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ABSTRACT

Studies on the germination of Caribbean cacti are essential for conservation and ecological restoration programs. We evaluated the seed
traits and germination response of Pilosocereus robinii under five temperatures and two light conditions and compared the vigor of the
seedlings obtained. Seminal traits showed characteristics of orthodox seeds. Pilosocereus robinii seeds showed positive photoblastism and
arange of optimal temperatures below 30°C. In all treatments where germination was suboptimal, the seeds demonstrated high recovery
percentages when they were exposed to the optimal temperature. The vigor of the seedlings showed a behavior similar to germination. Our

study shows that restoration plans for the species’ populations are viable from seeds.

Key worbs: photoblastic response, orthodox behavior, temperatures, climatic change

RESUMEN

Los estudios sobre la germinacion de cactus caribefios son esenciales para programas de conservacion y restauracion ecologica. Nosotros
evaluamos los rasgos de las semillas y la respuesta germinativa de Pilosocereus robinii en cinco temperaturas y dos condiciones de luz,
ademds, comparamos el vigor de las plantulas obtenidas. Los rasgos seminales mostraron caracteristicas de semillas ortodoxas. Las semi-
llas de Pilosocereus robinii mostraron fotoblastismo positivo y un rango de temperaturas 6ptimas inferior a 30°C. En todos los tratamientos
donde la germinacion fue subéptima las semillas mostraron altos porcentajes de recobro cuando fueron expuestas a la temperatura optima.
Elvigor de las plantulas mostr6 una conducta similar a la respuesta germinativa. Nuestro estudio demuestra que los planes de restauracion

de las poblaciones de la especie son viables a partir de semillas.

PALABRAS CLAVES: respuesta fotobldstica, conducta ortodoxa, temperaturas, cambio climatico

INTRODUCTION
Germination is one of the most critical processes in the life cycle of plants and includes two of its most suscep-
tible phases: seed and seedling (Fenner 1985). Because of this, germination studies are vital to the success of
plant species conservation programs and constitute an indispensable tool for the propagation of wild plants.
Although the Caribbean is considered a biodiversity hotspot, with more than 10,000 native plants and 71%
endemism (Acevedo-Rodriguez & Strong 2012), studies on the germination of its native flora represent a rela-
tively small portion (Sanchez et al. 2019).

Prior literature on the Cactaceae family only describes germination responses for approximately 15
Caribbean species (Zimmer 1967, Dehan & Pérez 2005; Salazar et al. 2013; Barrios et al. 2015; Seal et al. 2017,
Barrios et al. 2021 a,b), representing 8.6% of the 116 native species recorded for the region (Barrios unpub-
lished data). Most of these species have optimal temperatures below 30°C, and their germination is inhibited
between 35-40°C. Furthermore, all the species grow in habitats with average temperatures in the wettest
quarter between 0—4°C lower than the optimal germination temperature, which represents a narrow thermal
buffer capacity (Seal et al. 2017; Barrios et al. 2020). All these data are concerning when we consider the trend
in the Caribbean region of decreased precipitation and increased temperature (Naranjo-Diaz & Centella
1998; Stephenson et al. 2014), which predicts increases in average temperatures higher than the optimal tem-
peratures for the germination of most cacti in the region (Seal et al. 2017). These trends could significantly
reduce the regeneration of these cacti. In fact, there is already evidence of some species in Cuba with very low
regeneration (Gonzalez-Torres et al., 2012; Barrios & Mancina 2017), and a Pilosocereus species from the US
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locally extinct in the wild by the rising of sea level (Possley et al. 2024) which makes it urgent to study their
germinative response, storage behavior, and seed bank conservation.

Pilosocereus robinii (Lem.) Byles & G.D. Rowley is an endemic and threatened cactus species (Salazar et
al. 2013; Gonzalez-Torres et al. 2016) exclusive to Florida Keys, Cuba and Bahamas (Franck et al. 2019). In
both Cuba and the US, habitat loss, diseases, and hurricanes have severely affected the populations of this
species, which has been under conservation for more than a decade through the efforts of the Fairchild
Tropical Botanic Garden (Maschinski et al. 2023). Aspects of germination in this species have been studied
with regards to its conservation. In Cuba, Quiala et al. (2009) obtained excellent results growing seeds of P.
robinii on MS basal medium supplemented with 1.0 mg/l thiamine, 30 mg/1 sucrose and 2.0 g/l Gelrite®. On
the other hand, in the US, Salazar et al. (2013) stored seeds of the P. robinii in low humidity and temperatures
for up to 28 weeks. They obtained high germinability percentages and concluded that the seeds possess ortho-
dox storage behavior, meaning they can be stored for long periods without losing viability. However, the
optimal temperature range for the species and other morphophysiological aspects of its seeds, which could aid
in conservation, remain unknown.

The main objective of this study is to evaluate the germination response and vigor of its seedlings at dif-
ferent temperatures. In addition, the storage behavior of the species and the photoblastic response are evalu-
ated using seminal traits. Greater germination and development of seedlings is predicted at average
temperatures below 30°C, corresponding to the optimal temperatures recorded for cacti (Barrios et al. 2020).
It is also expected to find positive photoblastic seeds and orthodox storage behavior like other species of
Pilosocereus [P. arrabidae, P. chrysostele, P. pachycladus, P. piauhyensis, etc] (Flores et al. 2011; Meiado et al.
2016).

MATERIALS AND METHODS

The species

Pilosocereus robinii is a small columnar succulent tree or candelabriformis branched very close to the base up
to 8.0 m high. The species has dehiscent, globose purple to reddish fruits measuring 4 cm in diameter (Alain
1953; Franck et al. 2019). The fruits can be available throughout the year, are dispersed by birds and bats and
contain more than 300 shiny black seeds (Barrios, pers. obs.). Pilosocereus robinii inhabit coastal-subcoastal
xeromorphic thickets, microphyllous evergreen forests and mesophilic semi-deciduous forest in Cuba and is
only located in the provinces of Havana, Mayabeque, and Matanzas (Barrios et al. 2023).

Collection site

The fruits were collected on June 30, 2016 from 3 only accessible individuals at km 43 of the Via Blanca [also
known as Punta Jijira or Piedra Alta], Santa Cruz del Norte, Mayabeque, Cuba (23.017433° and —81.986617°).
This site is a relict of coastal xeromorphic thicket of about three hectares with rocky cliffs up to 20 meters,
where six species of cactus inhabit, with Pilosocereus robinii being one of the emerging trees (Barrios et al.
2020). The area experiences 1305 mm of annual precipitation including 489 mm in the wettest quarter (July-
September) (Fick & Hijmans 2017). The average annual temperature is 26.3°C, while the average temperature
reaches 28.2°C with minimums of 20.9°C and maximums of 37.8°C during the wettest quarter (Barrios
unpublished data).

Morpho-physiological traits of seeds

The fruits were carefully opened in the laboratory with a knife and the seeds were cleaned with plenty of run-
ning water and dried in a cool place. Measurements of seminal traits began on the same day as the fruits were
cleaned; the rest of the seeds were stored in paper bags for 4 months until the start of the germination
experiments.

Seminal traits were obtained from 50 randomly selected seeds. These traits were: fresh mass, dry mass,
moisture content and seed coat ratio (SCR). Mass values were evaluated on a Sartorius analytical balance
(£0.0001 g). Due to the closeness between the mass of a seed and the precision of the scale, the 50 seeds were
divided into 10 replicates of five seeds. In this way, the mass obtained for a seed was determined as the mass of
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each replicate divided by five. For the fresh mass, the seeds were weighed three hours after cleaning. The dry
mass was obtained by weighing the seeds placed in an oven for 17 hours at 103°C (£ 2°C) according to FAO
and ISTA (2023) standards. While the moisture content was obtained from the following formula according to
FAO and ISTA (2023) standards:

Moisture content (%) = (fresh weight — dry weight)/(fresh weight) x100

The SCR was obtained by separating the coating of the dry seeds using a scalpel and tweezers on a sheet of
paper.

The previous measures were used to calculate the indices proposed by Daws et al. (2006) and Pelissari et
al. (2018). Both indices are based on probabilistic models that predict the sensitivity of seeds to desiccation
and therefore their possible storage behavior. For both indices, P-values < 0.5 indicate that the seeds are toler-
ant to desiccation, and P-values > 0.5 indicate that the seeds are sensitive to desiccation (Daws et al. 2006;
Pelissari et al. 2018).

Seed imbibition

Prior to the germination experiments using the seeds stored for 4 months, water imbibition was evaluated for
five days at 25°C in chambers (FRIOCEL 111L, Germany) with exposure to white light (40 pmol/m?s, length
0f 400-700 nm) for eight hours a day. This experiment was carried out due to the assumption by Salazar et al.
(2013) that seeds could have physical dormancy. Fifty seeds were selected at random and 10 replicates of five
seeds were placed in 80 x 15 mm Petri dishes with 1% agar. At the beginning of the experiment, the fresh mass
of the seeds was obtained on a Sartorius analytical balance (+ 0.0001 g) after which they were weighed every
24 hours until the fifth day. Before weighing surface moisture was removed from the seeds using filter paper
which was immediately placed in the same medium. To prevent the seeds from losing the absorbed water, care
was taken to ensure that the manipulation did not last longer than one minute. The percentage increase in
mass was obtained according to the formula referred to by Dalziell et al. (2018):

Increase in mass (%)= (Wi—Wd )/(Wd ) x100
Where: Wi is the mass of the seeds after absorbing water in each time and Wd is the initial mass of the seed.

Seed germination experiments

The effects of five temperature treatments (one fixed at 25°C and four alternating at 25/30°C, 25/35°C,
25/40°C and 25/45°C) and two lighting conditions (light and darkness) were studied. The dark condition was
only measured at 25°C. Each treatment consisted of seven replicates of 25 seeds that were sown in Petri dishes
(80 x 15 mm) with 1% agar as substrate. Before sowing, the seeds were disinfected according to the following
protocol: 1 min in 0.2% sodium lauryl sulfate (SLS) detergent solution, rinse with distilled water, 1 min in 95%
alcohol, rinse with distilled water, 5 min in 1% hypochlorite, rinse with distilled water, 1 min in 95% alcohol
and finally rinse with distilled water.

The dishes were incubated in growth chambers (FRIOCEL 111L, Germany) with a photoperiod of 8 h of
light (40 pmol/m?s, length 400~700 nm), except the dark condition which was obtained by covering the
dishes with double aluminum foil. For the alternating temperatures (25/30°C, 25/35°C, 25/40°C and 25/45°C)
the growth chambers were maintained for 12 hat 25°C and for 8 h at the highest temperature with a 4 h transi-
tion between temperatures. In this way, the average temperatures in these treatments were 27.08°C, 29.16°C,
31.25°C and 33.33°C respectively.

Germination was checked daily from the sixth day after sowing, except in the dark treatment which was
checked from day 28 after sowing. Germination was considered when the radicle was visible when the testa
broke. At the beginning of the fifth week (day 30), 20 completely formed seedlings were randomly selected to
be weighed, from which the surface moisture was removed using filter paper before weighing on a Sartorius
analytical balance.

In the fourth week, the seeds from the treatments that did not germinate were washed with plenty of
distilled water and placed again for four weeks at 25°C and light (40 pmol/m?s, length 400-700 nm). During
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this time, germination recovery was measured according to Baskin and Baskin (2014) as: [(a-b)/(c-b)] x100;
where (a) is the number of seeds germinated on day 56, (b) the number of seeds germinated until day 28 and
(©) is the number of seeds in Petri dishes (25). Seeds that had not germinated on day 56 were subjected to a
cutting test to establish whether they contained a firm white embryo (alive seeds) or a soft or gray embryo
(dead seeds) according to the criteria of Baskin and Baskin (2014). Based on this, the percentage of viability
was determined.

We used only Germinability (G) as response variable, because the T, ;, and T, were obtained when
starting to record the germination. The Germinability (G) refers to the seed germination percentage at the end
of the experiment on the 28th day.

Data analysis

For all variables analyzed, normality of the data was checked using a Kolmogorov-Smirnov and Levene test
for homogeneity of variance. One-way ANOVAs for Germinability were performed. Tukey’s post-hoc tests
were used to test for significant differences between means at p < 0.05. All statistical analyzes were performed
using Statistica 10.0. Graphs were created using SigmaPlot 10.0.

RESULTS

Pilosocereus robinii has medium-sized seeds where the mass of the embryo is greater than that of the covers
(Table 1). Furthermore, they have a low moisture content and both indices of sensitivity to desiccation predict
that the seeds of the species have orthodox storage behavior. Pilosocereus robinii seeds imbibe between 14-31%
of their initial mass in the first 24 h and up to 41% at 96 h where phase 3 is reached and germination of some
seeds begins (Fig. 1).

No germination was obtained under total darkness conditions. Although the seeds were able to germinate
at the 5 temperatures evaluated, different responses were found (F=205.4; p= 0.0001). Optimal temperatures
were reached at average temperatures below 30°C, between 25-29°C (Fig. 2). The recovery of germination
showed differences (F=9.4; p=0.001) between the seeds that were kept at 25/40°C and 25/45°C, although not
between the seeds subjected to darkness and 25/40°C (Fig. 3). The portion of the seeds with dormancy was
less than 10% in all cases and no affectation was found by subjecting the seeds to temperatures of 40°C and
45°C (Table 2).

No fully formed seedlings were obtained on day 30 for seeds subjected to 25/45°C. The greatest vigor for
the seedlings was obtained at average temperatures below 30°C (Fig. 4). Significant differences were only
found between the vigor of the seedlings at 25/40°C and those of the 25/30°C and 25/35°C treatments
(F=23.3; p=0.0001).

DISCUSSION

Pilosocereus robinii has small seeds, although relative to those reported for cacti they can be considered
medium or long in size, according to the classification of Barthlott and Hunt (2000). In our study the seeds
were slightly shorter (1.97 vs 2.50 mm) than those reported by Salazar et al. (2013) for the species. But in gen-
eral, they are within the range [1.3-2.0 mm] of those reported in other studies for the genus (see Abud et al.
2010, 2012; Leal etal. 2007; Meiado et al. 2016). These dimensions can favor the dispersal of large quantities of
seeds by birds and bats, as has been observed in several species of Pilosocereus from Brazil and Mexico (see
Munguia-Rosas et al. 2009; Santos et al. 2019; Vasquez-Castillo et al. 2018), or even dispersal by myrmeco-
phyly as in P. leucocephalus (Munguia-Rosas et al. 2009), P. gounellei [Xiquexique gounellei (F.A.C.Weber) Lavor
& Calvente] and P. pachycladus (Leal et al. 2007).

Several seminal traits found in Pilosocereus robinii favor the formation of banks in the soil and predict
orthodox storage behavior for the species, in accordance with the criterion of Thompson et al. (1993). These
traits are: low seed mass, low moisture content and positive photoblastism of the seeds. Other evidence that
supports orthodox behavior in P. robinii seeds are the values of the Daws et al. (2006) and Pelissari et al. (2018)
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Taste 1. Seed traits of Pilosocereus robinii.

Seed traits Mean + (Min-Max)
Length (mm) 1.97 £(1.80-2.11)
Width (mm) 1.24+(1.10-1.34)
Thickness (mm) 0.82 +(0.68-0.89)
Fresh mass (mg) 1.02 £+ (0.96-1.08)
Dry mass (mg) 0.91 +(0.84-0.96)
Seed coat ratio 0.46 £ (0.44-0.51)
Moisture content (%) 11.52£(8.33-14.28)
P(desiccation-sensitivity) Daws Index 0.00035 + (0.00023-0.00044)
P(desiccation-tolerant) Pelissari Index 0.044 + (0.026-0.066)
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Fic. 1. Cumulative proportion of seeds from Pilosocereus robinii imbibed at 25°C for four days, n=10.

indices obtained in our study. However, future studies will be necessary to corroborate the presence of soil
seed banks in P. robinii.

Orthodox storage behavior in Cactaceae seeds is a well-documented trait, as is positive photoblastism
(Barrios et al. 2020). In five species of Pilosocereus from Brazil (P. albisummus, P. pachycladus, P. tuberculatus
[Xiquexique tuberculatus (Werderm.) Lavor & Calvente], P. chrysostele, and P. gounellei [Xiquexique gounellei])
the germination of their seeds has been documented in high percentages in seeds 19-30 months old stored at
room temperature (dos Reis 2012) or at 7°C (Nascimento et al. 2015). Other studies have documented the
viability of seeds of Pilosocereus catingicola subsp. salvadorensis (Werderm.) Zappi and P. gounellei subsp.
gounellei [Xiquexique gounellei subsp. gounellei] stored at temperatures of =196, =5 and 8°C for up to 13
months, demonstrating that the seeds of these species can be artificially preserved at low temperatures (Dos
Santos et al. 2018).
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TaLe 2. Percentage viability of Pilosocereus robinii seeds that did not germinate 56 days after sowing. The temperatures correspond to the initial temperatures
and lights exposition until 28th day.

Seeds Light darkness
25°C 25/30°C 25/35°C 25/40°C 25/45°C 25°C
Total (%) 6.8 9.1 12 9.1 9.7 9.1
alive (%) 28 1.7 9.1 8.0 8.0 6.8
dead (%) 40 74 29 1.1 1.7 23
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Fic. 4. Fresh seedling mass of Pilosocereus robinii after 4 weeks of germination treatments at different temperatures. Each circles represent a replicate
(n=20) and number the mean of treatment. Different letters indicate significant differences among species at the same water potential (p <0.05).

In the case of Pilosocereus in the Caribbean region, Sentinella et al. (2020) reported germination for
Pilosocereus polygonus (Lam.) Byles & G.D. Rowley seeds stored for 14 months. According to Salazar et al.
(2013), P. robinii seeds collected in the ex-situ collection of the Fairchild Tropical Botanic Garden, dried and
maintained for up to 28 weeks at —20°C managed to achieve more than 90% germination. By comparing all
the above evidence (species from Brazil, the Caribbean and our study), we consider that there is sufficient
evidence to support orthodox storage behavior in Pilosocereus robinii seeds.

The observation of optimal temperatures for germination below 30°C on average in Pilosocereus robinii
agrees with the range of optimal temperatures reported for the family (Seal et al. 2017; Barrios et al. 2020).
Most studies in Pilosocereus show optimal temperatures between 20-25°C (Martins et al. 2012; Medeiros et al.
2017; Silva 2020) or between 20-30°C (Abud 2010, 2012; Seal et al. 2017; Veiga et al. 2010).

According to records from the Pilosocereus robinii seed collection area, the mean temperature during the
wettest quarter (28.2°C, Barrios, unpublished data) coincides with the optimal temperature range for the
species. During this period, germination is estimated as most likely and the mean temperature of the wettest
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quarter is just the climatic variable most associated with the germination response in cacti (Seal et al. 2017).
The average temperature during the wettest quarter in the collection area is 1.5°C higher than in the Fick and
Hijmans (2017) models, which in turn predict increases between 1.26°C and 2.28°C by 2070. Considering
these data and projecting the real average, temperatures between 29.46°C and 30.48°C would be expected for
the area during the wettest quarter for 2070. The previous prediction shows that even under climate change
the seeds of Pilosocereus robinii would be within the range of optimal temperatures, although with very little
margin of thermal buffering capacity as expected in species with a tropical climate (Barrios et al. 2020;
Sentinella et al. 2020).

On the other hand, the high recovery percentages in seeds subjected to high temperatures (Fig. 3) and
dormant seeds (Table 2) show high resilience in Pilosocereus robinii. This ability in Cuban cacti has only been
observed in Leptocereus ekmanii (Werderm.) EM. Knuth (Barrios et al. 2021a), although several studies in
Mexican species from desert habitats (Ruedas et al. 2000; Olvera-Carrillo et al. 2003; Ramirez-Padilla &
Valverde 2005; Sanchez-Soto et al. 2010) have shown that exposure to high temperatures for short periods of
time does not harm the germination of the seeds of these cacti (Barrios et al. 2020). This characteristic is asso-
ciated with tolerance to high temperatures and may be associated with the persistence of seeds in the soil
(Daws et al. 2007).

Finally, the vigor of the Pilosocereus robinii seedlings, as well as their germination, showed optimal
behavior under the temperatures in the wettest quarter. This result shows that current climatic conditions
and probably those predicted for 2070 (Fick & Hijmans 2017) do not affect the growth of seedlings of the spe-
cies, particularly in rocky crevices or under bushes, in places protected from high temperatures where it is
common to observe juveniles of the species. Typically, seed mass is not commonly measured in germination
experiments in cacti (Barrios et al. 2020), although such data could provide valuable information about the
performance of seedling establishment under different temperature regimes.

Our study shows that the propagation of Pilosocereus robinii by seeds is a viable and easy method to use
in the conservation of the species. It also corroborates the orthodox storage behavior of its seeds. Furthermore,
it shows that under current and future temperatures on the northern coast of Cuba, the reintroduction of
individuals into affected areas or the establishment of populations in new areas from seeds is possible. This
mightalso be similar for other areas within the species’ distribution range in the Caribbean, which are located
further north. Future studies should evaluate how the response of the seeds of the species can be affected by
different conditions of water and saline stress. In addition, it would be beneficial to study the best conditions
for long-term seed storage.
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