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Abstract Colobanthus quitensis (Antarctic pearlwort) is

one of the only two native vascular plants to inhabit the

extreme environmental conditions of Antarctica.

Colobanthus quitensis has a wide geographic distribution,

both in latitude and altitude, and always inhabits extreme

environments. This makes it crucial for understanding

environmental tolerance mechanisms, and a useful model

for studies regarding genetic diversity and intraspecific

morphology. Several morphological and molecular

descriptors were applied to C. quitensis populations, con-

stituting the first study of its kind in these species. We

postulated that morphological variability is strongly linked

to geographic distribution, and that this is manifested in

external morphological characteristics and genetic struc-

ture. A large intra- and interpopulational morphological

variability was verified. Both morphological variability and

genetics made it possible to form two separate groups

between continental and Antarctic island populations. The

genetic diversity was high to moderate with the least

amount of diversity towards the north. The genetic struc-

ture was high, and the gene flow between populations was

low. The correlation between morphological, genetic,

geographic and altitudinal distances permits the proposal of

an isolation by distance model that can be used between

populations with high Bio-geographical influence. Under-

standing what factors lead to local or colonization adap-

tation, and determining the morphological variations and

genetic differentiation in populations of C. quitensis, is

vital for the understanding of the evolutionary history that

has contributed to the success of the establishment of this

species in an environment as extreme as Antarctica.

Additionally, this study demonstrates the usefulness of the

combined use of morpho-physiological and molecular

markers for variability and diversity studies.

Keywords Antarctic � Ecotypes � Genetic structure �
Genetic variability � Morphological diversity � Antarctic

pearlwort

Introduction

Antarctica is one of the oldest ecosystems in the world.

Human influence and exploration have been very limited

due to its climate and geographic location (Convey 2010;

Bokhorst et al. 2011). At present, only 0.34% of its terri-

tory is devoid of ice (Convey et al. 2009), which is why the

terrestrial ecosystem is primarily developed in the coastal

areas of the Antarctic Peninsula and the bordering islands

(Convey 2010, 2013).
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The prevailing environmental conditions, including strong

winds, very low temperatures, low availability of nutrients,

high UV radiation and marine aerosols, are obstacles for any

plant species (Alberdi et al. 2002; Convey et al. 2014). These

factors are considered to be the causes of the low diversity and

simplicity of this extreme ecosystem, which contains only

two native vascular plants, Deschampsia Antarctica Desv.

(Poaceae) (common name: Antarctic hair grass) and

Colobanthus quitensis (Kunth) Bartl. (Caryophillaceae)

(common name: Antarctic pearlwort) (Moore 1970; Smith

2003; Convey 2011). Both species have been studied inten-

sively in recent years, revealing that each possesses properties

that enable it to survive in such adverse conditions (Xiong and

Day 2001; Bascuñán-Godoy et al. 2006, 2010, 2012; Bravo

et al. 2007; Cuba-Dı́az 2011; Cuba-Dı́az et al. 2011).

Colobanthus quitensis also presents a wide geographic

range that extends from Mexico (17�N) to the north of the

Antarctic Peninsula (68�S), and from 0 to 4200 m a.s.l.

(Moore 1970; Smith 2003; Convey et al. 2011). In Chile,

the species is located throughout the Andes, typically in

bogs located at high altitudes (over 2500 m a.s.l.) in the

north, but close to sea level in the polar latitudes (Moore

1970). This species grows in the form of mats or compact

cushions, reaching several centimetres in diameter. It

reaches a minimum height of 1.5 cm to a peak height of

2 cm, approximately. It is a self-fertilising species, with the

capacity for asexual reproduction, and shows considerable

morphological variability throughout its distribution

(Moore 1970; Smith 2003; Gianoli et al. 2004).

This morphological variability can be influenced by

several environmental factors, such as the degree of

exposure, water availability, or other stressful abiotic

conditions (Bradshaw and Hardwick 1989; Gianoli et al.

2004). It can also be influenced by its latitudinal and alti-

tudinal distribution, since it is common to find different

phenotypes in populations at different altitudes (Haider

et al. 2011). This phenotypic diversity in natural popula-

tions has been seen to affect a large part of its character-

istics, and may or may not be related to genetic changes

(Hartl and Clark 1997). Regardless of the scale of the

distribution of natural populations, the greatest degree of

genetic differentiation is usually more associated with

environmental factors, such as geographic barriers, avail-

ability of resources and/or isolation by distance, among

others (Salinas et al. 2011; Westergaard et al. 2011).

Knowledge of the genetic diversity of widely distributed

species is important for their conservation, and genetic and

phenotypic distinction. Generally, they show variation in

the morphology and physiology as well as in the genetic

structure of the species (Piña-Escutia et al. 2010; Ruiz et al.

2010; Westergaard et al. 2011).

In C. quitensis, the classification of two ecotypes has

been established between the Antarctic populations

(Arctowski Base, Admiralty Bay, King George Island/

South Shetland) and Andean populations (Cerro la Parva/

Metropolitan Region, Chile) through studies of adaptation

to cold, morphological characteristics and internal tran-

scribed spacer (ITS) sequences (Gianoli et al. 2004). The

Antarctic ecotype grows in a sustained and stable temper-

ature of -2 to 6 �C, usually with a low photosynthetic

photon flux density (PPFD) (300–600 lmol Photon

m-2 s-1) (Xiong and Day 2001). Its life cycle is between

December and March (Bascuñán-Godoy et al. 2010), and it

is usually covered by snow from April to November

(Zúñiga-Feest et al. 2009). The Andean ecotype grows

under broad daily PPFD fluctuation (usually 2000 lmol

Photon m-2 s-1), and its life cycle is between October and

April (Bascuñán-Godoy et al. 2010). This ecotypic differ-

entiation was explained by Gianoli et al. (2004) as a

response influenced by the extreme environment, mainly

by stress due to freezing, which is a selective factor that

acts on a timeline. Therefore, it can be assumed that the

plant populations growing in cold environments are the

object of genetic differentiation that enables them to adapt

to local conditions (Körner, 2003). Moreover, in a morpho-

physiological characterisation study of C. quitensis popu-

lations, Klagges et al. (2013) demonstrated a trend of dif-

ferentiation between the island and continental

populations; the variability and relations between geo-

graphically closer groups are attributed to the presence of

geographic barriers between the study populations. It has

been suggested that species that are widely distributed and

in adverse conditions constitute excellent model systems

for studying plant speciation and evolution (Archibald et al.

2006), as is the case with C. quitensis, with a wide geo-

graphic distribution and populations that have never before

been studied. The study of morphological and genetic

differentiation are key to understanding postglacial

migration patterns, the effect of weather conditions on

local adaptation of species, gene flow and genetic drift, and

understanding how vicariance acts on the evolutionary

processes of species (Convey et al. 2008). Several studies

have analysed the morphological and genetic differentia-

tion to understand these ecological processes, largely by

long-lived species that have a wide distribution, including

species of Populus sp., Quercus sp., species of the Cac-

taceae family and various Nothofagus types (Hamrick and

Godt 1996; Kremer et al. 2002; Royer et al. 2008).

In this work, different morphological markers were

applied to determine the existence of phenotypic variations

in five populations of C. quitensis: two of Antarctic island

origin, one from the south of Punta Arenas, Chile and two

from the Andes mountain range in southern and central

Chile. Through the use of inter-simple sequence repeat

(ISSR) molecular markers, the variability and genetic

structure of three of these populations were characterised
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and the correlation between the different markers and the

geographic and altitudinal distances were established using

Mantel’s test, in order to determine which are the mecha-

nisms underlying the differences between populations of C.

quitensis across the latitudinal gradient presented by this

species.

The goal is to show that the morphological variability

previously described for Colobanthus quitensis is strongly

connected to its geographic distribution, and that it is

manifest in both external morphological characteristics and

the genetic structure of the populations, which could

explain its ability to adapt to the extreme environmental

conditions in which it lives.

Materials and methods

Plant material

In this study, five populations of Colobanthus quitensis

were analysed (Table 1), of which pPar, pC and pPA are

the populations of continental Chile, and pA and pH are the

island populations on King George Is. and Livingstone Is.

in the South Shetland Islands, respectively. The individuals

in each population were collected on site and kept in

common garden conditions. They were reproduced vege-

tatively in plastic pots (19.7 9 12.8 9 9 cm) using a soil

mixture of leaf:peat:pearlite (3:2:1), and were maintained

at 14 ? 1 �C in a growth chamber with a PPFD of

100–120 lmol photon m-2 s-1, a photoperiod of 16/8 h

light/dark and a relative humidity between 75 and 80%

using manual irrigation. The plants were fertilised every

two weeks with phostrogen (Solaris, Buckinghamshire,

UK) using 0.2 g l-1. The different populations were kept

in separate chambers to prevent cross-breeding, and each

individual analysed had been kept in the common garden

for more than 6 months. Molecular analyses were made

only with pPar, pPA and pA populations, due to the lack of

adequate material from all populations.

Morphological and germination analyses

There were 210 plants used from the different populations

for the morphological analyses (Table 1), and 4 quantita-

tive descriptors were used, corresponding to leaf width and

length, main root length and crown diameter, which were

measured with a calliper (0.5 mm resolution) (Mitutoyo,

USA). From the leaf width and length data, the relation

between these two parameters was established, and the leaf

area was determined by taking 10 leaves per population at

random, digitising and analysing them with the public

domain software image J v. 1.47 for Windows; these

measurements were taken in triplicate. For the count and

measurements of the stomatal anatomy, 10 leaves were

taken at random from each of the populations, with 3

replicas per population (30 leaves in total). Thin

Sects. (100 lm) were cut from the middle sections of the

leaves, and the tissue from the axial part was fixed with

10% glycerin and observed under a planachromatic

trinocular optical microscope (Olympus CX31 RTSF). The

stomatal density was determined by counting the number

of stomata per unit of leaf surface, corresponding to

0.2 mm2 according to the magnification used (40X). Sto-

matal width and length were measured using the software

Micrometrics Premium 4 from images digitised with a

camera (CCD Microimagi 5.1 megapixels) coupled to the

microscope.

For the seed germination analysis, all seeds were

selected and recorded per population, and a 24-h floatation

test was performed at room temperature to eliminate any

non-viable seeds (Suma and Srimathi 2014). Then, the

seeds at the bottom were dried and conserved in sealed

tubes at 4 �C for one week. Once this time had elapsed,

they were sterilised by adding 70% ethanol to the tube for

3–5 s. After a spin-down, the ethanol was extracted and 5%

sodium hypochlorite (Cloralex) was added. The tube was

vortexed for 7 min, and after a spin-down, the supernatant

was eliminated and washed three times with sterile distilled

water under a laminar flow hood. Then, the seeds were

Table 1 Geographical location and sampling size details of Colobanthus quitensis (Antarctic pearlwort) populations studied

Populations Location Population code Latitude/longitude Altitude (m a.s.l.) Sample size

Morphological Molecular

La Parva La Parva Hill pPar 33�190S; 70�160W 3600 50 10

Conguillio National Park Conguillio pC 38�360S; 71�360W 2575 30 nd

La Marisma Southern Punta Arenas pPA 52�220S; 70�580W 1-3 50 10

Arctowski King George Is., Antarctica pA 62�090S; 58�280W 3-23 50 10

Hannah Point Livingstone Is., Antarctica pH 62�390S; 60�370W 10-200 30 nd

Total 210 30
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placed in Petri dishes in MS medium (Murashige and

Skoog 1962) and maintained in a growth chamber at

22 ± 2 �C with a photoperiod of 16/8 h light/dark for

45 days. The percentage of viable seeds, the germination

percentage and the average germination time (time at

which 50% of the seeds germinated) were measured.

A one-way ANOVA was performed to analyse the mor-

phological data shown in Table 2. To demonstrate signif-

icant differences among the analysed populations, Scheffé’s

test of multiple comparisons was used with a 95% confi-

dence level. Euclidian distances (using population means)

were measured to determine groupings among the mor-

phological data and the study populations of C. quitensis.

In order to analyse the germination-related data, a one-way

ANOVA was performed, and to determine significant dif-

ferences, Tukey’s multiple comparisons test was performed

with a confidence level of 95%. All analyses and graphics

were done with the software STATISTICA v. 6.0.

Floral morphology

The floral structures were measured by taking 10 flowers

from each of the 5 study populations, and measuring the

length of the flower stalk, capsule width and length,

number of petals and sepals and number of seeds per

capsule. A detrended correspondence analysis (DCA) and

graphics were performed using the programme Past 3. This

indirect ordination method was applied to determine

groupings among the study populations and the measure-

ments of the floral structures.

Molecular methods

In order to establish if there is a relationship between the

expected morphological variability and the genetic vari-

ability between and within populations, a molecular anal-

ysis was performed using ISSR-PCR markers. The

genomic DNA from 10 plants from each population

(Table 1; Fig. 1) was extracted from fresh leaf tissue using

Plant DNAzol (Gibco-BRL), according to the manufac-

turer’s instructions. The ISSR markers and the amplifica-

tion conditions were done according to Cordero (2012).

From the electrophoresis images where the amplified

products were separated, a fingerprinting analysis was

done, constructing a binary matrix and assigning to each

amplified product the value of 1 and 0, depending on its

presence or absence, respectively. Using the software

GenAlEx v. 6.1, the bands of fragments amplified per pri-

mer, the percentage of polymorphic loci (%P), the number

of alleles observed (Na), number of effective alleles

(Kimura and Crow 1964), Shannon’s index (Shannon and

Weaver 1949) and Nei’s genetic diversity (h) (Nei 1973)

were calculated for each of the populations.

The binary matrix was used to estimate the number of

polymorphic bands, the genetic structure index (Gst) (Nei

and Li 1979) that provides information about the genetic

divergence between populations. From the Gst value, the

gene flow (Nm) was estimated, which represents the rate of

effective migration, where N is the size of population and

m the genetic migration by generations. The indices were

calculated using the PopGene programme for dominant

markers (Yeh et al. 1999). The distribution of genetic

variability was determined with an analysis of molecular

variance (AMOVA) (Excoffier et al. 2005) and principal

components analysis (PCA), with all the loci detected using

the software GenAlEx v. 2.0. The determination of Nei’s

genetic distance (Nei 1972) to establish the similarity

between pairs of populations was performed using the

software TFPGA 3.1 (Miller 1997), and represented by a

genetic distance dendrogram among populations using the

UPGMA method (Sneath and Sokal 1973). Each node was

supported by bootstrapping with 1000 permutations. From

the genetic distance and morphological distance matrices,

Mantel’s test was applied (Mantel 1967) to associate these

matrices with the geographic and altitudinal factors. This

test was carried out through 1000 randomisations.

Table 2 Morphological parameters assessed for each population of Colabanthus quitensis (Antarctic pearlwort)

pPar pC pPA pA pH

Leaf length (mm) 15.81 ± 4.18c 26.46 ± 3.38a 21.25 ± 5.76b 14.00 ± 1.98 cd 11.49 ± 1.16d

Leaf width (mm) 1.12 ± 0.17b 0.91 ± 0.06c 1.10 ± 0.18b 1.25 ± 0.12a 1.11 ± 0.10b

Relationship width/length of leaves 13.88 ± 1.89c 28.97 ± 2.94a 19.38 ± 4.01b 11.20 ± 1.78d 10.33 ± 1.27d

Root length (mm) 48.69 ± 12.65b 58.88 ± 4.42a 52.33 ± 4.01ab 39.87 ± 9.45c 31.43 ± 14.4c

Crown diameter (mm) 1.25 ± 0.24b 1.63 ± 0.23a 1.27 ± 0.30b 1.38 ± 0.25b 1.21 ± 0.14b

Foliar area (cm2) 0.26 ± 0.02a 0.14 ± 0.05b 0.25 ± 0.01a 0.26 ± 0.03a 0.11 ± 0.02b

Stomatal density (number stomata mm-2) 105.19 ± 4.69c 87.56 ± 5.33d 145.21 ± 6.09b 56.40 ± 2.13e 176.24 ± 10.2a

Relationship width/length stomata lm-2) 27.21 ± 3.98b 30.21 ± 2.13b 35.21 ± 1.21a 22.31 ± 1.34c 9.52 ± 1.67d

Mean values ± standard error of each parameter are shown. Different letters mean significant differences p\ 0.05
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Results

Morphological variations

All the descriptors of the stomatal morphology and anat-

omy evaluated showed variability among the populations

analysed. In general, the Conguillio population (pC)

showed the highest mean values, except for leaf width,

which also affected leaf area, which was lower than other

populations in the stomatal parameters (Table 2). The

lowest means were presented by the Hannah Point (pH)

population, except in the stomatal density, where it showed

the maximum density (F(2.24), 176.31 ± 10.2, p = 0.001,

n = 30 stomata mm-2) (Table 2). The Arctowski (pA), La

Fig. 1 Spatial distribution of Colobanthus quitensis (Antarctic pearlwort) populations analysed in this study. Geographic (km) distances are

provided for each between-site link. For more details about this population’s site, see Table 1
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Parva (pPar) and Marisma (pPA) populations showed

intermediate values, but always following a south-north

gradient where the southernmost populations were smaller

and more variable.

The Euclidian distances between population pairs,

measured from the average values of all the characteristics

assessed (Table 3) established that pA and pH are closer to

each other with a distance equal to 1.0. The most distant

populations are pC and pA, with a distance equal to 34.2.

The grouping of Euclidian distances among the populations

and under the criterion of complete alignment corroborated

these relations (Fig. 2). The first group was established

between the populations to pPar and pPA, with a Euclidean

distance estimated at 10.9. The second group contained pA

and pH with a Euclidean distance estimated at 1.0 and

separated from the first group by estimated distances from

11.5 between pPar and pH to 21.6 between pPA and pA. A

third group contained pC, which also presented the greatest

estimated Euclidean distances compared to the rest of the

study populations (Table 3).

The DCA of the floral morphology of the five popula-

tions revealed a group between continental and island

populations, with the latter being the most separated

between them (Fig. 3). Although for these characteristics

pC was part of the continental group, a sub-group was

established where most of the individuals in this population

were grouped. The ordination of data was based on 26

segments with four iterations, with a total inertia value of

7.32 and an accumulated variance of 69.26%.

The analyses of the viability and germination capacity

of the seeds collected from the different populations in

common garden conditions revealed that there is no direct

relationship between the seed viability and germination

capacity (Fig. 4). pA showed the greatest viability per-

centage, and together with pH, showed the lowest germi-

nation percentage. The continental populations showed the

highest germination percentages compared to the island

ones (Fig. 4). Similarly, the germination time was directly

related to the origin of the populations and their germina-

tion capacity, being 4 days for pC, 7 days for pPar and pPA

and 28 days for both island populations, which obtained

only 2.5% (F(1.25), p = 0.00002) and 2.9% (F(1.25),

p = 0.0009) of germination in pA and pH, respectively.

Genetic variations

From 9 previously tested ISSR primers (Cordero 2012), in

this work, 4 more informative primers were used for the

Table 3 Euclidian distance matrix between pairs of populations

obtained from the morphological parameters measured in the five

populations of Colobanthus quitensis (Antarctic pearlwort) studied

pPar pC pPA pA pH

pPar – 24.0 10.9 11.8 11.5

pC 24.0 – 13.5 34.2 33.8

pPA 10.9 13.5 – 21.6 21.1

pA 11.8 34.2 21.6 – 1.0

pH 11.5 33.8 21.1 1.0 –

Fig. 2 Complete linkage

dendrogram showing the

Colobanthus quitensis

(Antarctic pearlwort) population

grouping from Euclidean

distances of morphological

characteristics (For population

names, see Table 1)

Fig. 3 DCA plot based on the floral characteristics in the five study

populations of Colobanthus quitensis (Antarctic pearlwort) (For

population names, see Table 1)
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species, and a total of 75 clearly identifiable loci were

obtained (Online Resource Table 1). Each primer amplified

from 10 to 26 loci with a mean value of 18.75 fragments,

which made it possible to determine a polymorphism range

from 46.97 to 73.33% (Online Resource Table 1). The

genetic variability analysis from the 75 loci detected pri-

vate alleles in the three populations (Table 4), with pPar

showing the highest number (5). This same population

showed the lowest polymorphism percentage (52.0%),

whereas pA showed the greatest percentage with a value of

64.0% (Table 4). The average number of effective alleles

ranged between 1.354 in pA and 1.393 in pPar. The values

from Shannon’s genetic diversity index were similar for pA

and pPA, with I = 0.329 and 0.330, respectively (Table 4).

A similar relation among the populations was detected

using Nei’s genetic diversity analysis (1978), but with a

slight variability among them: pPA had the highest average

(h = 0.224), whereas pA and pPar showed averages of

h = 0.216 and h = 0.205, respectively (Table 4).

To determine interpopulational structuring, the Gst was

determined for dominant markers, analogous to the Wright

fixation index (Fst) for codominant markers, which estab-

lished a value of Gst = 0.3698, indicating a high genetic

differentiation among populations. This was directly rela-

ted to the low gene flow (Nm = 0.8521) among popula-

tions detected from the interpopulational Gst values.

The greatest molecular variance detected was between

individuals within the populations (59%), and only 41%

between populations (Table 5), with a level of significance

of p\ 0.01. However, the variability between populations

is considered moderate to high. The three populations of C.

quitensis were placed in separated groups (Fig. 5). The

variance of the first three axes presented values of 31.37,

26.65 and 20.28%, respectively, explaining as a whole

78.31% of the variation observed among the populations.

Genetic differentiation is clear among all the populations

without superposition between the individuals of the dif-

ferent populations, showing pA to be the farthest away,

whereas pPA and pPar are closer together. The genetic

distance values among populations (Nei 1972) show a

shorter distance between pPA and pPar of 0.248, and a

Table 5 Analysis of molecular

variance among and within the

populations of Colobanthus

quitensis (Antarctic pearlwort)

Source of variation df SS MS CV % of the variation

Among populations 2 142.000 71.000 6.204 41

Within populations 27 242.000 8.963 8.963 59

Total 29 384.000 15.167 100

df Degrees of freedom, SS sum of squares, MS mean squares, CV coefficient of variance

Fig. 4 Percentage of viable and germinating seeds in populations of

Colobanthus quitensis (Antarctic pearlwort) (For population names,

see Table 1)

Fig. 5 Principal components analysis (PCA) in populations of

Colobanthus quitensis (Antarctic pearlwort) using 75 polymorphic

loci detected with ISSR markers. Squares pPA (La Marisma).

Triangles pPar (La Parva). Diamonds pA (Arctowski)

Table 4 Genetic diversity parameters of three Colobanthus quitensis

(Antarctic pearlwort) populations detected by all polymorphic frag-

ments from the 4 most informative ISSR molecular markers

Population Pa PLn P (%) Na Ne I h

pPar 5 39 52.00 1.293 1.371 0.299 0.205

pPA 4 44 58.67 1.387 1.393 0.330 0.224

pA 4 48 64.00 1.440 1.354 0.329 0.216

Pa Private alleles, PLn number of polymorphic loci, P percentage of

polymorphic bands, Na number of different alleles per locus, Ne

effective number of alleles per locus, I Shannon’s information index,

h Nei’s genetic diversity

Polar Biol (2017) 40:2397–2409 2403
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maximum distance between pPar and pA of 0.295

(Table 6). The results obtained from the UPGMA dendro-

gram (Fig. 6), taken from the genetic distances between the

population pairs (Table 5), are consistent with the results of

the PCA, obtaining two groups with a bootstrap support

greater than 60%. The first node grouped pPA and pPar

with a genetic distance of 0.2476 and bootstrap support of

61%. The second node grouped the first node and pA with a

genetic distance of 0.2914 and bootstrap support of 100%

(Fig. 6).

Given the tendency to group populations both from the

morphological characteristics and genetic differentiation

determined from ISSR markers, Mantel’s test (1967) was

conducted, in which the Euclidian distance values of the

morphological descriptors, the values of Nei’s genetic

distance and the geographic and altitudinal distances

between the populations were included (Table 7). This test

enabled us to establish correlations between the morpho-

logical characteristics and the genetic polymorphism

detected, and to assess the degree of association of these

with the variables of geographic and altitudinal distance.

An association was found between the morphological and

genetic distances, and between each of the factors to

varying degrees. The greatest correlations were between

the morphological distance and altitude (r = 0.99, very

high), and between the morphological distance and the

geographic distance (r = 0.65, high) (Table 7).

Discussion

Morphological variation

All of the parameters of morphology, anatomy and ger-

mination detected a wide morphological variability among

the different populations, with a certain tendency to form

groupings between them. A clear separation between

continental and island populations was maintained, but

with a north–south gradient in terms of plant size. This is

the first study that compares populations with a wide dis-

tribution, and that uses various variables that measure the

morphological and genetic relationships that range from

the species’ own characteristics, to adaptive responses to

the environment where each population develops. Klagges

et al. (2013) reported similar results when comparing 11

morpho-physiological parameters within these populations.

They observed the same trend of larger populations

towards the northern end of the distribution. Moore (1970),

studying the variations in the morphology of C. quitensis

populations throughout their distribution, had already

described a wide variability of the morphological charac-

teristics of the different populations, demonstrating that the

greatest variability was at the southern end of the species

distribution. This variability was not expected, because it

had been postulated that this species should have a north–

south migration pattern. According to Moore (1970), these

variations could be related to adaptations controlled by the

environment, but they could also be genetically-based.

It has been observed in morphological and micro-mor-

phological studies between pA and pPar that the latter

presents the higher averages. Comparing these two popu-

lations in terms of their morphology in the presence of low

temperatures in common garden conditions, Gianoli et al.

(2004) found that pPar presented higher averages of leaf

length and shape, and flower stalk and stem biomass than

pA. The same trend was observed when 10 parameters of

foliar micromorphology were compared in the same pop-

ulations (Bascuñán-Godoy et al. 2010), showing that pPar

presented the highest averages in all the characteristics

Table 6 Nei’s genetic

distances (1972) between each

pair of populations of

Colobanthus quitensis

(Antarctic pearlwort)

pPar pPA pA

pPar – 0.25 0.30

pPA 0.25 – 0.29

pA 0.30 0.29 –

Fig. 6 Dendrogram constructed by means of a UPGMA analysis

using Nei’s genetic distances (1972). In the upper part of each node is

the ‘‘bootstrap’’ value that supports it and underneath in parentheses

are the genetic distances

Table 7 Correlations between distances for morphological, genetic,

geographic and altitudinal variables among populations of Coloban-

thus quitensis (Antarctic pearlwort) obtained using Mantel’s test

Matrix 1 Matrix 2 R

Genetic Dist. Altitudinal Dist. 0.35

Genetic Dist. Morphological Dist. 0.40

Genetic Dist. Geographic Dist. 0.50

Morphological Dist. Geographic Dist. 0.65

Morphological Dist. Altitudinal Dist. 0.99
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evaluated. In this study, pPar had lower average values

than pPA and pC, which is not consistent with the north–

south gradient observed, where larger plants were oriented

towards the northern end of the distribution. This could be

related to the stress conditions in the habitat, which are

heavily influenced by humans due to the presence of pit-

ches for winter sports, and may be placing selection pres-

sure on the population (based on observations made

directly on the field). It has been shown that genetic and

morphological variability are negatively influenced by

anthropogenic activity, propagule pressure and gene flow

(Alexander and Edwards 2010; Haider et al. 2011;

Westergaard et al. 2011).

In this work, only the 8 parameters of the morphology

that showed the greatest variability among the populations

were evaluated (Moore 1970; Cordero 2012; Klagges et al.

2013). Moore (1970) detected the greatest variability in

characteristics related to leaf length, leaf length:width ratio,

as well as the characteristics related to the floral mor-

phology, such as the width of the floral capsule and the

length of petals and sepals, which vary mainly due to

influences of such external factors as drought, degree of

exposure and pressure due to anthropogenic activity.

However, it has been reported that stomatal number and

morphology could be indicators of stress in populations of

the same species with a wide distribution or with responses

to temperature gradients (Jelling et al. 1983; Romero et al.

1999), or other types of abiotic stress. In this study, pH

(Hannah) presented the greatest stomatal density, which is

consistent with the literature, since pH is the study popu-

lation found farthest south, and its habitat sees low tem-

peratures all year round (the average temperature in the

summer does not exceed 4 �C), it has low water and

nutrient availability (Beyer et al. 2000) it is located on a

steep slope on the side of a rocky cliff (Molina-Montenegro

et al. 2012) and although several of these conditions are

shared with pA, pH also has the disadvantage of being a

smaller population than pA, which adds a higher abiotic

pressure on the population. However, the pPA population

also had a high stomatal density as well as larger stomata

(Table 2) and is located in an estuary easily flooded by

high tides in a narrow marsh with clayey sediments cov-

ered by herbaceous vegetation (Cuba-Dı́az et al. 2013).In

addition to the marine influence, it is also subject to

anthropogenic pressure from being located along a high-

way, which, in our view, provides the greatest pressure on

the population. In D. antarctica, the other vascular species

native to Antarctica, greater stomatal density was observed

in plants in natural conditions than in that of those accli-

mated for two years at 13 �C (Romero et al. 1999), which

shows that stomatal density and size are closely related to

environmental factors, such as temperature (Jelling et al.

1983).

According to Moore (1970), the characteristics that

show greater variability are heavily influenced by the

environment, where it has been identified that conditions

such as water availability and degree of exposure can have

a strong effect on them. This may explain the farthest pH

group (Fig. 3), since generally this population presented

the lowest averages, except for the number of seeds per

capsule, where it presented the highest number (36 seeds).

This last result can be explained on the basis of several

studies into the reproductive capacity of this species in

natural conditions. In Antarctica, it has been reported that

although the plants bloom frequently, they do not produce

mature seeds (Convey 1996), and despite an abundant seed

bank being recorded, most are not viable or lose their

germination capacity when favourable conditions to ger-

minate cannot be found (McGraw and Day 1997; Ruhland

and Day 2001; Kellman-Sopyla and Gielwanowska 2015).

The seed viability analysis and percentage of germina-

tion per population showed that the highest germination

percentage and lower germination times appeared in the

continental populations (Fig. 4). The pPar population,

among the continental samples, demonstrated the lowest

germination percentage, which is consistent with what was

observed in analyses of the morphological characteristics

(Table 1). Both island populations showed the longest

germination times and the lowest germination percentages.

This aligns with studies of seed banks and the reproductive

properties of this species in Antarctica (Convey 1996;

McGraw and Day 1997; Ruhland and Day 2001). pH

presented the lowest percentage of viable seeds in spite of

being the population with the highest average number of

seeds per floral capsule (36 seeds). pA was the population

that presented the greatest percentage of viable seeds

(Fig. 4); however, it was the population with the smallest

average number of seeds with just 16 per floral capsule.

Recent studies have indicated that seeds of C. quitensis

from Antarctica showed a high germination percentage,

around 80%, and that germination occurred in temperatures

ranging from 2 to 37 �C. Also, the germination time was

determined solely by temperature, shortening at high

temperatures and extending when temperatures were low.

This determined that the optimum germination temperature

is 18 �C (Kellman-Sopyla and Gielwanowska 2015). While

Sanhueza et al. (2017) showed that seeds from plants

grown at higher temperatures (11/5 �C) not only signifi-

cantly shortened the germination time, but also had a high

percentage of germination in a higher temperature range

(10–25 �C) with respect to seeds from plants grown at low

temperatures (5/2 �C).

In general, the variability in different characteristics of

the vegetative and floral morphology, as well as the

stomatal anatomy and germination capacity of the different

C. quitensis populations, could be attributable to a
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continuous selection process in which various characteris-

tics can, as a whole, adapt to the prevailing environmental

conditions in the habitat of the species (Moore 1970;

Alexander and Edwards 2010; Haider et al. 2011). This

could be closely linked to geographic fragmentation in

their habitat and very little genetic exchange between

populations (Manzur 2006; Westergaard et al. 2011). Our

results show that this population variability, which can be

considered geo-ecotypes, can be maintained even in com-

mon garden conditions, where the populations, although

separated from each other to avoid crossover, are grown in

the same environmental conditions.

Genetic variability

In order to demonstrate whether the morphological vari-

ability is attributable to genetic variability within the

populations, the variability was examined in the ISSR

regions using ISSR-PCR. In this study, only the pPar, pPA

and pA populations could be evaluated due to a lack of

plant material, but the goal of analysing the variability

representing a north–south gradient was accomplished.

In a previous study with two populations of C. quitensis

(pA and pPar), ITS markers did not detect significant dif-

ferences between the sequences for ITS 1 and ITS 2

between the populations (Gianoli et al. 2004); it has been

reported that ITS sequences are not variable in some cases.

Archibald et al. (2006) suggest the use of ISSR to study

populations of the same species with highly significant

results that place ISSR above ITS. The detected polymor-

phism is coincident with the greater morphological vari-

ability found in the southernmost populations. The genetic

diversity analysis, using AFLP, of island populations (pA

and pH), a population from the Antarctic peninsula and a

population of C. quitensis in Punta Arenas, revealed an

increase in the genetic diversity from north to south

(Acuña-Rodrı́guez et al. 2014). These results raise some

questions, because they show that the populations with the

least genetic diversity are the most recent from an evolu-

tionary point of view (Allendorf et al. 2010). Seen in this

light, it could be inferred that the populations farther north

are the most recent, which suggests that the centre of origin

for this species may be near Antarctica.

The genetic structure in this study was obtained on the

basis of the genetic structure index (Gst) for dominant

markers, an analogue to the Wright fixation index (Fst) for

codominant markers, whose average value among C.

quitensis populations was 0.3698, which indicates a high

genetic differentiation among the three study populations

(Hartl and Clark 1997). From this Gst value, the gene flow

between populations was calculated, presenting an

Nm = 0.8521, which indicates that the gene flow between

the populations is low. These results are consistent with

those obtained by Cordero (2012), who, when analysing

populations of the same species, found a high genetic

diversity between populations. Manzur (2006) established

that the greatest genetic diversity between populations of

the same species has a direct and positive association with

the geographic distance of its distribution, as each popu-

lation must face different environmental conditions to

which it must adapt. In addition, Androsiuk et al. (2015)

observed low genetic diversity and a moderate population

differentiation in populations of C. quitensis near the

Arctowski Base on King George Island using iBPS mark-

ers, linking these results to the geographic location of each

population. With respect to the low gene flow, the result

was expected because the three studied populations are

very distant from one another, creating geographic barriers

and a low seed dispersion. Gianoli et al. (2004) suggested

that migratory birds such as Muscisaxicola ssp. possibly

fulfil a seed dispersion role, but this has yet to be proven.

When observing a high genetic differentiation between

the populations and a low gene flow of less than one

individual per generation, a PCA analysis was performed

of the 75 loci detected by ISSR-PCR (Fig. 5). It revealed

genetic differentiation among all the populations. It also

showed that the pA group is farther from the pPA and pPar

groups, which are closer to one another. These results were

corroborated when the genetic distances were calculated

(Nei and Li 1979) between pairs of populations, obtaining a

minimum distance of 0.248 between pPA and pPar and a

maximum of 0.295 between pPar and pA (Table 6).

These results are consistent with the group obtained

from Euclidean distances for the morphological charac-

teristics, where the island populations are separate from the

continental populations. Carlquist (1974) reported that

island lineages tend to evolve quickly in a wide range of

morphological forms, and occupy different areas within a

geographically isolated region. Antarctica is a hostile

ecosystem for plant development where, in addition to

stress by freezing, there is a prevalence of other factors that

limit plant growth, such as strong winds, sea spray, poor

nutrient availability, and high UV radiation intensity.

These factors could exert selection pressure on the species

in terms of timeline, which together with geographic iso-

lation (Körner 2003; Parnikoza et al. 2011), could explain

the genetic differentiation of pA compared to the conti-

nental populations. Regardless of the presence of extreme

environmental factors in the sites of the continental popu-

lations, the geographic and climatic isolation of Antarctica

has a greater influence on population genetic variability,

such as that shown in geographically closely related pop-

ulations (Androsiuk et al. 2015). The pPar and pPA pop-

ulations, although they are distant (more than 3080 km),

may have greater homology between them, as the latitu-

dinal differences are compensated by the altitudinal
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differences (Gianoli et al. 2004). Future studies that include

more populations with lower geographic distance and other

markers are necessary to detect clearer parental and geo-

climatic relationships.

The analysis of each of the variables: morphological,

genetic, altitudinal and geographic distance, using the

Mantel test, presented a very strong relationship between

variations in the morphology and altitude (Table 7), which

is consistent with variations in the phenotypic plasticity

and genetic differentiation found in other species with a

wide altitudinal distribution (Monty and Mahy 2009; Hai-

der et al. 2011; Molina-Montenegro et al. 2011). DeWoody

et al. (2015) indicated that factors such as altitude can be

decisive in understanding the morphological and genetic

differences, not so much due to geographical separation,

but a mechanism of local adaptation to the particular cli-

matic conditions where each population lives. The rela-

tionship between the genetic and morphological distances

presented an average correlation (0.40), which shows a

greater influence of the environment in terms of genetic

variability on the variations observed in the morphology of

the different populations, whereas the geographic distance

between populations is the factor that has the strongest

correlation with genetic diversity. With this relation, we

can establish a model of isolation by distance between

populations of C. quitensis.

The morphological differences found in the populations

of C. quitensis may be related to the genetic differentiation

found among populations. It is possible to infer that, gen-

erally, the degree of genetic differentiation found among

populations implies that they can be considered as units

with a certain evolutionary independence.

Conclusions and perspectives

This is the first study conducted on the relationship

between morphological and genetic variability among

different C. quitensis populations. The study and the results

constitute an important contribution to the understanding of

the relationship between morphological and genetic dif-

ferentiation among populations, and sets guidelines for

inquiry about the evolution of this species throughout its

distribution, as well as the relationship that the different

populations have with their habitats.

These results contribute to the understanding of the

success of this species, which, along with D. antarctica,

have adapted to extreme Antarctic conditions. We are

currently inquiring about phylogeographic relationships

among the different populations studied, and other new

populations to investigate the presence of haplotypes, in

order to analyse the genetic divergence between different

geo-ecotypes (Wirtz et al. 2012), and to shed light on

possible neutral genes that allow for evolutionary recon-

struction (Poulin et al. 2014), and investigating possible

patterns of postglacial colonization (Dewoody et al. 2015)

for this species.
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Divergence between Antarctic and South American marine

invertebrates: what molecular biology tells us about Scotia Arc

geodynamics and the intensification of the Antarctic Circumpo-

lar Current. Glob Plan Chang 123:392–399. doi:10.1016/j.

gloplacha.2014.07.017

Romero M, Casanova A, Iturra G, Reyes A, Montenegro G, Alberdi

M (1999) Leaf anatomy of Deschampsia antarctica (Poaceae)

from the maritime Antarctic and its plastic response to changes

in growth conditions. Rev Chil Hist Nat 72:411–425

Royer DL, McElwain JC, Adams JM, Wilf P (2008) Sensitivity of

leaf size and shape to climate within Acer rubrum and Quercus

kelloggii. New Phytol 179:808–817. doi:10.1111/j.1469-8137.

2008.02496.x

Ruhland CT, Day TA (2001) Size and longevity of seed banks in

Antarctica and the influence of ultraviolet-B radiation on

survivorship, growth and pigment concentrations of Colobanthus

quitensis seedlings. Environ Exp Bot 45:143–154. doi:10.1016/

s0098-8472(00)00089-7

Ruiz E, Balboa K, Negritto M, Baeza C, Fuentes G, Briceño V (2010)

Genetic and morphological variation and population structure in

Alstroemeria hookeri subsp. hookeri (Alstroemeriaceae), ende-

mic to Chile. Rev Chil Hist Nat 83:605–616. doi:10.4067/s0716-

078x2010000400013
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