seeds.

Keywords: scarification; stratification; dormancy; seed morphology; phenolic content

1. Introduction

The genus Alstroemeria was described by Linnaeus in the second half of the 18th
century, and its name was dedicated to his pupil and friend Claus Alstroemer, based on
three species originally described by Luis Feuillée in 1714. This genus originates from
South America and ranges from Venezuela (3◦ N) to Tierra del Fuego (53◦ S) [1]. A total
of 109 taxa have been described, with Chile and Brazil being the main centers of diversity,
having the largest number of taxa and the largest number of endemic species [2].

Alstroemeria is an herbaceous, perennial plant, with simple or branched cylindrical
rhizomes; thin, white, fleshy roots; and an erect aerial stem, which is sometimes decumbent.
It has alternate leaves, separated or grouped in rosettes, with a varied edge and shape and
terminal inflorescence; the flowers are zygomorphic with free tepals, six stamens and an
inferior ovary and protandry. When the pollen is ripe, this means that the style has not yet
fully developed [1]. For this reason, this genus presents cross-pollination, which results
in a high progeny variability. In nature, pollination is carried out by insects, especially
Hymenoptera [3]. The fruit is a capsule with explosive or violent dehiscence, which causes
the seeds contained within it to disperse far from the plant [2]. Moreover, due to the
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ornamental attribute of these species, Alstroemeria is one of the most important ornamental
genera in the market of ornamental plants, both as a cut flower and pot plant [4,5].

About 45% of the total taxa described are found in Chile, which is equivalent to 58 taxa
(37 species, 11 subspecies, and 10 varieties), of which 82% are endemic to the Mediterranean
environment of central Chile [6]. However, Alstroemeria species are distributed throughout
all Chilean territory, A. paupercula Phil. is the one found further north (Iquique; 20◦20′ S),
and A. patagonica Phil. is the one with the southernmost location, near Tierra del Fuego
(52◦45′ S). According to altitude, the species at the lower limits is A. pelegrina L., which
inhabits from 0 to 50 masl, while A. spathulata C. Presl. inhabits the upper limit (2200
to 3100 masl.). Despite the high urbanization in the central zone of Chile (Metropolitan
and Valparaíso regions), this is where the largest number of taxa are concentrated, with
14 species [1,2]. This territory is considered to be a hotspot of biodiversity [7], and it is
characterized by a Mediterranean climate marked by hot and dry summers and cold and
rainy winters [8].

From the point of view of the conservation of the genus Alstroemeria, 30 taxa have
been registered under an endangered category of conservation in Chile, with 9 endemic
species considered vulnerable [9]. Factors such as demographic growth, the increase in
urban areas [10], the change in the use of land for productive crops and livestock [11], as
well as the imminent climate change, as a consequence of global warming, have caused
the transformation of habitats that will lead to a potential decrease or replacement of plant
populations [12] and even the possible extinction of some species.

Baskin and Baskin [13] have proposed five types of dormancies: physiological dor-
mancy; morphological dormancy; morphophysiological dormancy; physical dormancy,
and combined dormancy. The definition of these dormancy classes is based on attributes
of the seed, such as the water permeability of the seed coat, the morphology of the em-
bryo, and the physiological responses to temperatures [14]. For conservation processes,
maintaining seed germination is vital, enabling storage at seed banks for long periods
with minimum germination losses. Although, to assure seed germination under proper
conditions, Alstroemeria species require different ways to overcome the dormancy induced
by the environment. The abrasion of seed covers or temperature/photoperiod signaling
are adaptive strategies correlated to the species’ habitat [15]. Depending on the climatic
region where the species come from, the seed dormancy characteristics can vary [16].

Emulating the environmental conditions, pre-germination treatments such as remov-
ing seed mechanical barriers (seed covers) can be used as a way of scarification or treatment
to accelerate embryo maturation—as a way of stratification [17] that improve germination.
Scarification, meaning breaking or removing seed covers using acids (H2SO4) or microor-
ganisms or mechanical abrasion that removes the mechanical restriction of the seed coat
and endosperm, allows the embryo to grow [18] to initiate germination in combination
with other environmental factors [14].

As a stratification process, the combination of hormones and temperature (cold–heat)
reduces stratification times, improving germination [18]. Abscisic acid (ABA) produced
by the seed keeps dormancy [19], and gibberellic acid (GA) promotes germination since it
depends on the ABA:GA relation [20]. Also, it is relevant to mention that gibberellins are
known to avoid environmental signaling required by the seeds [21]. Additionally, seeds
accumulate important amounts of phenols in their covers that protect the seed from UV
light, thus avoiding damage in their tissues but also inhibiting germination [22]. Phenols
are water soluble, and they are washed away by rain in nature. For this reason, it has been
suggested that soaking seeds in water can stimulate germination in several species [23–25].

The objective of this study is to analyze the seed dormancy in different species of the
genus Alstroemeria and correlate this factor with morphological and biochemical character-
izations of their seeds. The effect of environmental characteristics of the habitat of these
species is also discussed.



Seeds 2023, 2 476

2. Materials and Methods
2.1. Seeds Collection

Field trips were carried out during the flowering season of each species (Table 1),
following the information previously published [1,2,26]. During this investigation, the
taxonomic classification included in the GBIF online database [27] was followed. A first
visit was performed to identify the species using the taxonomic key of Bayer [28] and
the taxonomic information of the Plants of The World Online Database [26], as well as to
georeference (latitude and longitude) the location for each species using a GPS ETREX 10
(GARMIN, Olathe, KS, USA). Geographic and climatic data of the habitat of the species
collected are presented in Table S1. These data were obtained from the database ‘Climate
explorer’ of the Center for Climate and Resilience Research [29]. Thereafter, pollinated
flowers were tagged and a textile bag was used, enclosing the inflorescence to avoid the
dissemination of seeds. Using the georeference of each species, approximately two months
later, a second visit was performed to collect the mature seeds. All seeds were harvested
dry, and then they were stored at room temperature in a dry environment, etc. All seeds
were collected 4 months since the first species was collected in November and the last in
February of the following year.

2.2. Pre-Germination Treatments

Alstroemeria seeds were soaked for 24 h using tap water and were directly sown.
Several pre-germination treatments were applied, including one scarification method and
two cold stratification methods, resulting in a total of 6 treatments. For scarification, to
wash and eliminate possible germination inhibitors, the seeds were exposed to running tap
water for 72 h using a flow of 0.024 L S−1 (soaking water, SW). For stratification, seeds were
kept at 1 ◦C (St1◦) and 13 ◦C (St13◦) for 4 weeks (Table 2). For each treatment, 3 replicates
were performed, and each replicate was composed of 20 seeds.

Seeds were sown in seedling trays with 286 alveoli (18 cm3 each) at a depth of 1 cm,
using peat as the substrate. They were kept in a greenhouse until their establishment,
defined as a seedling with two extended leaves. The plants were planted in a greenhouse
under the following growing conditions: 15 to 25 ◦C, >40% HR, no supplementary light,
and a natural photoperiod of 12 h. During this period the following evaluations were
carried out:

Seedling emergence (% of emergence) was evaluated daily, considering an emerging
plant when the cotyledon together with the epicotyl appear over the substrate. Time
to emerge (days) was considered as the number of days elapsed between sowing and
seedling emergence.

Emergence speed (% of emergence/day) was expressed as the average daily emergence
and calculated with the accumulated percentage of emerged seeds (maximum emergence
reached at the end of the test) divided by the number of days elapsed from the date of
sowing that said percentage has reached, at any moment of the test period [30].
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Table 1. List of Alstroemeria species used for this study, including the location and coordinates (latitude and longitude) where the seeds were collected, and their
current conservation category assigned.

Alstroemeria Species * Location
Coordinates Conservation

Category **Latitude Longitude

A. angustifolia subsp. angustifolia El Morado, Metropolitan Region, Chile 33◦48.426′ 70◦04.235′ no record
A. hookeri subsp. maculata Ehr.Bayer Los Vilos, Region of Coquimbo, Chile 31◦53.145′ 71◦30.089′ LC

A. ligtu subsp. simsii (Spreng.) Ehr.Bayer Rinconada de Maipú, Metropolitan Region, Chile 33◦29.648′ 70◦53.823′ no record
A. magnifica var. magenta (Ehr.Bayer) Muñoz-Schick Los Vilos, Region of Coquimbo, Chile 31◦53.071′ 71◦30.137′ LC

A. magnifica subsp. maxima (Phil.) Ehr.Bayer Rinconada de Maipú, Metropolitan Region, Chile 33◦29.822′ 70◦54.521′ LC
A. pallida Graham Farellones, Metropolitan Region, Chile 33◦20.804′ 70◦18.207′ no record

A. pelegrina L. Los Vilos, Region of Coquimbo, Chile 31◦53.092′ 71◦30.188′ VU
A. pseudospathulata Ehr.Bayer Piedra Blanca, Maule Region, Chile 35◦37.283′ 71◦02.720′ VU

A. pulchra subsp. pulchra Rinconada de Maipú, Metropolitan Region, Chile 33◦29.808′ 70◦54.597′ LC
A. umbellata Meyen Farellones, Metropolitan Region, Chile 33◦21.635′ 70◦15.377′ VU

* Accepted names according to GBIF [27]; ** according to MMA-Chile [9]. LC: least concern; VU: vulnerable.
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Table 2. Details of the six pre-germination treatments applied to Alstroemeria seeds, including
scarification using running tap water (SW) and cold stratification using 1 ◦C (St1◦) and 13 ◦C (St13◦).

Treatment Code Scarification Stratification

Control No No
SW Soaking water No

SWSt1◦ Soaking water 1 ◦C
SWSt13◦ Soaking water 13 ◦C

St1◦ No 1 ◦C
St13◦ No 13 ◦C

2.3. Morphological Characterization of Seeds

A morphological characterization of the seeds of each Alstroemeria species was per-
formed considering the shape and texture of twenty seeds taken at random. The seeds were
classified as ‘pseudospherical’ when the seeds did not present flat faces and as ‘angular’
when the seeds presented at least one flat face and/or angle in their shape. Regarding tex-
ture, the seeds were classified according to the clear presence (rough) or absence (smooth)
of protuberances on their surface (Figure 1).
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dospherical and angular) and textures (smooth and rough) (adapted from Barraza [31]).

Seed size was measured considering the average diameter (mm) of 10 seeds using a
digital ruler (Mitotyo Measuring Instrument, Kawasaki, Japan). Seed mass was expressed
as the weight of 100 seeds using a digital scale (Snug III, Jadever, Taiwan) and by performing
three replicates. Moreover, a correlation between the estimated weight of a single seed (mg)
versus the volume (mm3) was performed. A perfect sphere was assumed for the calculation
of the seeds’ volume.

2.4. Biochemical Characterization of Seeds
2.4.1. Chemical and Solvents

Standards of protocatechuic acid, benzoic aldehyde, p-hydroxybenzoic acid, tyrosol,
vanillic acid, syringic acid, p-vanillin, p-coumaric acid, trans-ferulic acid, (+)-catechin,
(−)-epicatechin, gallic acid, quercetin, trans-resveratrol, and malvidin-3-glucoside were
purchased from Sigma Chemical Co. (St. Louis, MO, USA). Flavanols quercetin-3-glucoside,
quercetin-3-galactoside, and quercetin-3-rhamnoside were provided by Apin Chemicals
(Abingdon, Oxford, UK). Polyethylene membranes of 0.22 µm pore size were acquired
from EMD Millipore (Billerica, MA, USA). Merck (Darmstadt, Germany) supplied sodium
sulphate (anhydrous), vanillin (990 g L−1), ethyl acetate, potassium metabisulfite, diethyl
ether, sodium hydroxide, hydrochloric acid, sulfuric acid, high-performance liquid chro-
matography (HPLC)-grade acetonitrile, acetic acid, formic acid, and methanol. All reagents
were of analytical grade or higher. Phosphate buffer (pH 7) was acquired from Mallinckrodt
Baker (Phillipsburg, NJ, USA). Nitrogen gas was supplied by Indura SA (Santiago, Chile).
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2.4.2. Extraction of Phenolic Compounds

The extractions of phenolic compounds from entire seeds in all species were performed
as follows: 20 g of seeds were treated with 80 mL of a solution of methanol/water (80:20,
v/v) acidified with HCl (0.01%). The seeds were macerated for 2 h at room temperature
(20 ◦C) using a mechanical stirrer model MaxQ 2000 (Barnstead International Inc., Dubuque,
IA, USA). The solid portion was separated from the extracts and then this process was
repeated two more times with the solid portion. The solids were then discarded, and the
three liquid phases were combined and centrifuged for 15 min at 2200× g (Labofuge 400,
Heraeus, Hanau, Germany). The supernatant was then filtered through a 0.45 µm pore size
membrane and the extract was stored under refrigeration until further analysis [32].

2.4.3. Spectrophotometric Analyses

Total phenolics were quantified using the Folin–Ciocalteu reagent as in
Singleton et al.’s study [33]. Gallic acid was used to obtain the standard curve
(0–900 mg L−1), and the results were expressed as mg gallic acid equivalents (GAE) g−1 of
seeds. Condensed tannins were measured with the acid butanol assay [34]. The calibration
curve was obtained using (+)-catechin as the standard (0–500 mg L−1), and the results were
expressed as mg (+)-catechin equivalents (CE) g−1 of seeds. Absorbance measurements
were performed with a Perkin Elmer UV–visible spectrophotometer model Lambda 25
(PerkinElmer, Waltham, MA, USA). Anthocyanin content (expressed as mg malvidin-3-
glucoside equivalents g−1 of seeds) was measured with SO2 bleaching [35]. All analyses
were performed in triplicate.

2.4.4. HPLC-DAD Analysis of Low-Molecular-Weight Phenolic Compounds

A 100 mL aliquot of seeds’ extract solution was extracted four times with 20 mL of
diethyl ether and four times with 20 mL of ethyl acetate to concentrate phenolic com-
pounds. The organic fractions were combined, dehydrated with 2.5 g of anhydrous sodium
sulphate, and evaporated to dryness under vacuum at 30 ◦C using a rotary evaporator
(Rotavapor R-210, Buchi AG, Flawil, Switzerland). The solid residue was dissolved in 2 mL
of methanol/water (1:1, v/v) solution and filtered through a 0.22 µm pore size membrane.

The chromatographic separation, identification, and quantification of individual phe-
nolic compounds was performed using an Agilent technologies 1100 series high perfor-
mance liquid chromatographer (Santa Clara, CA, USA) equipped with a diode array
detector (DAD), model G1315B; a quaternary pump, model QuatPump G1311A; a degasser,
model G1379A; a thermostatted column compartment, model G1316A; and an autosampler,
model G1329A. Aliquots (20 mL) of the final solution were subjected to reversed-phase
chromatographic separation at 20 ◦C on a Nova Pack C18 column (300 × 3.9 mm i.d., 4 µm
particle size; Waters Corp., Mildford, MA, USA). The diode array detector was set from 210
to 400 nm with an acquisition speed of 1 s. The mobile phase consisted of A, water/acetic
acid (98:2, v/v) and B, water/acetonitrile/acetic acid (78:20:2, v/v/v). The gradient profile
was 0–55 min, 100–20% A; 55–70 min, 20–10% A; 70–80 min, 10–5% A; 80–90 min, 100% B,
with a flow rate of 1 mL/min [36]. The identification of specific compounds was carried
out by comparing their spectra and retention time with the standard values.

Quantitative determinations were carried out using the external standard method
with commercial standards. The calibration curves were obtained at 280 nm by injecting
different volumes of standard solutions under the same conditions as for the samples
analyzed. The flavanol glycosides were quantified with the curve of quercetin, whereas
flavan-3-ols were quantified using a (+)-catechin calibration curve.

2.5. Statistical Analysis

Data were analyzed using SigmaPlot® 15.0 (Systat Software Inc., San Jose, CA, USA),
JMP® 16.0 (SAS Institute Inc., Cary, NC, USA) and Microsoft® Excel (v16.0) (Redmond,
WA, USA). Variables were expressed as percentages, i.e., emergence was analyzed using
the arcsine transformation [37]. Where treatment × species resulted in null emergence
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throughout the whole experiment, the respective accessions were not taken into considera-
tion in the statistical analysis. When the ANOVA assumptions were not met, data analysis
was performed on ranks based on the Kruskal–Wallis one-way analysis of variance. The
multivariate analysis of correlations was performed using the non-parametric Spearman’s
ρ coefficient. Only phenolic compounds detected in more than one Alstroemeria species
were considered during the analysis of correlations.

3. Results
3.1. Emergence after 30 and 60 Days

After 30 days post-sowing, statistically significant differences were observed both
among the treatments and Alstroemeria species (Table 3). For the analysis, only species and
treatments that did emerge were considered. The combination of seeds soaking in water
with cold stratification at 13 ◦C (SWSt13◦) presented the highest germination percentage
among the species (upper case letters, Table 3) and treatments (lower case letters, Table 3).
Only A. pelegrina was able to germinate after cold stratification pre-treatment at 1 ◦C (St1◦)
and also with no treatment (control), whereas A. hookeri subsp. maculata barely emerged.
Regarding the variability among species, A. pelegrina successfully responded to all pre-
germination treatments, whereas A. pseudospathulata failed to emerge in all conditions.

Although the tendencies observed during the first month were at their maximum until
the end of the experiment (60 days), more differences were observed among treatments
and species (Table 4). The combination of soaking in water and cold stratification at 13 ◦C
(SWSt13◦) was once again found to be the most successful pre-treatment for all species.
Although small differences can be observed between the responses at 30 and 60 days
(Tables 3 and 4), the soaking in water (SW) and the cold stratification at 1 ◦C (St1◦) pre-
treatments produced the least favorable emergence results throughout the experiment.
When comparing the different Alstroemeria species, 60 days post-sowing, A. angustifolia
and A. ligtu subsp. simsii, along with A. pelegrina, managed to emerge under all conditions:
although with differences among treatments.

3.1.1. Speed of Emergence

Emergence speed was found to present statistically significant differences among
treatments and species (Table 5). Among the treatments under study, the combination of
soaking in water and cold stratification at 13 ◦C (SWSt13◦) resulted in the highest emergence
speed in all Alstroemeria species, and A. magnifica var. magenta and A. pseudospathulata only
emerged when this treatment was applied. When comparing species, A. angustifolia subsp.
angustifolia and A. ligtu subsp. simsii presented, in general, the highest emergence speeds
under all treatments. The aforementioned species, along with A. pelegrina, were the ones
that emerged under all treatments, although the latter reacted in a more diverse manner
to the applied treatments. When they did emerge, A. pallida and A. pulchra subsp. pulchra
presented, in general, lower emergence speeds than the other species. A. hookeri subsp.
maculata only emerged under three conditions; however, in these cases, its emergence
speeds were relatively high.

The response of the different Alstroemeria species to the pre-germination treatments
during the experiment can be observed in Figure S1. The combination of soaking in water
and cold stratification at 13 ◦C (SWSt13◦) can be associated with the highest emergence
speed in general. A. pelegrina presented the fastest emergence under this treatment, reaching
its maximum emergence percentage at 15 days. The same emergence percentage was
achieved by the A. pelegrina control group, but 30 days post-sowing. Similarly, the SWSt13◦

treatment resulted in both A. angustifolia subsp. angustifolia and A. hookeri subsp. maculata
to achieve their maximum emergence of seedlings within the first 15 days post-sowing.
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Table 3. Percentage (%) of seedling emergence observed in 10 Alstroemeria species after 30 days of application of 6 pre-germinative treatments.

Alstroemeria Species *
% of Emergence (Mean ± SE) **

Control SW SWSt1◦ SWSt13◦ St1◦ St13◦

A. angustifolia subsp. angustifolia 0 ± 0 5 ± 0 B,c 55 ± 7 A,b 92 ± 3 AB,a 0 ± 0 52 ± 3 A,b
A. hookeri subsp. maculata Ehr.Bayer 2 ± 2 B,c 0 ± 0 0 ± 0 80 ± 6 B,a 0 ± 0 47 ± 2 A,b
A. ligtu subsp. simsii (Spreng.) Ehr.Bayer 0 ± 0 2 ± 2 B,c 35 ± 5 A,b 82 ± 4 B,a 0 ± 0 2 ± 2 B,c
A. magnifica var. magenta (Ehr.Bayer) Muñoz-Schick 0 ± 0 0 ± 0 0 ± 0 32 ± 7 C 0 ± 0 0 ± 0
A. magnifica subsp. maxima (Phil.) Ehr.Bayer 0 ± 0 0 ± 0 0 ± 0 17 ± 2 C,a 0 ± 0 2 ± 2 B,b
A. pallida Graham 0 ± 0 0 ± 0 1± 1 B,b 27 ± 6 C,a 0 ± 0 0 ± 0
A. pelegrina L. 78 ± 3 A,b 38 ± 11 A,c 3 ± 3 B,d 98 ± 2 A,a 12 ± 3 cd 13 ± 8 B,cd
A. pseudospathulata Ehr.Bayer 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
A. pulchra subsp. pulchra 0 ± 0 0 ± 0 0 ± 0 18 ± 2 C,a 0 ± 0 10 ± 0 B,a
A. umbellata Meyen 0 ± 0 0 ± 0 7± 1 B,b 40 ± 9 C,a 0 ± 0 0 ± 0

* Accepted names according to GBIF [27]. ** Different letters indicate statistically significant differences (p < 0.05) according to the Tukey test. Uppercase letters refer to comparisons
within the same column, whereas lowercase letters refer to comparisons within the same line. Analysis was performed only between species and treatments that emerged.

Table 4. Percentage (%) of seedling emergence observed in 10 Alstroemeria species after 60 days of application of 6 pre-germinative treatments.

Alstroemeria Species *
% of Emergence (Mean ± SE) **

Control SW SWSt1◦ SWSt13◦ St1◦ St13◦

A. angustifolia subsp. angustifolia 30 ± 12 B,bc 10 ± 0 B,c 60 ± 3 A,ab 92 ± 3 AB,a 5 ± 3 A,c 55 ± 6 A,b
A. hookeri subsp. maculata Ehr.Bayer 8 ± 2 B,b 0 ± 0 0 ± 0 82 ± 4 AB,a 0 ± 0 50 ± 3 A,a
A. ligtu subsp. simsii (Spreng.) Ehr.Bayer 3 ± 2 B,c 5 ± 3 B,c 38 ± 7 AB,b 83 ± 3 AB,a 5 ± 3 A,c 2 ± 2 C,c
A. magnifica var. magenta (Ehr.Bayer) Muñoz-Schick 0 ± 0 0 ± 0 0 ± 0 32 ± 7 CD 0 ± 0 0 ± 0
A. magnifica subsp. maxima (Phil.) Ehr.Bayer 0 ± 0 0 ± 0 0 ± 0 17 ± 2 D,a 0 ± 0 2 ± 2 C,a
A. pallida Graham 0 ± 0 0 ± 0 2 ± 2 C,b 27 ± 6 CD,a 0 ± 0 0 ± 0
A. pelegrina L. 98 ± 2 A,a 93 ± 2 A,a 5 ± 5 C,b 98 ± 2 A,a 27 ± 7 A,b 27 ± 14 AB,b
A. pseudospathulata Ehr.Bayer 0 ± 0 0 ± 0 0 ± 0 5 ± 2 D 0 ± 0 0 ± 0
A. pulchra subsp. pulchra 0 ± 0 0 ± 0 0 ± 0 20 ± 3 D,a 0 ± 0 10 ± 0 BC,a
A. umbellata Meyen 2 ± 2 B,b 0 ± 0 7 ± 2 BC,b 62 ± 4 BC,a 0 ± 0 0 ± 0

* Accepted names according to GBIF [27]. ** Different letters indicate statistically significant differences (p < 0.05) according to the Tukey test. Uppercase letters refer to comparisons
within the same column, whereas lowercase letters refer to comparisons within the same line. Analysis was performed only between species and treatments that emerged.
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Table 5. Emergence speeds achieved after the application of six pre-germinative methods to ten Alstroemeria species.

Alstroemeria Species *
Emergence Speed (% of Emergence/Day) (Mean ± SE) **

Control SW SWSt1◦ SWSt13◦ St1◦ St13◦

A. angustifolia subsp. angustifolia 0.60 ± 0.22 AB,c 0.26 ± 0.01 B,c 3.59 ± 0.55 A,b 8.09 ± 0.61 AB,a 0.10 ± 0.06 B,c 4.37 ± 0,55 A,b
A. hookeri subsp. maculata Ehr.Bayer 0.20 ± 0.05 AB,c 0.00 ± 0.00 0.00 ± 0.00 7.97 ± 0.23 B,a 0.00 ± 0.00 4.38 ± 0.17 A,b
A. ligtu subsp. simsii (Spreng.) Ehr.Bayer 0.07 ± 0.03 B,b 0.13 ± 0.08 B,b 1.89 ± 0.25 B,b 8.61 ± 1.35 AB,a 0.12 ± 0.07 B,b 0.09 ± 0.09 B,b
A. magnifica var. magenta (Ehr.Bayer) Muñoz-Schick 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 3.35 ± 1.14 C 0.00 ± 0.00 0.00 ± 0.00
A. magnifica subsp. maxima (Phil.) Ehr.Bayer 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 1.54 ± 0.30 C,a 0.00 ± 0.00 0.12 ± 0.12 B,b
A. pallida Graham 0.00 ± 0.00 0.00 ± 0.00 0.11 ± 0.11 D,b 2.05 ± 0.30 C,a 0.00 ± 0.00 0.00 ± 0.00
A. pelegrina L. 3.37 ± 0.13 A,b 2.48 ± 0.16 A,bc 0.20 ± 0.20 D,c 11.48 ± 0.92 A,a 0.74 ± 0.17 A,c 0.84 ± 0.45 B,c
A. pseudospathulata Ehr.Bayer 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.11 ± 0.05 C 0.00 ± 0.00 0.00 ± 0.00
A. pulchra subsp. pulchra 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 1.76 ± 0.45 C,a 0.00 ± 0.00 1.45 ± 0.12 B,a
A. umbellata Meyen 0.03 ± 0.03 B,b 0.00 ± 0.00 0.28 ± 0.06 CD,b 2.16 ± 0.27 C,a 0.00 ± 0.00 0.00 ± 0.00

* Accepted names according to GBIF [27]. ** Different letters indicate statistically significant differences (p < 0.05) according to the Tukey test. Uppercase letters refer to comparisons
within the same column, whereas lowercase letters refer to comparisons within the same line. Analysis was performed only between species and treatments that emerged.
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3.1.2. Shape and Texture of the Seeds

Considering the shape of the seeds, only A. ligtu subsp. simsii showed an angular shape,
with two flat faces and a clear angle. The rest of the species showed a pseudospherical
shape. In terms of texture of the seeds, A. umbellata, A. pseudospathulata and A. pelegrina
presented a smooth surface, while the rest of the species showed a rough surface, with
A. magnifica subsp. maxima and A. hookeri subsp. maculata showing the most notorious
protuberances (Figure 2).
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Figure 2. Flower and seed morphology of (A) A. magnifica subsp. Maxima; (B) A. umbellate; (C) A.
ligtu subsp. Simsii; (D) A. pseudospathulata; (E) A. magnifica var. magenta; (F) A. pulchra subsp. Pulchra;
(G) A. pelegrina; (H) A. pallida; (I) A. angustifolia subsp. Angustifolia; and (J) A. hookeri subsp. maculata.

3.1.3. Seeds Mass and Size

The mass of the seeds in terms of the mass of 100 seeds showed values ranging from
0.90 g (A. magnifica var. magenta) up to 3.12 g (A. ligtu subsp. simsii), with significant
differences between these species (Table S2). The diameter of the seeds also showed
significant differences among the species. A. pulchra subsp. pulchra, A. magnifica var.
magenta, and A. hookeri subsp. maculata showed the smallest average seed size (2.18,
2.29, and 2.47 mm, respectively), while the largest seed diameter was observed in A.
pelegrina (3.43 mm), A. ligtu subsp. simsii (3.27 mm), and A. umbellata (3.22 mm) (Table S2).
Furthermore, a positive and significant correlation (R2 = 0.8801) was observed between
seed size and volume (Figure 3).
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3.2. Biochemical Characterization of Seeds

Table 6 shows the results of total phenols, tannins, and anthocyanins of Alstroemeria
seeds from the species studied. Total phenols presented a range between 2.44 mg g−1

of seeds (A. ligtu subsp. simsii) and 4.71 mg g−1 of seeds for A. hookeri subsp. maculata.
These two species presented total phenol content that was statistically lower and higher,
respectively, than of the other Alstroemeria species. Total tannins were not detected in A.
magnifica. subsp. Maxima; however, their concentration in the samples of A. hookeri subsp.
maculata (30.95 mg g−1 of seeds) was statistically higher than the one in A. angustifolia
subsp. angustifolia (1.31 mg g−1 of seeds).

Table 6. Total phenols, tannins, and anthocyanins of Alstroemeria seeds from six species.

Alstroemeria Species
mg g−1 Seed (Mean ± SE)

Phenols * Tannins * Anthocyanins *

A. angustifolia subsp. Angustifolia 3.37 ± 0.19 B 1.31 ± 0.18 B -
A. hookeri subsp. maculata Ehr.Bayer 4.71 ± 0.11 A 30.95 ± 0.72 A -
A. ligtu subsp. simsii (Spreng.) Ehr.Bayer 2.44 ± 0.09 C 11.09 ± 0.62 AB 0.06
A. magnifica subsp. maxima (Phil.) Ehr.Bayer 3.49 ± 0.06 B - -
A. pelegrina L. 3.53 ± 0.14 B 13.12 ± 0.56 AB -
A. umbellata Meyen 3.12 ± 0.12 B 12.90 ± 0.57 AB -

* Total phenols are expressed as mg gallic acid equivalents (GAE) g−1 of seeds. Total tannins are expressed as mg
(+)-catechin equivalents (CE) g−1 of seeds. Anthocyanins are expressed as mg malvidin-3-glucoside equivalents
g−1 of seeds. Different letters indicate statistically significant differences among species (p < 0.05) according to
the Tukey test.

Anthocyanins were only detected in the samples of A. ligtu subsp. Simsii, but with a
low concentration (0.06 mg g−1 of seeds).

In relation to low-molecular-weight phenolic compounds (Table 7), the number of
compounds identified varied from four (for A. magnifica subsp. Maxima) to sixteen (for A.
angustifolia subsp. Angustifolia). The samples presented only four compounds in common,
all of which were non-flavonoids (protocatechuic acid, benzoic aldehyde, tyrosol, and
vanillic acid).
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Table 7. Low-molecular-weight phenolic compounds detected in seeds of six Alstroemeria species.

Phenolic Compound
A. angustifolia subsp.

angustifolia
A. hookeri subsp.

maculata Ehr.Bayer
A. ligtu subsp. simsii
(Spreng.) Ehr.Bayer

A. magnifica subsp. maxima
(Phil.) Ehr.Bayer A. pelegrina L. A. umbellata Meyen

mg kg−1 Seed

protocatechuic acid 10.17 26.38 1.68 0.59 2.77 4.74
benzoic aldehyde 74.61 76.36 70.44 70.77 - 70.62

p-hydroxybenzoic acid 0.39 - - - - -
tyrosol 41.04 34.37 35.18 34.76 33.18 33.35

(+)-catechin 18.69 - - - - -
vanillic acid 72.54 71.30 70.07 71.39 70.96 70.77
syringic acid 9.19 - - - - 10.10

p-vanillin 73.07 - - - - -
(−)-epicatechin 11.82 - - - - 5.85

trans-ferulic acid 6.47 - - - - -
resveratrol 5.83 - 5.75 - 5.99 7.30

quercetin 3-glucoside 4.75 7.89 - - - 3.58
quercetin 3-galactoside 13.60 7.43 - - 30.48 -
quercetin 3-rhamnoside 9.41 10.45 11.27 - 166.11 -

dihydroxyflavonol 18.72 - 14.06 - - -
flavonol glucoside 26.52 - 7.43 - 31.70 3.58
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3.3. Multivariate Analysis

Correlations among geographical and morphological and biochemical data are pre-
sented in the heatmap based on Spearman’s ρ coefficients’ values (Figure 4). Longitude
presented a statistically significant correlation with the mass of 100 seeds of the Alstroe-
meria species, with the seed mass decreasing when moving westwards towards the coast
of Chile. Regarding general biochemical characteristics, a significant negative correla-
tion can be observed between total tannins and precipitation. Furthermore, longitude
presented significant correlations with the concentrations of benzoic aldehyde, tyrosol,
syringic acid, (−)-epicatechin, and dihydroxyflavonol. In all cases, Alstroemeria species
collected from local areas closest to the Chilean coast presented a lower concentration of
the aforementioned phenolic compounds. Latitude presented a significant correlation with
dihydroxyflavonol content, with the latter being higher in Alstroemeria species collected
towards the south of Chile. Altitude and precipitation were both positively correlated with
syringic acid and (−)-epicatechin content, and negatively associated with the concentration
of quercetin3-rhamnoside. Similarly, a colder climate favored higher syringic acid and
(−)-epicatechin concentrations, while quercetin 3-galactoside and quercetin 3-rhamnoside
content increased in seeds from areas with higher temperatures.
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Correlations among geographical, morphological, and biochemical data and the emer-
gence of different Alstroemeria species were also studied. The multivariate analysis showed
that the emergence percentages during the experiment (15, 30, 40, and 60 days) and the
emergence speeds were correlated in a similar manner with different variables. Therefore,
only the data regarding the correlations of the emergence speed at 60 days post-sowing
and the other studied variables are presented (Table 8).

Table 8. Spearman’s ρ correlation coefficients between geographical, morphological, and biochemical
data and the emergence percentage at 60 days post-sowing under different pre-germinative treatments
applied to the Alstroemeria species.

Emergence (%) after 60 Days

SWSt1◦ SWSt13◦ St1◦ St13◦ SW Control

Altitude 0.42 −0.51 ** −0.48 ** −0.37 −0.40 −0.52 *
Mean Temperature −0.45 0.45 0.37 0.39 0.28 0.47 *
Max Temperature −0.17 −0.09 0.11 −0.22 −0.02 −0.22 *
Min Temperature −0.45 0.45 0.37 0.39 0.28 0.47

Precipitation 0.59 ** −0.28 −0.26 −0.16 −0.11 −0.30
Longitude 0.75 ** −0.19 −0.27 −0.14 −0.14 −0.30
Latitude −0.53 * 0.31 0.27 0.08 0.14 0.36

Seed diameter 0.49 * 0.43 * 0.60 ** −0.03 0.53 ** 0.40 *
Mass of 100 Seeds 0.64 ** 0.43 * 0.47 * −0.10 0.48 ** 0.34

Total phenolics 0.22 0.60 ** 0.27 0.57 ** 0.37 * 0.67 **
Total tannins 0.35 0.79 ** 0.41 * 0.48 ** 0.43 * 0.73 **

* Correlation statistically significant at α = 0.05. ** Correlation statistically significant at α = 0.01.

Alstroemeria seeds collected at high altitudes presented a significantly lower emergence
percentage after 60 days under the SWSt13◦ and St1◦ treatments, as well as in the control
treatments, than those collected at low altitudes. The temperatures of the Alstroemeria
species habitats only affected the control, with the mean temperatures being positively
correlated and the maximum temperatures being negatively correlated to the emergence
percentage of the control seeds. Precipitation and longitude were only correlated positively
with the emergence percentage of Alstroemeria species subjected to the SWSt1◦ treatment,
while the emergence percentage under the same treatment was negatively correlated with
the latitude of the collection localities.

Seeds with bigger diameters presented higher emergence percentages after 60 days
under all pre-germinative treatments, except cold stratification at 13 ◦C (St13◦) (Table 8),
compared to seeds with smaller diameters. Similarly, a higher mass of 100 seeds was
positively correlated with the emergence percentage of Alstroemeria seeds subjected to
SWSt1◦, SWSt13◦, St1◦, and SW treatments.

Alstroemeria seeds with a higher total phenolic content presented higher emergence
percentages under all treatments except those that combined seed exposure to 1 ◦C, i.e.,
SWSt1◦ and St1◦ (Table 8). Similarly, the total tannin content was positively correlated
with the emergence percentage at 60 days post-sowing under all treatments except the
combination of soaking in water and cold stratification at 1 ◦C (SWSt1◦).

4. Discussion
4.1. Pre-Germination Treatments

Although differences were observed among Alstroemeria species, the most favor-
able pre-treatment was the combination of soaking water and cold stratification at 13 ◦C
(SWSt13◦). Seeds of A. pelegrina responded to all pre-treatments at 30 and 60 days, although
this response presented significant variability. At 30 days post-sowing, the highest seedling
emergence percentage was achieved with soaking water and cold stratification at 13 ◦C
(SWS13◦); while at the end of the experiment (at 60 days post-sowing), the same level
of seedling emergence was observed with the seeds that received only soaking water
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(SW), as well as with the control group. Therefore, it can be hypothesized that the seeds’
sample of this species does not present deep dormancy or does not present dormancy at
all. Cold stratification treatments could have provoked the reverse effect, i.e., they could
have induced dormancy due to the decrease in the rate of enzymatic reactions. Similar to
seedling emergence, other studies [38] have demonstrated that stratification at 5 ± 1 ◦C for
21 days overcomes seed dormancy and increases the germination percentage in A. ligtu
hybrid seeds. On the other hand, dormancy can be overcome using transverse incisions
between 0.1 to 0.5 mm depth in the apical portion of the seed coat of A. pelegrina, pro-
moting germination up to 96%, and allowing seeds with a physiological dormancy to
germinate [39].

When analyzing the emergence speeds, A. pelegrina required only 8.69 days to reach
98.33% of emergence (achieving 11.48% of emergence per day), whereas A. angustifolia
subsp. angustifolia required 11.4 days to reach 91.67% (achieving 8.09% of emergence per
day) (Table S3). This occurred in both cases using soaking water and stratification at 13 ◦C,
proving to be the best pre-germinative treatment.

4.2. Morphological Characterization of Seeds

Values obtained for seed size (Table S2) agree with those registered by Muñoz and
Moreira [2], showing similar seed dimensions for A. ligtu subsp. simsii (2.8 to 3.2 mm), A.
pseudospathulata (3 mm), A. pallida (2.8 to 3 mm), A. umbellata (3 to 4 mm), A. angustifolia
subsp. Angustifolia (2 mm), A. pulchra subsp. Pulchra (1.8 to 2 mm), A. pelegrina (2.8 to
3 mm), and A. magnifica var. magenta (1.8 to 2.2 mm). The diameter of the seeds is consistent
with their mass, observing that larger seeds are, in turn, heavier seeds and smaller seeds
have less mass, showing a direct and significant correlation (R2 = 0.8856) (Figure 3).

Although the data of the number of seeds per fruit were not taken, it was observed
that the size or the mass of the seeds was not related to their parameters, since the fruits
with the lowest number of seeds were those of the species A. magnifica var. magenta with
about three seeds per fruit, which is one of the species with the smallest seed diameter.
On the other hand, A. ligtu ssp. simsii and A. magnifica subsp. maxima show about 20 to
30 seeds per fruit, with a variable size and mass of the seeds. In this regard, Cruz et al. [40]
suggest that plant productivity is affected by their size, that is, that vigor is directly related
to the number of seeds produced. Furthermore, previous studies have positively correlated
flower size with number of seeds in monocotyledons [41]; that is, bigger flowers produce a
higher number of seeds. Therefore, in the future, it would be interesting to evaluate certain
characteristics of the mother plant to confirm an association between seed size and vigor in
Alstroemeria species.

Ziegler [42] points out that the reserves of the seeds with a greater mass contain a
greater proportion of proteins or carbohydrates compared to seeds with a lower mass. On
the contrary, small seeds contain a greater amount of fat, allowing them to reduce their
size while maintaining the same energy content, since fats contain more energy per unit
of mass than other energy sources. However, these seeds may have a decreased longevity
due to being susceptible to lipid peroxidation when they are dry [43]. This would suggest
that A. pulchra subsp. pulchra and A. magnifica var. magenta could have the lowest results
when evaluating their germination, with respect to the rest of the species, due to the fact
that their seeds are the smallest and, as previously stated, the quality of the reserves would
be lower, which would mean that they are less viable.

One could expect that perennial plants or plants that present clonal reproduction,
such as the species of the Alstroemeria genus, would produce small seeds since their energy
would be transferred mostly to the reserves for vegetative growth [44]. Furthermore,
previous studies [45,46] have reported that smaller seeds usually tend to be more persistent
compared to bigger ones, even though opposite results have occasionally been found [47].

The wide diversity of mass and size of the seeds observed in this study may be due
to the fact that their growth conditions vary enormously between communities. This is
the case with A. pelegrina, A. hookeri subsp. maculata and A. magnifica var. magenta, which
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belong to the same locality but present significant differences in their masses and diameters.
These differences may be present not only at the community level by the populations that
compose it, but also at the ecosystem level and by integrating abiotic components, such as
soil and water, which interact with the biotic components [48]. Moreover, together with
the exposure from the north or south, in which the populations are found, this causes
changes in temperature and humidity, directly affecting the development conditions of
the mother plant. Fine-textured soils could remain moist longer than coarse-textured soils,
which present higher temperatures due to quick water run-off [49], producing a stressful
environment for the plant and negatively affecting the quality of its seeds.

On the other hand, given the large amount of reserves that allow larger diameter seeds
to establish themselves in relatively unfavorable environments, it is believed that they have
a lower level of dormancy [50]. In this sense, Cruz et al. [40] found positive, although not
significant, correlations between total germination and the size and mass of Physaria seeds.
Likewise, Jurado and Flores [51] point out that populations with larger seeds actually have
higher germinations than those with smaller seeds. Moreover, Cruz et al. [40] attributes
changes in the size and mass of seeds to an effect of the environment in which the mother
plant develops. Such changes would affect the allocation of resources or the proportion of
seeds germinated, thus avoiding competition for some limited resources, such as water.

Regarding the characterization of the shape of the seeds, it is possible to visually
appreciate that A. ligtu ssp. simsii was the only one with an angular shape, having two flat
faces. The remaining nine species had a rounded shape (Figure 2). Previous studies have
concluded that the persistence of smaller and rounded seeds is higher because they become
buried in the soil more easily [45].

Smooth and rough textures of the surface of Alstroemeria seeds were observed in this
study (Figure 2). These characteristics has been previously used to identify different species
within Veronica L. [52], Lathyrus L. [53], and Impatiens L. genera [54]. Seed morphology has
not been used in taxonomic studies in the genus Alstroemeria. It has only been used as a
general description of the Chilean species of this genus [1].

4.3. Biochemical Characterization of Seeds

Flavonoids are produced in plants via a secondary metabolism and comprise several
subclasses. Some of the flavonoids, anthocyanidins, anthocyanins, and tannins are respon-
sible for the red, purple, and brown pigmentation of flowers, fruits, seeds, and other plant
tissues and organs [55]. In seeds, flavonoids have important functions in the induction of
seed coat-imposed dormancies, as well as in seed longevity and quality [56]. The pigment
layer of seed coats has a similar development between different species. At fertilization,
the innermost layer of the inner integument, known as the endothelium, is composed of
isodiametric cells with a dense cytoplasm and few starch grains [57]. Immediately follow-
ing fertilization, this layer becomes vacuolated [58]. During the one-cell embryo stage, the
endothelial cells form large central vacuoles, which are subsequently filled with light yellow
pigments during the two-cell embryo stage. Most of these pigments are proanthocyanidins
(PAs), also known as condensed tannins [59]. The pigments initially fill the vacuole, and
ultimately accumulate in the cytoplasm as well. Pigment accumulation is maximal at the
early torpedo stage of embryonic development. In the late torpedo stage, the pigment
begins to disappear from the center of the cells, remaining only at the periphery [58]. At
maturity, the endothelial layer is broken down, leaving dead cells behind—which may
be crushed and indistinguishable from the layers above [58]. The other two layers of the
inner integument are highly vacuolated, especially on the abaxial side of the seeds [58].
Beginning in the bent-cotyledon stage, these layers start to shrink and disintegrate as the
embryo grows [57,58]. At maturity, these layers are completely crushed and, with the
remains of the inner layer, form a brown pigment layer [58]. Flavonoids accumulate in all
the three layers of the inner integument [56,60]. At maturity, the seed coat is desiccated,
allowing the oxidation of the flavonoids found in these layers. The oxidation process causes
the flavonoids to turn brown, and is the source of the color of the mature seed coat [60].
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In Table 6, the condensed tannins are presented in greater concentrations among the
flavonoid compounds, representing the highest percentage of the total phenols. It was not
possible to detect condensed tannins in the case of A. magnifica subsp. Maxima (only), which
could be due to the complete oxidation of these compounds at the end of seed maturation
and storage, or due to an insufficient extraction of these compounds from the seed coat due
to a physical barrier of this species.

Alstroemeria angustifolia subsp. Angustifolia, however, has one of the highest concen-
trations of total phenols, and the lowest concentration of condensed tannins among the
samples in which these compounds were detected. This higher concentration of total phe-
nols can be explained by the higher concentration of non-flavonoid phenolic compounds
and flavonoids observed in the seeds of this species (Table 7).

It is interesting to note the differences in the presence of low-molecular-weight pheno-
lic compounds between the different samples (Table 7), in which, for example, A. magnifica
subsp. Maxima stands out by having only four compounds, none of which correspond to
flavonoid compounds (flavanols, such as quercetin derivatives, or flavan-3-ols monomers,
such as (+)-catechin or (−)-epicatechin). This could indicate that each species has a par-
ticular expression of genes of the phenylpropanoid pathway, which could explain the
differences that were previously mentioned.

In relation to anthocyanins, Devin et al. [59] observed that a mutant of Arabidopsis had
anthocyanins in its seed coats compared to the wild-type testa of Arabidopsis, especially in
the immature stages of seeds. Although at a low concentration, the presence of anthocyanins
in the seeds of A. ligtu ssp. simsii could indicate a mutation, compared with the other
species studied, or differences in enzyme expression that catalyze the transition from
colorless anthocyanidins (leuco-), which could be related to Pas synthesis, to red–purple
anthocyanidins, which could be related with the anthocyanin synthesis.

4.4. Multivariate Analysis

Due to their nature as secondary metabolites, phenolic compounds in plants are char-
acterized by high variability and metabolic plasticity and are related to the environmental
conditions [61,62].

In general, long days and cool night temperatures that are associated with northern or
southern latitudes in the north or south hemisphere, respectively, have been associated with
an increase in the production of secondary plant metabolites, such as phenolic compounds,
as well as a tendency attributed to both biotic and abiotic factors [63,64]. In this study, this
effect was significant only in the case of dihydroxyflavonol. The lack of more latitudinal
trends in the examined species may be attributed to the low latitudinal range among the
plants’ habitats, a factor that has been associated with the lack of significant phenolic
variability among North American tree species from a latitudinal range of 15◦ [63], i.e., five
times greater than the range recorded in this study.

In this study, the total tannin content and quercetin 3-glucoside concentration were
found to be negatively correlated with the precipitation in the species’ habitat. This finding
agrees with previous studies, which reported higher accumulations of phenolic compounds
as a result of water restrictions in various plants, e.g., cotton (Gossypium hirsutum L.),
Pteridium arachnoideum (Kaulf.) Maxon, Myracrodruon urundeuva Allemão, Anadenanthera
colubrina (Vell.) Brenan, and Casuarina equisetifolia L. [65–68]. However, precipitation and
altitude were both positively correlated with syringic acid and (−)-epicatechin content.
Altitude may be considered as having a more potent effect on the concentration of these
metabolites compared to the other variables evaluated, and is in accordance with the results
previously reported for grapes and wines. Both syringic acid and (−)-epicatechin content
increased with altitude in Merlot and Cabernet Sauvignon wines [69]. Similarly, altitude
was positively correlated with the syringic acid concentration in plums [70].

Alstroemeria seeds from higher altitudes and longitudes were correlated with a lower
seedling emergence when the stratification was at 1 ◦C or when they were soaked in
water and stratified at 13 ◦C (Table 8). This is most likely due to their cold temperature
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requirements for germination. As Bu et al. [71] found, there is a negative correlation
between germinability and altitude in Alstroemeria species. In the same sense, the species
from lower altitudes and habitats with higher mean temperatures do not require pre-
germinative treatments, although they improve their germination.

Concerning the significant and positive correlation found between seed mass and
diameter with seedling emergence, it has been observed that larger seeds produce more
vigorous plants with a greater leaf area, dry weight, and height compared to smaller seeds.
Therefore, this causes a lower loss of seeds in the emergence stage due to the greater amount
of reserves [48,72]. This indicates that the size of the seeds reflects the growth conditions of
the seedlings. Moreover, having more reserves supposes a certain advantage over other
smaller seeds, for example, in habitats with nutrient-poor soils (if the availability of these
seeds increased with depth) [48].

Higher total phenolic content was correlated to higher emergence percentages for
most of the treatments applied. There are previous studies confirming the negative effects
of phenolic compounds on the germination of seeds of several species, including Pinus
laricio [73], Coffea arabica [74], Cistus ladanifer [75], and lettuce [76]. The allelopathic effect of
some of the phenolic compounds detected in this study is well known, such as vanillic acid,
p-hydroxybenzoic acid, and p-vanillin [77,78]. These compounds reduce seed germination,
inhibiting the activity of peroxidases, and are involved in the neutralization of reactive
oxygen species and the oxidation of other phenolic compounds—processes that are essential
to facilitate seedling emergence [79].

However, certain phenolic compounds have been identified to promote the germi-
nation of seeds at certain levels of concentrations. Thus, seed germination of pitch pine
(Pinus rigida) was slightly increased at higher levels of certain phenols, such as catechol,
p-coumaric acid, p-hydroxybenzoic acid, and tannic acid [80]. Furthermore, concentrations
of 10 mM of ferulic acid, p-hydroxybenzoic acid, and p-vanillic acid inhibited the germi-
nation of seeds, but lowered the concentrations (i.e., 10−4 and 10−5 M) of all the phenolic
compounds (except p-hydroxybenzoic acid) that were stimulatory [77]. Considering the
low concentrations of the phenolic compounds detected in this study, we can presume that
they might explain the positive correlation observed between different concentrations of
phenolic compounds and the emergence of seedlings.

5. Conclusions

Alstroemeria, as a genus native to Mediterranean environments, is adapted to cold
temperatures during winter. Thus, the most effective pre-germinative method to overcome
dormancy in the seeds of these species is cold stratification at 13 ◦C. A clear exception
was A. pseudospathulata, a species native to the south of Chile, where (perhaps) lower
temperatures are required to break its dormancy. Scarification using water was also effective
for promoting the germination of alstroemeria seeds. This could be related to the adaptation
of these species to germinate after winter rain, a characteristic of the environment from
where these species are native to. Nevertheless, more specific stratification and scarification
treatments for each species would be necessary to optimize the current protocols and to
better understand the correlation between the habitats of these species and the methods to
overcome seed dormancy.

Morphological and biochemical characterizations of Alstroemeria seeds showed a
great diversity in terms of the sizes, shapes, and concentrations of phenolic compounds.
These data confirm the high level of biodiversity within this genus, which is probably
associated with the wide range of environmental conditions where these species grow.
Moreover, various significant correlations were observed between these morphological
and biochemical characterizations with pre-germinative treatments, contributing to the
optimization of the current propagation protocols and therefore to the conservation of
these species.
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the ten Alstroemeria species that were subjected to the different pre-germinative treatments. (SW:
Soaking water; SWSt1◦: Soaking water and cold stratification at 1 ◦C; SWSt13◦: Soaking water
and cold stratification at 13 ◦C; St1◦: Cold stratification at 1 ◦C; St13◦: Cold stratification at 13 ◦C);
Table S1: Geoclimatic data of the locations where Alstroemeria seeds were collected; Table S2: Size
(diameter) and mass (of 100 seeds) of alstroemeria seeds; Table S3: Maximum % of emergence
and number of days to reach it on ten Alstroemeria species that were subjected to the different pre-
germinative treatments. (SW: Soaking water; SWSt1◦: Soaking water and cold stratification at 1 ◦C;
SWSt13◦: Soaking water and cold stratification at 13 ◦C; St1◦: Cold stratification at 1 ◦C; St13◦: Cold
stratification at 13 ◦C).
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