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ABSTRACT

P. tropicalis is a species endemic to western Cuba, prioritized in Forest Development
Plans until 2030. It develops in very contrasting edatopes of white sands and slates,
so over the years it must show anatomical differences that allow it to grow. The
objective of the study was to characterize the anatomical variation in transversal cuts
of the needles of the species in three localities of Pinar del Rio. Differences were
detected in the anatomical variables of the needles. The variables number of stomas,
thickness of the hypodermis and number of resin channels separate San Ubaldo on
white sands from the rest. The discriminant analysis shows with 87% certainty the
classification of the cases in each of the collection localities (a priori) and the variables
number of stomata, number of channels, cuticle thickness and thickness of
hypodermis the most discriminant. Preliminarily it is inferred that soil conditions and
water availability influence foliar anatomy.

Krywords: Pinus tropicalis; needle anatomy; anatomical variation.
RESUMEN

P. tropicalis es una especie endémica del occidente de Cuba, priorizada en los Planes
de Desarrollo Forestal hasta el 2030. Se desarrolla en edatopos muy contrastantes
de arenas blancas y pizarras, por lo que a lo largo de los afios debe mostrar
diferencias anatomicas que le permitan crecer. El estudio tuvo como objetivo
caracterizar la variacion anatémica en cortes transversales de las aciculas de la
especie en tres localidades de Pinar del Rio. Se detectaron diferencias en las variables
anatomicas de las aciculas. Las variables nimero de estomas, grosor de la hipodermis
y numero de canales resiniferos logran separar la localidad San Ubaldo sobre arenas
blancas de las restantes. El analisis de discriminante muestra con un 87 % de certeza
la clasificacion de los casos en cada una de las localidades de colecta (a priori) y las
variables niumero de estomas, nimero de canales, grosor de cuticula y grosor de
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hipodermis las mas discriminantes. Preliminarmente se infiere que las condiciones
edaficas y la disponibilidad de agua influyen en la anatomia foliar.

Palabras clave: Pinus tropicalis; anatomia de las aciculas; variacidon anatémica.

INTRODUCTION

Anatomical and morphological characterization of needles has been widely used to
distinguish within-species adaptations to particular environmental conditions
(Koboélkuti et al., 2017; Jankowski et al., 2017; Kivimaenpaa et al, 2017) and in some
cases as characters to identify or differentiate species of the same genus,
phenotypically similar, particularly in Pinus (Garcia-Alvarez et al., 2009; Iglesias et
al., 2012; Dorken and Stutzel, 2012; Meng et al., 2018).

Schoettle and Rochelle, (2000) in Pinus flexilis reported a low morphological variation
in tree growth variables (DAP, H, length, annual and foliar increments) between sites
located between 1 630 and 3 330 masl and a marked variation in anatomical variables
of stomata density and the number of rows of these, associated with a high
physiological plasticity or a wide ecophysiological tolerance. Reinhardt et al., (2011),
in an ecophysiological study in two origins of this species, verified a significant effect
of altitude on physiological variables related to gas exchange and photosynthesis and
their relation with the variation in the anatomy of the stomatological apparatus.

In species with Euroasian distribution, P. sylvestris and P. uncinata (Boratyfiska and
Pashkevich, 2001; Boratyfiska and Bobowicz, 2001), anatomical variations were
found at the epidermis of the acicula that facilitated differentiation between the two
species in sympatric habitats. (2003) used the morphology and anatomy of the
needles to compare two populations of Pinus uliginosa and quantify the degree of
hybridization of the P. mugo x P. sylvestris complex in the taxonomic definition of P.
uliginosa, through variables such as number of stomas and resin channels.

Garcia-Alvarez et al., (2009) highlight the importance of the characteristics of foliar
structure in the identification and classification of species of the genus Pinus of the
Iberian Mediterranean, from palynological sheets with the use of cuticle and stoma
characteristics.

Other studies show that variables associated with resin channels are feasible for
taxonomic definition in conifers (Ddrken and Stltzel, 2012; Sheue et al., 2014;
Ghimire et al., 2014) and among populations of a species as an adaptive trait to
altitude and exposure (Tiwari et al., 2013; Kdébdlkuti et al., 2017; Jankowski et al.,
2017).

Ju-Kyeong and Jung-Oh, (2013) in an anatomical study of the needles in 289
individuals of Abies koriana, detected a clinal variation in number, type of resin
channels, width of the needles and thickness of the needles, which would be related
to adaptation to more extreme environments. In more recent studies, Eortan et al.,
(2017) demonstrate that stomata are genetically controlled traits, so they can be
used for differentiation studies between Populus nigra populations in three valleys of
the Danube river. Thus, anatomical variables such as length, width, stoma shape,
pore width, stoma density, shape coefficient and stoma area showed significant
differences between populations.
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Pinus tropicalis Morelet is endemic to western Cuba and constitutes a relict of the
Eurasian lineage in Central America and the Caribbean (Geada-Ldpez et al., 2002;
Geada-Lopez et al., 2004; Gernandt et al., 2005). The species forms continuous pure
or sympathetic pine forests with Pinus caribaea Morelet var. caribaea Barret and
Golfari, on very extreme edatopes: white silica sands and slates (Lopez-Almiral, 1982
and Geada-Lépez et al., 2004) reported morphological differences in the cone and
needles and at chloroplastic DNA level between populations corresponding to
edatopes of white sands and slates (Lépez-Almiral, 1982 and Geada-Lépez et al.,
2004).

According to the aspects mentioned above and taking into account that P. tropicalis
inhabits the most extreme edatopes due to its hydric and nutritional characteristics,
this research aims to characterize the anatomical variation in the species' needles in
three localities, differentiate the populations according to the anatomical variables
and determine the variable or variables that most contribute to this differentiation.
All this will provide the basis for plans for the selection of differences in seed sources
that achieve better establishment and productivity depending on the site to be
planted.

MATERIALS AND METHODS

Sampling: the study was carried out in three localities corresponding to natural
populations of P. trpoicalis: Petriles, San Ubaldo and Cayo la Mula in the province of
Pinar del Rio (Table 1). Needles were collected from the middle portion of each tree
at a rate of at least 30 trees per locality.

Table 1. - Georeferencing of needle collection localities of P. tropicalis

Localidad Coordenadas geograficas Edatopo
Latitud Longitud
Pretiles 229 23' 53" B84° 19' 24" arenas blancas
San Ubaldo 222 03' 52" g84° 01' 02" arenas blancas
Cayo la Mula 229 38' 56" g83° 35' 10" pizarra

Measured anatomical variables

The following anatomical variables were measured: number of stomas, number of
channels, cuticle thickness, epidermis thickness, hypodermis thickness, chlorophyli
parenchyma thickness, transfusion parenchyma thickness, distance to the right
channel, distance to the left channel. Values were averaged for statistical analysis.
Additionally, the type of resin channel was classified according to Sheue et al,,
(2014). The measurements were made with an optical microscope model NLCD-
307B.

Statistical analysis

Analysis of main components: it was used with the objective of revealing the
relationships between variables, in order to reduce the dimensionality of the analysis
and to explain the relationships with a minimum number of dimensions and to
express the combined variability of all the variables. Components with auto-values
greater than one were considered; the component matrix was rotated according to
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the Varimax method. For this analysis, the effect of the locality factor was not taken
into account.

Comparison between localities: The Kruskal-Wallis test (k independent samples) was
used to establish whether there were differences between localities for each of the
anatomical variables studied; and the MannWhitney U test (two independent
samples), both for p = 0.05 to check whether there was a significant effect of the
locality factor.

Classification of localities: the multivariate technique of discriminant analysis was
used in order to maximize the differences between localities, considered these as
dependent variables or classification variables. All anatomical variables were
considered as independent variables. Another objective of this analysis was to
identify the variables that most contribute to differentiate localities.

RESULTS AND DISCUSSION
Anatomical characteristics of the needles of P. tropicalis

Figure 1 represents the equifacial structure of a cross section of a P. tropicalis acticle.
On the outside there is a cuticle defined as a modification of the uniestratified
epidermal tissue. Towards the interior is located a hypodermic tissue formed by
several layers of non-uniform cells; followed to these the very well defined chlorophyll
parenchyma is located, forming packages delimited by the wide channels. In the
interior there is the very wide parenchyma of transfusion and in the centre the
vascular beams xylem and phloem (Figure 1).

Resin channels varied in number, but were classified as marginal type (Sheue et al.,
2014); they may occupy various tissues, from epidermal to chlorophyll parenchyma.
This marginal type character is considered ancestral to the genus (Dérken and
Stltzel, 2012; Seong and Offner, 2013; Sheue et al., 2014) and agrees with the
basal position within the lineage of the Pinus section: Pinus subsection of this species
in the molecular phylogeny (Gernandt et al., 2005; Gernandt et al., 2008); Keeley,
2012).

Fig. 1. - Anatomical structure of an acicula cross section of P. tropicalis in San
Ubaldo
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Relationship between anatomical needle structures of P. tropicalis

According to the results of the analysis of main components, the relations between
the variables of the foliar anatomy of P. tropicalis can be explained by three
dimensions, whose autovalues are greater than one and which express 55 % of the
present variability (Table 2).

Table 2.- Analysis of main components carried out on the correlation matrix of the
anatomical variables of P. tropicalis needles

Componente

Variable anatdmica Comunalidad 1 2 3
Grosor de hipodermis 0,710 0,826 -0,149 -0,071
Niamero de canales 0,687 0,692 0,242 0,070
Grosor paréngquima clorofilico 0,623 0,609 -0,295 0,478
Distancia canal izquierda 0,621 0,593 0,233 -0,182
Distancia canal derecha 0,582 0,091 0,762 -0,179
Niamero de estomas 0,542 0,053 0,742 0,169
Grosor parénguima 0,444 0,007 0,540 0,067

transfusion

Grosor de cuticula 0,439 -0,213 0,065 0,758
Grosor de epidermis 0,296 0,087 0,059 0,658
Autovalor 1,987 1,629 1,329

Varianza explicada

According to the value of the communities, the variables that most contributed to the
segregation of the components were in order of the extraction value (greater than
0.5): thickness of hypodermis, number of channels, thickness parenchyma
chlorophyll, left channel distance, right channel distance and number of stomata.

The first component explains the relationship between hypodermis thickness, number
of stomas and number of channels; all three variables correlate significantly (p<0.01)
and positively. The relationship between these three variables could be associated
with the water environment in which the species develops.

The thickness of the hypodermis, which has up to four layers of cells, may be the
result of adaptation to the control of water loss. The number of stomas, although
contradictorily high for the environment where the species develops, is very cleft,
sometimes reaching the chlorophyll parenchyma. This behavior has been reported by
Garcia-Alvarez et al., (2009); Tiwari et al., (2013) and Kobolkuti et al., (2017) for
pines growing in very dry environments.

The second component, which explains the relationship of channel distances to the
epidermis, shows the high symmetry on both sides for all localities; this coincides
with that described for many phylogenetically related species where a marginal
arrangement of these channels is described (Seong and Offner, 2013; Sheue et al.,
2014).

Chlorophyll parenchyma thickness, although it contributes to the total variance in the
analysis, is a variable that does not correlate significantly with the rest, therefore, it
is not useful when explaining the relationships between them.
Behavior of anatomical variables by localities
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In table 3, the average values of the variables studied by localities are presented,
according to the Kruskal-Wallis test, with a significant effect of the locality factor only
on the variable number of stomata.

Table 3. - Average behaviour of the variables studied by locality

Localidad  Nimerode  Ndmerode  Grosor de Grosor de Grosor de Grosor parénqui Grosor parénqui Distancia canal Distancia canal
t canales cuticula epidermis hipodermis clorofilico transfusié derecha izquierda

Pretiles 12,93a 7,58 0,01 0,20 2,62 1,57 1,63 3,22 3,12

San 17,07b 8,20 0,06 0,20 3,73 1,26 1,61 3,23 3,35
Ubalde

Cayo La 13,73a 6,27 0,02 0,21 2,00 1,38 1,61 3,08 3,13
Mula

Unequal letters indicate significant differences p<0.05 MannWhitney test U

Stomatic development and differentiation are determined by genetic factors (He et
al., 1998), but the morphology and anatomical types of pine needles also depend on
abiotic factors (Schoettle and Rochelle, 2000); Zhang et al., 2012 and Jankowski et
al., 2017).

Therefore, it can be deduced that the highest average number of stomata in the
samples from the locality of San Ubaldo may be related to the soil characteristics,
which are characterized by extremely sandy soils, with very little water retention,
and a high light reflection due to the light color of its surface.

Jinxing et al., (2001) point out that stomach parameters are affected by factors such
as altitude, atmospheric CO2 concentration (Loumala et al., 2005; Hartikainen et al.
2009), temperature, light intensity and light reflection (Kivimaenpaa et al., 2017).
Tiwari et al., (2013) and Kobolkuti et al., (2017) report that for both P. roxburguii
and P. sylvestris stomata organization has an important role in the adjustment of
plants to different altitudes, detecting that stomata density increases with elevation,
due to less light scattering and a higher rate of transpiration. In contrast, Schoettle
and Rochelle (2000), in the species Pinus flexilis find that in the mountains there is
a significant decrease in stomata density with elevation, related to an acclimatization
response to restrict water loss at high altitudes.

Although statistically not significant, both the anatomical characteristics of the P.
tropicalis needles in the locality of San Ubaldo and the number of resin channels,
cuticle thickness and hypodermis thickness are superior to the rest of the localities
and the thickness of the chlorophyll parenchyma is lower. These characteristics may
also be anatomical adjustments to the unique soil and microclimatic conditions of
these ectopes.

Ju-Kyeong and Jung-Oh. (2013) and Tiwari et al., (2013), in a comparative study of
Abies koreana and P. roxburguii needles, proved that the characteristics of the resin
channels have a clinal and altitudinal variation. On the other hand, O'Neill, et al.,
(2002), in a study of the effect of geographic variation on the characteristics of resin
channels in spruce seedlings, found that channel size varied between localities and
was associated with summer extension, aridity index and continentality effect.

Finally, P. tropicalis has marginal channels and their number varies according to the
availability of water in the localities, but more extensive studies are necessary to
explain this relationship.

Classification of localities according to the anatomical characteristics of the needles
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Table 4 presents the contribution of each of the variables used for classification.

Table 4. - Test of equality of means among groups

Wilks' Lambda F dfl1 df2 Sig.

Nimero de estomas 0,609 32,792 2 102 0,00
Niamero de canales 0,735 18,424 2 102 0,00
Grosor de cuticula 0,828 10,619 2 102 0,00
Grosor de epidermis 0,993 0,376 2 102 0,687
Grosor de hipodermis 0,305 116,255 2 102 0,00
Grosor parénguima clorofilico 0,765 15,685 2 102 0,000
Grosor parénquima 1,000 0,023 2 102 0,978

transfusion

Distancia canal derecha 0,997 0,160 2 102 0,852
Distancia canal izquierda 0,994 0,294 2 102 0,746

It was found that the variables nhumber of stomas, number of channels, cuticle
thickness, hypodermis thickness and chlorophyll parenchyma thickness have unequal
averages in the discriminant variables, thus contributing to differentiate localities.
According to the Wilks' Lambda test, the two functions obtained are capable of
discriminating (p<0.05) among the groups.

The first function achieves to explain the maximum of differences between the
localities, according to the values of the centroids of the discriminant functions, in
particular between the locality of San Ubaldo with respect to the other two groups
(Table 5). The variable that most contributes to distinguish this group, according to
the standardized values of the coefficients of the discriminant functions, is the
thickness of the hypodermis, followed by the number of stomas and channels. The
second function discriminates the two remaining localities, which are characterized
by fewer stomas, fewer channels, less cuticle thickness and greater thickness of
chlorophyll parenchyma with respect to San Ubaldo (Table 6).

Due to the importance of the number of channels for discrimination, it is valid to point
out that intraspecific variations have been reported in Picea mexicana (Flores-Lopez
et al., 2013), associated with conditions of higher humidity and lower aridity, and in
Picea sitchensis and Picea glauca associated with a decrease due to the effect of
continentality in populations within their distribution area (O'Neill et al., 2002).
Similarly, Tiwari et al., (2013) found variations along a latitudinal gradient with a
decrease in these structures. Jankowski et al., (2017), in a study of P. sylvestris
obtained that cold adaptation brought with it variations in anatomy, demonstrating
that there is a positive relationship between temperature, number and volume of
channels.

However, for an insular pine with a small distribution areal such as P. tropicalis this
is the first time that a marked difference is found in the anatomy of the acicula.

Table 5. - Centroides of discriminant functions by groups (locality)

Localidad Funcién
1 2
Pretiles -0,892 0,821
San Ubaldo 3,080 -,217

Cayo La Mula -1,742 -1,015
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Table 6. - Standardized coefficients of canonical discriminant functions

Funcién
1 2

Namero de estomas 0,500 -0,704
MNimero de canales 0,315 0,518
Grosor de cuticula 0,197 -0,387
Grosor de epidermis -0,136 0,070
Grosor de hipodermis 0,804 0,416
Grosor parénquima clorofilico -0,507 0,502
Grosor parénquima transfusion -0,010 -0,049
Distancia canal derecha 0,013 0,212
Distancia canal izquierda 0,111 0,227

In figure 2, the centroids of each one of the groups or localities and the location are
represented, according to the values obtained from the discriminant functions, of
each one of the cases. A greater grouping is observed in the localities of Pretiles and
Cayo la Mula, which also have around 20 % overlap; that is, cases of one or another
locality that present characteristics of the other (Table 7).

This corroborates the singularity from the edaphic point of view of the locality of San
Ubaldo, which, as mentioned above, must determine the anatomical characteristics
that prevail in this locality (Figure 2).
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Fig. 2 - Distribution of cases and centroids in each locality based on the first two
discriminant functions

Discriminant functions classify 100 % of the cases in the locality of San Ubaldo,
clearly distinguishing it from the rest of the localities. Table 6 presents a summary of
the analysis, through which 86.7 % of the cases were correctly classified according
to the original group. Therefore, it is possible to classify, based on anatomical
variables, localities; this could indicate that, in certain populations, there was a
certain degree of adaptation or acclimatization to the environment.
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Table 7. - Classification results

Grupo de pertenencia pronosticado
Pretiles San Ubaldo Cayo La Mula

Localidad Total
Pretiles 80 0 20 100

San Ubaldo 0 100 0 100

Original % Cayo La Mula 16,7 0 83,3 100

Several researchers have recognized that the analysis of morphological
characteristics must be carried out in a well-conceived situation, which means that
collections must be throughout the entire range of the species.

The anatomy of the P. tropicalis needles corresponds to a semicircular equifacial
structure with large marginal resin channels, cleft stomata, transfusion parenchyma
and well-defined chlorophyll.

There is a great variation in the anatomical variables between localities and a
significant relationship between the variables thickness of hypodermis, number of
stomas and number of channels, aspect that could be related to the hydric conditions
where the species develops.

The anatomical variables number of stomas, number of canals, cuticle thickness and
hypodermis thickness correctly classify the three localities.
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