
Anatomical and morphological spine variation in Gymnocalycium kieslingii... 1

Anatomical and morphological spine variation in 
Gymnocalycium kieslingii subsp. castaneum (Cactaceae)

Roman Gebauer1, Radomír Řepka1, Radek Šmudla1,  
Miroslava Mamoňová2, Jaroslav Ďurkovič3

1 Department of Forest Botany, Dendrology and Geobiocoenology, Mendel University, Zemědělská 3, 61300 
Brno, Czech Republic 2 Department of Wood Science, Technical University, 96053 Zvolen, Slovak Republic 
3 Department of Phytology, Technical University, 96053 Zvolen, Slovak Republic

Corresponding author: Roman Gebauer (roman.gebauer@mendelu.cz)

Academic editor: A. Calvente    |   Received 14 April 2016    |   Accepted 29 July 2016    |   Published 18 August 2016

Citation: Gebauer R, Řepka R, Šmudla R, Mamoňová M, Ďurkovič J (2016) Anatomical and morphological spine 
variation in Gymnocalycium kieslingii subsp. castaneum (Cactaceae). PhytoKeys 69: 1–15. doi: 10.3897/phytokeys.69.8847

Abstract
Although spine variation within cacti species or populations is assumed to be large, the minimum sample 
size of different spine anatomical and morphological traits required for species description is less studied. 
There are studies where only 2 spines were used for taxonomical comparison amnog species. Therefore, 
the spine structure variation within areoles and individuals of one population of Gymnocalycium kieslingii 
subsp. castaneum (Ferrari) Slaba was analyzed. Fifteen plants were selected and from each plant one areole 
from the basal, middle and upper part of the plant body was sampled. A scanning electron microscopy 
was used for spine surface description and a light microscopy for measurements of spine width, thickness, 
cross-section area, fiber diameter and fiber cell wall thickness. The spine surface was more visible and 
damaged less in the upper part of the plant body than in the basal part. Large spine and fiber differences 
were found between upper and lower parts of the plant body, but also within single areoles. In general, 
the examined traits in the upper part had by 8–17% higher values than in the lower parts. The variation 
of spine and fiber traits within areoles was lower than the differences between individuals. The minimum 
sample size was largely influenced by the studied spine and fiber traits, ranging from 1 to 70 spines. The 
results provide pioneer information useful in spine sample collection in the field for taxonomical, biome-
chanical and structural studies. Nevertheless, similar studies should be carried out for other cacti species 
to make generalizations. The large spine and fiber variation within areoles observed in our study indicates 
a very complex spine morphogenesis.
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Introduction

Spines may be considered one of the most characteristic morphological structures of 
the Cactaceae family. Cactus spines are the modified bud scales of an axillary bud, 
originating from primordia which are morphologically indistinguishable from the 
leaf primordia (Mauseth 2006). Spines contain just two cell types, which never occur 
in long-shoot leaves of cacti: libriform fibers and sclerified epidermis cells (Mauseth 
2006). The cactus spine epidermis lacks stomata. In a few species, some spine epider-
mis cells elongate outward as trichomes (Sotomayor and Arredondo 2004, Mauseth 
2006, Řepka and Gebauer 2012). The epidermis can be continuous, divided into sin-
gle cell elements or transversely fissured, and such fissures extend deeply into the un-
derlying sclerenchyma (Barthlott 1979).

Spines are not only a lifeless part of the plant body but have several important 
functions. They provide defense against herbivores (Norman and Martin 1986, Gib-
son and Nobel 1986), protect the sensitive meristems from freezing temperatures 
(Loik and Nobel 1993, Mauseth 2006) and shade the plants to avoid temperature 
stress (Gibson and Nobel 1986, Mauseth 2006). Consequently, each cactus must 
evolve its spine coverage pattern in order to maximize its photosynthetic efficiency 
within its own habitat (Menezes et al. 2015). The spine surface of Opuntia is also 
constructed as an efficient system to collect fog and to drive water droplets towards 
the spine base, where they are absorbed (Ju et al. 2012). Moreover, the areole posi-
tion on the plant body may reveal past physiological and climatic variation since new 
spines develop on the top of the cactus body whereas the oldest spines are situated in 
the basal part (English et al. 2007). The exception are tree-like species of Opuntia and 
Quiabentia, which continue producing spines from their lower areoles even in old age 
(Rowley 2003).

The spine diversity within the family is truly spectacular and spine anatomical and 
morphological traits are useful tools for taxonomists (e.g. Hunt et al. 2006, Mosco 
2009, Řepka and Gebauer 2012). Although, there is evidence that spine development 
is influenced by genetic (Mihalte and Sestras 2012) and environmental conditions 
as water availability or solar radiation can modified spine growth (e.g. Peharec et al. 
2010, Menezes et al. 2015). Nevertheless, to the best of our knowledge, there is no 
prior study analyzing spine and fiber structure variation within areoles, individuals 
or populations, with the exception of variation in spine number and length (e.g. 
Schmalzel et al. 2004, Hunt et al. 2006, Baker and Butterworth 2013, Menezes et al. 
2015). Although the variation in spine anatomical and morphological traits within a 
population or species is assumed to be large (Mauseth 2006), there are studies where 
only 2 spines were used for Turbinicarpus species comparison (Mosco 2009) or for the 
assessment of spine stiffness (Schlegel 2009).

Spine and fiber variation within areoles and individuals was studied in one Gym-
nocalycium kieslingii subsp. castaneum (Ferrari) Slaba population with the intent to 
solve three questions: (1) does areole position on the plant body play an important 
role in spine and fiber variation?; (2) are spine and fiber traits less variable within an 
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areole than between areoles and individuals?; (3) how many spines need to be col-
lected for an analysis of specific traits? Our results will provide useful information for 
spine sample collection in the field for taxonomical, biomechanical, physiological or 
structural studies.

Methods

Plant material

A single representative of the nominate subgenus of Gymnocalycium, G. kieslingii sub-
sp. castaneum was chosen for the study. This is an endemic taxon of the Argentinian 
province of La Rioja, which is taxonomically clear with relatively low morphologi-
cal variability. It grows in 13 populations occupying fairly narrow ecological niche. 
It grows on the poor and highly permeable sandy soils without humus, blended with 
skeleton basement rock, generated by the disintegration of granitoids on the slopes 
of the Sierra de Velasco Mts. The climate is semi-arid and the mean annual precipita-
tion is 360 mm. The mean annual temperature is 20 °C with 2,800 hours of sunshine 
(http://www.arquinstal.com.ar/atlas/datos/larioja.html). Plants are uniformly found 
under/or outsides of Larrea cuneifolia Cav. in the phytogeographical district Monte 
(Cabrera 1976) at altitudes of 1250–1550 m. Distribution area is relatively small (cca 
760 km2) compared to other species of the subgenus. It lies between city of Aimogasta 
in the north and city of Villa Sanagasta in the south.

The plant usually forms flattened spherical bodies 60–90 mm in diameter. It rarely 
achieves a greater height than width (Till 1990). The plant material was collected from 
one population at the sandy depression of Bolsón de Huaco, SSW of the village of El 
Huaco in the northern part of the La Rioja Province, at altitude of 1260 m (67°07’S; 
29°22’W). Fifteen plants were randomly selected on a ca. 700 m line along the road 
(north-south), at distances of 50 m from each other. From each plant, one areole from 
the basal, middle and upper part on the northern face of the plant body were sampled 
(i.e. 45 areoles in total). Additional areoles were sampled from 5 plants at each exam-
ined position for scanning electron microscopy (i.e. 15 areoles). Only fully developed 
areoles were collected.

Scanning electron microscopy (SEM)

The whole areole was mounted on specimen stubs, sputter-coated with gold, and ob-
served with high-vacuum SEM using a VEGA TS 5130 instrument (Tescan, Czech Re-
public) operating at 15 kV. Images of the whole areole and detailed images of the spine 
surface in the middle and top spine parts were made. From these images, epidermis 
characteristics, shape of epidermis cells, presence and type of trichomes and presence 
of fissures were determined.

http://www.arquinstal.com.ar/atlas/datos/larioja.html
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Light microscopy

A 5% solution of hydrochloric acid was used to soften spines before sectioning. In this 
solution, two days of soaking was sufficient to soften the spines for anatomical analysis. 
The spine length (Sl) was measured before making cross-sections. Handmade cross-
sections were taken from the spine base and were examined under a bright field mi-
croscope (Olympus BX51, Olympus Czech Group, Czech Republic) at magnifications 
up to 400× and were photographed using a digital camera (Olympus E-330, Olympus 
Czech Group, Czech Republic) connected to a computer with the QuickPhotomicro 
2.3 software (Promicra, Czech Republic). Spine width (Sw), spine thickness (Sth), spine 
cross-section area (Sa), spine circumference (Sc), fiber maximum and minimum diam-
eter (Fmax and Fmin), and cell wall thickness (CWth) were measured using the ImageTool 
3.00 software (UTHSCSA, USA) (Fig. 1). Ten fibers were measured in each spine. 
Only the largest fibers were measured as fibers at the end taper. Spine and fiber round-
ness (Sr and Fr, respectively) were defined as the Sw/Sth and Fmax/Fmin ratio, respectively, 
with a ratio of 1 denoting a perfectly round cross-section and larger ratios indicating a 
more ellipsoidal shape. In total, 245 spines were examined.

Statistical analysis

The first step was the calculation of fundamental descriptive characteristics using lin-
ear mixed effect models (LME). In these models, all of the traits come from a nested 
design; therefore, we used LME to avoid the problem of pseudoreplication (Hurlbert 
1984; Pekár 2012). In the LME analyses, traits were treated as factors with fixed effects, 
and individuals and areoles were treated as factors with random effects. LMEs were 
fitted using the LME function in the NLME library of the R statistical program (R 
Development Core Team 2015). Results from the first step were used for other calcula-
tions. The influence of spine position on the plant body was analyzed using one-way 
nested ANOVA. Plant position was treated as a factor with fixed effects, and individu-
als and areoles were treated as factors with random effects. In the second step, minimal 
sample size (N) was calculated according to the following equation:

N = 2
2/1

2 ((
D

t 2))1n −−ασ

where σ is the assumed standard deviation (SD) for the group, the (t1-α/2(n-1)) value is 
the quantile of the Student’s t-distribution for n-1 degrees of freedom and D is the de-
sired margin of error. The interval limits for minimum sample size were taken as 10, 15 
and 20% differences of the mean. Only spines sampled from the middle part of plant 
body were used for minimum sample size calculation. Calculations were performed in 
the R software environment (R Development Core Team 2015) and STATISTICA v. 
10 (StatSoft, USA).

All acronyms, abbreviations and symbols are defined in Table 1.
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Figure 1. Measured spine traits: spine width (Sw) and spine thickness (Sth). Fibers are shown in the 
detailed picture.

Table 1. Spine and fiber traits, their abbreviations and units, examined throughout the study.

Trait Explanation Unit
Spines

Sl Spine length mm
Sw Spine width mm
Sth Spine thickness mm
Sa Spine cross-section area mm2

Sc Spine circumference mm
Sr Spine roundness -

Fibers
Fmax Fiber maximum diameter µm
Fmin Fiber minimum diameter µm

CWth Cell wall thickness µm
Fr Fiber roundness -

Results

Spine surface structure in SEM

Spines in the basal part of the plant body were either completely covered with mineral 
deposition so that the surface structure was not recognizable or the surface was only 
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Figure 2. SEM images of upper, middle and basal part of Gymnocalycium kieslingii subsp. castaneum. 
a surface of spine from basal part covered with mineral deposition b, c surface of spine from basal part with 
a few epidermal cells d damaged, bent and deformed tip of spine from basal part e surface of spine from 
middle part with clearly visible epidermal cells sharply bent upward in upper part f surface of spine from 
upper part with very clearly visible and undamaged epidermal cells g undamaged top part of spine from up-
per part h epidermal cells of spine from upper part, bent lengthwise in its central part. Scale bar = 200 µm.
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partially visible (Fig. 2a, b). In rare cases, epidermal cells were still obvious (Fig. 2c). 
Spine tips were usually damaged, bent and deformed (Fig. 2d).

In the middle part of the plant body, the spine surface was only slightly damaged. 
The epidermal cells were clearly visible (Fig. 2e) and were only missing in a few cases. 
They were generally rectangular in shape (major to minor axis diameter ratio 2:1). 
Epidermal cells were usually sharply bent upward in the upper part (Fig. 2e) and ar-
ranged in regular transverse rows with different directions. In rare cases, deep fissures 
were observed.

Epidermal cells of spines in the upper part of plant body were very clearly visible 
and undamaged (Fig. 2f, g). Epidermal cells were irregular in both shape and size. They 
were flat on the spine tips and started to bend slightly to sharply at some distance from 
the spine tips (Fig. 2g). In some cases, they were also bent lengthwise in their central 
part (Fig. 2h). They were usually arranged in regular rows. The rows were wavy in 
shape and ran slightly upwards. No fissures were observed.

Spine variation between individuals

Spine length (Sl) ranged from 3 to 16 mm and spine cross-section area (Sa) from 0.21 
to 2.81 mm2 (Table 2). Sl and Sa had the largest coefficient of variation (CV) between 
individuals (Table 3). In contrast, spine roundness (Sr) had the lowest CV (Table 3). 
In most cases, the shape was near-circular, as the mean Sr was 1.25 (Table 2). The 
mean fiber maximum diameter (Fmax) and fiber minimum diameter (Fmin) were 13.7 
and 10.03 µm, respectively (Table 2). The studied fiber traits were less variable than 
spine traits between individuals (Table 3). Fiber roundness (Fr) was the least variable 

Table 2. Mean (±SD), minimum and maximum values for all sampled spines (n=245), and mean values 
(±SD) for individuals (n = 15) and areoles (n = 45) of Gymnocalycium kieslingii subsp. castaneum. See 
Table 1 for explanation of spine and fiber traits.

Trait (unit) mean±SD min max mean±SD mean±SD
All spines Individuals Areoles

Spines
Sl (mm) 8.7±1.6 3 16 8.7±6.4 8.7±4.5
Sw (mm) 1.05±0.14 0.58 2.21 1.05±0.5 1.05±0.4
Sth (mm) 0.85±0.10 0.43 1.63 0.85±0.4 0.85±0.3
Sa (mm2) 0.73±0.16 0.21 2.81 0.72±0.6 0.73±0.5
Sc (mm) 3.05±0.37 1.69 6.16 3.05±1.4 3.07±1.1

Sr 1.25±0.17 1.01 2.08 1.25±0.3 1.25±0.2
Fibers

Fmax (µm) 13.72±2.6 8.1 20.8 13.7±5.5 13.8±3.9
Fmin (µm) 10.05±1.8 5.9 15.9 10.03±3.9 10.08±2.8

CWth (µm) 3.82±0.99 1.5 6.6 3.8±2.2 3.8±1.5
Fr 1.38±0.14 1.1 2.3 1.38±0.15 1.38±0.15
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Table 3. Coefficient of variation (CV) for spine and fiber traits between all sampled spines, individuals and 
areoles. Values of CV above 40% are shown in bold. See Table 1 for explanation of spine and fiber traits.

Trait CV (%)
(unit) All spines Individuals Areoles

  Spines
Sl (mm) 18 74 52
Sw (mm) 13 48 38
Sth (mm) 12 47 35
Sa (mm2) 22 83 68
Sc (mm) 12 46 36
Sr  10 24 16

Fibers
Fmax (µm) 19 40 28
Fmin (µm) 18 39 28
CWth (µm) 26 58 39
Fr 10 11 11

trait (Table 3). The mean Fr value was 1.38 (Table 2), indicating fibers with a slightly 
ellipsoid shape. On the other hand, cell wall thickness (CWth) had the highest CV of 
the fiber traits (Table 3), ranging from 1.5 to 6.6 µm (Table 2).

Spine variation between areoles and within the plant body

The fiber traits were less variable than spine traits between areoles (Table 3). Although 
the CV of spine and fiber traits between areoles was lower than that between individu-
als, it was higher than 30% in most cases (Table 3). The most and the least variable 
spine and fiber traits between areoles were the same as between individuals. The CV of 
Sa and Sl was the highest, whereas the CV for Sr and Fr was the lowest (Table 3). Spine 
and fiber traits were similar in the base and middle part of plant body. However, the 
upper part was significantly different from the other parts for almost all studied spine 
and fiber traits (except Sl, Sr an Fr) (Table 4). In general, studied traits were by 8–17% 
higher in the upper part than in the lower parts (Table 4).

Spine variation within areoles

The CV of spine traits within an areole was lower than between areoles and individu-
als (Table 3 and Suppl. material 1). Nevertheless, a CV value higher than 15% was 
observed for Sa (91% of sampled areoles) and for Sl (60% of sampled areoles) (Suppl. 
material 1). The most and the least variable spine traits within an areole were almost 
the same as those between the areoles. On the other hand, the variation in fiber traits 
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Table 4. Influence of areole position on the plant body on spine and fiber traits. Bold letters show sta-
tistically significant differences between upper and basal part. See Table 1 for explanation of spine and 
fiber traits.

Trait (unit)
mean±SE

P-value
basal part middle part upper part

Spine 

Sl (mm) 8.3±0.28 8.8±0.21 9.2±0.29 0.12
Sw (mm) 1.02±0.02 1.03±0.02 1.11±0.03 0.01
Sth (mm) 0.82±0.01 0.84±0.02 0.89±0.03 0.03
Sa (mm2) 0.68±0.03 0.70±0.03 0.81±0.05 0.01
Sc (mm) 2.98±0.06 3.00±0.06 3.28±0.09 0.01
Sr 1.26±0.02 1.22±0.01 1.21±0.02 0.45

Fiber 
Fmax (µm) 13.0±0.3 13.6±0.4 14.7±0.3 0.01
Fmin (µm) 9.5±0.3 10.06±0.4 10.7±0.6 0.01
CWth (µm) 3.5±0.3 3.87±0.2 4.20±0.3 0.01
Fr 1.4±0.04 1.37±0.04 1.4±0.11 0.38

within an areole differed from the variation of fiber traits between the areoles. Con-
trary to the variation between areoles, Fr was the most and CWth the least variable trait 
within an areole. A CV value higher than 15% was found in most cases for Fr (62% of 
sampled areoles) and for Fmax (44% of sampled areoles). On the other hand, a CV of 
CWth higher than 15% was only found for 7% of the sampled areoles.

Spines within an areole were distributed only marginally with radial arrangement 
(Fig. 3). All spines were straight or slightly curved to the body. The lower one point-
ing downward The number of spines per areole range from 3 to 7 spines and the most 
frequent number of spine per areole was 5 (51% from all areoles) (Suppl. material 1). 
Only 11% from all areoles had 3 and 4 spines.

Minimum sample size

In general, calculated minimal sample sizes corresponded with the CVs of the studied 
traits. To study spine traits with 10% differences in the mean value, we should measure 
at least 52 spines (Table 5). However, if we studied only Sa or Sc, 25 spines would be 
needed and even fewer spines would be needed for Sr (Table 5). In the case of fiber 
traits, the most variable trait was CWth, for which 70 spines should be used to obtain 
results within 10% differences in the mean value (Table 5). To study fiber diameter, 
43 spines should be used and no more than 6 spines are needed for Fr. The minimal 
sample size for the studied parameters would be on average 3.7 times lower, if 20% 
differences in the mean value were used (Table 5).
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Table 5. Minimum sample size required to study specific spine and fiber traits. The interval limits were 
taken as 10, 15 and 20% differences of the mean.

Trait (unit)
sample size

mean ±10% mean ±15% mean ±20%
Spines

Sl (mm) 52 23 13
Sw (mm) 40 18 10
Sth (mm) 34 15 9
Sa (mm2) 23 11 6
Sc (mm) 25 11 7
Sr 1 1 1

Fibers
Fmax (µm) 43 19 11
Fmin (µm) 40 18 10
CWth (µm) 70 31 18
Fr 6 2 2

Figure 3. Typical radial arrangement of spines within an areole of Gymnocalycium kieslingii subsp. cas-
taneum. All spines are straight or slightly curved to the body. The lowest spine is pointing downward. 
Scale bar = 5 mm.
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Discussion

Spine surface

In the present study, the spine epidermal cells were usually bent upward, but flat shapes 
were also observed. Epidermal cells were usually arranged in regular transverse rows. The 
spine epidermis and mesophyll of several cacti have deep fissures, created during normal 
development (Mauseth 2006). These fissures are believed to play an important role in wa-
ter absorption, but it has not yet been investigated what effect this process may have on the 
overall water balance of the plants (Mosco 2009). In G. kieslingii subsp. castaneum such fis-
sures had only 9% of observed spines. Trichomes observed in other cactus species (Mauseth 
2006, Řepka and Gebauer 2012) were also absent in G. kieslingii subsp. castaneum. It has 
been reported that differences in surface structure are related to age: young spines (situated 
in the upper part of the plant body) of Mammillaria scrippsiana var. armeria and Echinopsis 
sp. have a smooth surface, whereas older spines (situated in the lower parts of plant body) 
show a broken surface. We did not observe such differences, which may be specific char-
acteristics of a particular genus of cacti. However, there were differences in spine surface 
damage and visibility. The spine surface was more visible and less damaged in spines from 
the upper part than in the lower parts. In the basal part, the spine surface was almost com-
pletely covered with mineral deposition (Fig. 2a). Thus, spines situated in the upper part of 
plant bodies are the most appropriate for surface analysis and taxonomic use.

Spine variation between individuals and areoles

Spines develop from lateral buds (areoles) and vary considerably across species in num-
ber, length, width and thickness (Mauseth 2006, Mosco 2009). This is an extreme form 
of leaf modification (Mauseth 2006). The number of spines per areole of G. kieslingii 
subsp. castaneum is described as ranging from 5 to 7 (Ferrari 1980). In the present 
study, areoles with 3 and 4 spines were also found in 11% from all areoles. The spines 
shape was the least variable trait and it was mostly circular. This is in accordance with 
Mauseth (2006), who mentioned that cactus spines are frequently circular in cross-
section. On the other hand, Sl and Sa were the most variable spine traits. In another 
study, spine length was also found to be the most variable trait in 30 Aylostera and 
Rebutia (Cactoideae) hybrids (Mihalte and Sestras 2012). It has already been found that 
spine variation occurs even within a single species, reflecting environmental conditions 
during cactus growth (e.g. Nobel 1988, English et al. 2007, Menezes et al. 2015). For 
example, Sl was found to be positively correlated with rainfall (Menezes et al. 2015). It 
is obvious that longer and thicker spines will require more photosynthates for its devel-
opment. On the other hand, such a spine increment would reduce the interception of 
photosynthetic active radiation, which would then reduce photosynthetic productivity 
(Nobel 1983). However, abundant spines shade the photosynthetic cortex from intense 
insolation and UV radiation to avoid high-temperature extremes (Loik 2008). Thus, 
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the large variation of Sl and Sa found in our study may be partly explained by a sensitive 
plant regulation system that balances between positive and negative spine functions. 
However, the factors controlling morphogenesis in the basal meristems of spines are 
still unknown (Mauseth 2006) and the identification of genes and their expression will 
be an important step towards our understanding of the spine development.

Two main fiber shapes in spine cross-sections (i.e. folded and pillar) were described 
by Schlegel (2009). Fibers of G. kieslingii subsp. castaneum were mostly oval and had a 
pillar structure. In our study, the mean fiber maximum and minimum diameters were 
in the range reported for Echinocactus grusonii (Huang and Guo 2013), Opuntia ficus-
indica (Vignon et al. 2004) and Turbinicarpus sp. div. (Mosco 2009), which had spines 
composed of fibers with diameters of 5–15, 6–10 and 6–18 µm, respectively. There 
are only two studies including measurements of cell wall thickness of fibers (CWth). 
Turbinicarpus species had a mean CWth of 0.7 to 5.9 µm (Mosco 2009), and Escobaria 
species had a mean CWth of 3.3–4.0 µm (Řepka and Gebauer 2012). These values are 
slightly lower than for G. kieslingii subsp. castaneum.

Spine variation within areoles

Although a large variation of spine traits within single species has been described (Pe-
harec et al. 2010), there is no extant report describing spine variation within an areole. 
Since the spines grow from the same lateral bud, low variation of anatomical and mor-
phological parameters would be expected. This hypothesis was only partly supported 
in our study, as the spine and fiber variation within areoles was lower than between 
areoles, but the CV for different studied traits within an areole was still high. For exam-
ple, the CV for Sa was even higher than 40% in a few cases (Suppl. material 1). Thus, it 
seems that even within a single areole, the function of the basal meristem of the spine 
is very sensitive to environmental and internal stimuli.

Spine variation on the plant body

The areole position on the plant body could be related to age, since new spines develop 
on top of the cactus body, whereas the oldest spines are situated in the basal part. Thus, 
variation in spine traits from different positions on the plant body can be expected due 
to different environmental conditions during spine development. For example the sta-
ble isotope composition of spines produced serially from the apex of the long-lived co-
lumnar species Carnegiea gigantea revealed the past physiological and climatic variation 
(English et al. 2007). This corresponds with our results, as almost all spine and fiber 
traits (except for Sl, Sr and Fr) had different values in the lower parts than in the upper 
part of the plant body. Nevertheless, the growth of cacti is very slow, and determina-
tion of their age without direct observation is difficult (Martinez del Rio et al. 1995).
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Minimum sample size

Although spine variation is known even in single species, spine sample sizes used by 
different authors are very variable. For example, anatomical studies use 2 spines (Mosco 
2009), morphological studies use 17 spines (Peharec et al. 2010), and mechanical stud-
ies usually use 2–22 spines (Schlegel 2009, Huang and Guo 2013). In our study, we 
found that the minimum sample size was largely influenced by the studied spine and 
fiber traits, and ranged from 1 to 70 spines, if 10% difference in the mean value was 
taken in account. Thus, for spine sample collection, the spine/fiber trait to be studied is 
crucial. In our case, fewer spines (taken from the middle part of the cactus body) would 
be needed to describe Sr (1 spine), Fr (6 spines), Sa (23 spines) and Sc (25 spines). In 
contrast, more spines should be collected to study CWth (70 spines), Sl (52 spines), Fmax 
(43 spines) and Sw (40 spines). These sample sizes may, however, only apply to spines 
collected from different plants within a single population. We should note that more 
similar studies on other cactus species or on the same species, but growing in different 
environment conditions are needed to make generalizations for spine sample collec-
tion in the field. This is important task for the correct delimitation and identification 
of cactus species especially if cultivated specimens were used as sources of evidence in 
taxonomy (e.g. Schmalzel et al. 2004).

Conclusion

Our study of 15 cactus individuals, 45 areoles and 245 spines showed that spine and 
fiber traits are highly variable. The areole position on the plant body was an impor-
tant factor in most of the studied spine and fiber traits (Question 1). The spine and 
fiber variation within an areole was lower than between areoles, but the variation 
was still high (Question 2). The minimum sample size was largely influenced by the 
examined spine and fiber trait, ranging from 1 to 70 spines (mean ± 10%) (Ques-
tion 3). The large spine and fiber variation between individuals and even within 
single areoles observed in this study indicates a very complex spine morphogenesis. 
We encourage a further research focus on the spine and fiber variation in other cacti 
species, but also on the factors controlling the basal meristem function and gene 
expression in spines.

Acknowledgements

This work was funded by the Faculty of Forestry and Wood Technology, Mendel Uni-
versity Brno, Czech Republic and by the Ministry of Education, Youth and Sports of 
the Czech Republic (project number LG15034). We are also grateful to Jan Šebesta for 
his assistance in the field work.



Roman Gebauer et al.  /  PhytoKeys 69: 1–15 (2016)14

References

Baker MA, Butterworth CA (2013) Geographic distribution and taxonomic circumscription of 
populations within Coryphantha section Robustispina (Cactaceae). Am J Bot 100: 984–997. 
doi: 10.3732/ajb.1200619

Barthlott W (1979) Cacti. Stanley Thornes Ltd., Cheltenham.
Cabrera AL (1976) Regiones Fitogeográficas de Argentina. Enciclopedia Argentina de Agri-

cultura y Jardinería, vol. 2/1. Acme S.A.C.I., Buenos Aires.
English NB, Dettman DL, Sandquist DR, Williams DG (2007) Past climate changes and eco-

physiological responses recorded in the isotope ratios of saguaro cactus spines. Oecologia 
154: 247–258. doi: 10.1007/s00442-007-0832-x

Gibson AC, Nobel PS (1986) The cactus primer. Harvard University Press, Cambridge and 
Massachusetts. doi: 10.4159/harvard.9780674281714

Huang F, Guo W (2013) Structural and mechanical properties of the spines from Echinocactus 
grusonii cactus. J Mat Sci 48: 5420–5428. doi: 10.1007/s10853-013-7335-4

Hunt D, Taylor N, Charles G (2006) The New Cactus Lexicon. DH Books, Milborne Port, Dorset.
Ju J, Bai H, Zheng Y, Zhaomm T, Fangmm R, Jiang L (2012) A multi-structural and multi-

functional integrated fog collection system in cactus. Nature Comm 3: 1247. doi: 10.1038/
ncomms2253

Leinfellner W (1937) Beiträge zur Kenntnis der Cactaceen-Areolen. Österr Bot Z 86: 1–60. 
doi: 10.1007/BF01798320

Lodé J (2015) Taxonomy of the Cactaceae. Cactus Adventures, Barcelona.
Loik ME (2008) The effect of cactus spines on light interception and Photosystem II for three 

sympatric species of Opuntia from Mojave Desert. Physiol Plantarum 134: 87–98. doi: 
10.1111/j.1399-3054.2008.01110.x

Loik ME, Nobel PS (1993) Freezing tolerance and water relations of Opuntia fragilis from 
Canada and the United States. Ecology 74: 1722–1732. doi: 10.2307/1939931

Martinez del Río C, Hourdequin M, Silva A, Medel R (1995) The influence of cactus size and 
previous infection on bird deposition of mistletoe seeds. Aust J Ecol 20: 571–576. doi: 
10.1111/j.1442-9993.1995.tb00577.x

Mauseth JD (2006) Structure-function relationships in highly modified shoots of Cactaceae. 
Ann Bot 98: 901–926. doi: 10.1093/aob/mcl133

Menezes MOT, Taylor NP, Zappi DC, Loiola MIB (2015) Spines and ribs of Pilosocereus 
arrabidae (Lem.) Byles & G.D. Rowley and allies (Cactaceae): Ecologic or genetic traits? 
Flora 214: 44–49. doi: 10.1016/j.flora.2015.05.008

Mihalte L, Sestras RE (2012) The plant size and the spine characteristics of the first genera-
tion progeny obtained through the cross-pollination of different genotypes of Cactaceae. 
Euphytica 184: 369–376. doi: 10.1007/s10681-011-0597-5

Mosco A (2009) Micro-morphology and anatomy of Turbinicarpus (Cactaceae) spines. Rev Mex 
Biodiv 80: 119–128.

Nobel PS (1983) Spine influences on PAR interception, stem temperature, and nocturnal acid 
accumulation by cacti. Plant Cell Environ 6: 153–159. doi: 10.1111/j.1365-3040.1983.
tb01888.x

http://dx.doi.org/10.3732/ajb.1200619
http://dx.doi.org/10.1007/s00442-007-0832-x
http://dx.doi.org/10.4159/harvard.9780674281714
http://dx.doi.org/10.1007/s10853-013-7335-4
http://dx.doi.org/10.1038/ncomms2253
http://dx.doi.org/10.1038/ncomms2253
http://dx.doi.org/10.1007/BF01798320
http://dx.doi.org/10.1111/j.1399-3054.2008.01110.x
http://dx.doi.org/10.1111/j.1399-3054.2008.01110.x
http://dx.doi.org/10.2307/1939931
http://dx.doi.org/10.1111/j.1442-9993.1995.tb00577.x
http://dx.doi.org/10.1111/j.1442-9993.1995.tb00577.x
http://dx.doi.org/10.1093/aob/mcl133
http://dx.doi.org/10.1016/j.flora.2015.05.008
http://dx.doi.org/10.1007/s10681-011-0597-5
http://dx.doi.org/10.1111/j.1365-3040.1983.tb01888.x
http://dx.doi.org/10.1111/j.1365-3040.1983.tb01888.x


Anatomical and morphological spine variation in Gymnocalycium kieslingii... 15

Norman F, Martin CE (1986) Effects of spine removal on Coryphantha vivipara in central Kansas. 
Am Midl Nat 116: 118–124. doi: 10.2307/2425943

Peharec P, Posilović H, Balen B, Krsnik-Rasol M (2010) Spine micromorphology of normal 
and hyperhydric Mammillaria gracilis Pfeiff. (Cactaceae) shoots. J Microsc 239: 78–86. 
doi: 10.1111/j.1365-2818.2009.03358.x

R Development Core Team (2015) R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.org/

Rowley G (2003) What is an areole? Brit Cact Succ J 21: 4–11.
Řepka R, Gebauer R (2012) Micromorphological and anatomical spine features of selected 

Escobaria species (Cactaceae). Bradleya 30: 138–146.
Schlegel U (2009) The composite structure of cactus spines. Bradleya 27: 129–138.
Schmalzel RJ, Nixon RT, Best AL, Tress JA (2004) Morphometric variation in Coryphantha 

robustispina (Cactaceae). Syst Botany 29: 553–568. doi: 10.1600/0363644041744356
Sotomayor M, Arredondo A (2004) Turbinicarpus – spines and seedling development. Cactus 

and Co. 8: 102–114.
Till H (1990) Gymnocalycium kieslingii Ferrari. Gymnocalycium 3: 25–28.
Vignon MR, Heux L, Malainine M-E, Mahrouz M (2004) Arabinan-cellulose composite in 

Opuntia ficus-indica prickly pear spines. Carbohydrate Res 339: 123–131. doi: 10.1016/j.
carres.2003.09.023

Supplementary material 1

Table S1. Coefficient of variation (CV) of spine and fiber traits within areoles.
Authors: Roman Gebauer, Radomír Řepka, Radek Šmudla, Miroslava Mamoňová, 
Jaroslav Ďurkovič
Data type: specimens data
Explanation note: The number of spines within an areole is given in brackets (n). De-

picted are CV values above 15%. See Table 1 for explanation of spine and fiber traits.
Copyright notice: This dataset is made available under the Open Database License 

(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, provided that the 
original source and author(s) are credited.

http://dx.doi.org/10.2307/2425943
http://dx.doi.org/10.1111/j.1365-2818.2009.03358.x
http://www.R-project.org/
http://dx.doi.org/10.1600/0363644041744356
http://dx.doi.org/10.1016/j.carres.2003.09.023
http://dx.doi.org/10.1016/j.carres.2003.09.023
http://opendatacommons.org/licenses/odbl/1.0/

	Anatomical and morphological spine variation in Gymnocalycium kieslingii subsp. castaneum (Cactaceae)
	Abstract
	Introduction
	Methods
	Plant material
	Scanning electron microscopy (SEM)
	Light microscopy
	Statistical analysis

	Results
	Spine surface structure in SEM
	Spine variation between individuals
	Spine variation between areoles and within the plant body
	Spine variation within areoles
	Minimum sample size

	Discussion
	Spine surface
	Spine variation between individuals and areoles
	Spine variation within areoles
	Spine variation on the plant body
	Minimum sample size

	Conclusion
	Acknowledgements
	References
	Supplementary material 1

