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Abstract

Grindelia is a genus with a complex evolutionary history with reticulate evolution. We studied the karyotype, fluorescent 
banding, and fluorescence in situ hybridization (FISH) using 18–5.8–26 S and 5 S ribosomal DNA probes to survey 
karyotypic diversity of South American Grindelia species. Chromosome basic numbers were x = 6 (with several ploidy 
levels: 2x, 4x, and 6x). All the Grindelia studied conserved the patterns of CG-rich heterochromatin and 18-5.8-26 S 
rDNA. The third m sat-chromosome pair was homeologous in Grindelia. Chromosome variation, although not always 
large, accompanied the evolutionary divergence of the taxa studied. The Grindelia studied formed two species groups: (1)  
G. globularifolia and G. pulchella var. pulchella, (2) G. buphthalmoides, G. cabrerae var. alatocarpa and var. cabrerae, G. chiloensis, 
G. orientalis, and G. prostrata. These groups do not show any morphological affinities and their phylogenetic relationships 
are not clearly resolved, suggesting that these groups have recently diverged.

Keywords: Grindelia, heterochromatin, karyotype, polyploidy, ribosomal genes

Introduction

The cosmopolitan Astereae is the second largest tribe 
of the family, with ca. 220 genera and more than 
3000 spp. (Funk et al. 2009). Grindelia Willd., in the 
Machaerantherinae subtribe (Nesom 2000; Morgan 
2003), and Haplopappus are the only members that 
inhabit South America. Morgan et al. (2009) sug-
gested that this subtribe had a complex evolutionary 
history with reticulate evolution.

Grindelia is a New World genus with amphitrop-
ical disjunction and ca. 67 spp.; approximately 26 
of them are South American and the remainder are 
from North America and Mexico (Bartoli & Tortosa 
2012), both groups being sister clades (Moore et 
al. 2012). South American taxa are more diverse in 
habit and have their centers of diversity in Argen-
tina, including some perennial species with varying 
degrees of woodiness, sometimes suffruticose or 
herbaceous, often resinous with glandular trichomes 
(Bartoli & Tortosa 2014). Their yellow heads are 
solitary, radiate or discoid, with perfect disk florets 
that have tubular corollas, often with an abruptly 
expanded throat, and when present, pistillate ray 

florets; pappuses are deciduous, having 2–80 bristles 
with smooth to barbellulate margins. Their glabrous 
achenes are flattened or prismatic, sometimes 
winged.

Cytological data contribute to  clarifying the 
origin, speciation, and phylogenetic  relationships 
of plants (e.g. Weiss-Schneeweiss & Schnee-
weiss 2013). In the Astereae tribe, the chro-
mosome number and  morphology provided 
important insights into its systematics and 
evolution (e.g. Nesom 1994; Torrell et al.  
2003). Jones (1985) suggested that chromosome 
features are basic to the better understanding of the 
relationships of the tribe, being more useful at the 
infrageneric than at the generic level. There are ca. 
40 chromosome counts available in Grindelia (e.g. 
Whitaker & Steyermark 1935; Semple et al. 1992; 
Lane & Li 1993; Bartoli & Tortosa 1998a; Baeza 
& Schrader 2005; Moreno et al. 2012), indicating 
its base number is x  =  6. Some species showed 
different ploidy levels (Dunford 1986; Semple et al. 
1989; Moreno et al. 2012) and particularly in South 
America, ploidy is more variable, with diploids, 
tetraploids, and hexaploids that have already been 
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and 18-5.8-26S and 5S rDNA loci of 11 South 
American Grindelia taxa in order to elucidate their 
importance in its systematics and evolution.

Materials and methods

Plant material and chromosome preparations

Details of the material studied from natural popula-
tions and voucher specimens are shown in Table I.

For conventional staining, mitotic chromosomes 
of somatic cells from root tips were analyzed from 
squashes of 2–10  mm long primary roots from 
germinated seeds. Root tips were pretreated with 
2 mM 8-hydroxyquinoline for 24 h at 4°C temper-
ature, rinsed in distilled water, and fixed in freshly 
made ethanol:glacial acetic acid (3:1) for 24  h at 
room temperature. Then, they were hydrolyzed with 
5N HCl for 40 min at room temperature and put in 
Feulgen solution for 2 hours in the dark (Jong 1997). 

reported (Bartoli & Tortosa 1998a). Moore et al. 
(2012) hypothesized that polyploidy arose several 
times in both Grindelia clades. On the contrary, 
karyotypic data are scarce: only nine South Amer-
ican and seven North American Grindelia (Bartoli & 
Tortosa 1998a; Baeza & Schrader 2005; Moreno et 
al. 2012) have been studied to date.

The distribution pattern of constitutive hetero-
chromatin with fluorescent banding detects chromo-
somal rearrangements in the genome organization in 
Angiosperms (Guerra 2000; Raskina et al. 2008). In 
addition, mobility and distribution patterns of rDNA 
genes serve as species-specific karyotype markers 
(Hasterok et al. 2006; Chacón et al. 2012). In Grin-
delia, there are few articles dealing with these aspects: 
in South America rDNA genes in two species and in 
North America rDNA genes and banding in five taxa 
(Baeza & Schrader 2005; Moreno et al. 2012).

Upon this background, we studied the chromosome 
numbers, karyotypes, heterochromatin distribution, 

Table I. Collection data (country, province, department, collector, and number, herbarium) and chromosome numbers of Grindelia  species, 
indicating previous reports when available. Underlined references reported karyotypes.

Taxon Voucher information 2n Previous reports
Grindelia buphthalmoides DC. Argentina, Buenos Aires, Tornquist, Ratto & 

Marzaro s/n, BAA 26016.
12 Wulff et al. (1996); Bartoli and Tortosa 

(1998a)
Argentina, Buenos Aires, Tornquist, Barboza 
et al. 2314, CORD

G. cabrerae var. alatocarpa Ariza Argentina, Córdoba, San Justo, Chiarini 
1049, CORD

12

G. cabrerae var. cabrerae Ariza Argentina, Córdoba, Colón, Chiarini et al. 
922, CORD

12 Di Fulvio 1977 

Argentina, Córdoba, Colón, Chiarini et al. 
923, CORD

12

G. chiloensis (Cornel.) Cabrera Argentina, Chubut, Futaleufu, Barboza et al. 
3767, CORD

12 Covas and Schnack (1946); Schnack 
and Covas (1947); Rahn 1960;  Hunziker 
et al. (1989); Bartoli et al. (1990), 
(1993); Bartoli and Tortosa (1994), 
1998b; Wulff et al. (1996)

Argentina, Chubut, F. Ameghino, Barboza  
et al. 3675, CORD
Argentina, La Pampa, Toay, Barboza et al. 
3670, CORD
Argentina, Mendoza, Luján de Cuyo, Rato  
et al. 32, BAA
Argentina, Río Negro, Pilcanieyu, Bach 596, 
BAB

G. globularifolia Griseb. Argentina, Córdoba, San Alberto, Chiarini  
et al. 930, CORD

12

G. orientalis A. Bartoli, Tortosa & 
G.H. Rua

Uruguay, Maldonado, Maldonado, Bartoli  
et al. s/n, BAA 22840.

12 Bartoli and Tortosa (1998a)

G. prostrata A. Bartoli & Tortosa Argentina, La Rioja, Famatina, Chiarini 
1143, CORD

12

G. pulchella var. discoidea (Hook. & 
Arn.) A. Bartoli & Tortosa

Argentina, Córdoba, Punilla, Chiarini et al. 
924, CORD

24 Solbrig et al. (1964), (1969)

Argentina, Córdoba, Pocho, Chiarini et al. 
927, CORD

G. pulchella var. pulchella Dunal Argentina, Córdoba, Cruz del Eje, Chiarini 
et al. 926, CORD

12 Covas and Schnack (1946); Solbrig et al. 
(1969); Turner et al. (1979); Hunziker  
et al. (1990); Bartoli and Tortosa (1998a)

Argentina, Buenos Aires, San Antonio de 
Areco, F. Ratto s/n, BAA 26018

G. ventanensis A. Bartoli & Tortosa Argentina, Buenos Aires, Sierra de La 
Ventana. Parque Ernesto Tornquist, Ratto & 
Marzaro s.n., (BAA).

36 Bartoli and Tortosa (1994)

G. anethifolia (Phil.) A. Bartoli & 
Tortosa x G. chiloensis

Argentina, Neuquén, Ñorquin, Moore et al. 
62, BAA 26038

24
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Meristem cells were isolated on a slide and squashed. 
Slides were made permanent in Entellan© after 
removing the cover slips with liquid nitrogen-induced 
freezing.

Root tips for banding and FISH preparations 
were washed twice in distilled water (10 min each), 
digested with a 2% cellulase (Sigma-Aldrich, 
Austria) and 20% pectinase solution (from Asper-
gillus niger; Sigma-Aldrich, Austria) for 45  min at 
37°C, and squashed in a drop of 45% acetic acid 
(Schwarzacher et al. 1980). After coverslip removal 
in liquid nitrogen, the slides were stored at −20°C.

Karyotype analysis

Ten metaphases, each from a different individual, 
were photographed with phase contrast optics on 
a Zeiss Axiophot microscope equipped with a Lei-
ca DFC300FX camera. Measurements were made 
for the lengths of the short arm (s), long arm (l), 
and total chromosome length (c) for each pair. The 
centromeric index (I  =  100s/c) and the arm ratio 
(r =  l/s) were calculated and used to classify chro-
mosomes and determine homologs according to Le-
van et al. (1964). Karyograms were constructed by 
organizing the chromosomes into groups according 
to their arm ratio and ordering them by decreasing 
length within each category. The resulting idiograms 
were based on the mean values obtained from the 
measurements of all individuals of each species. 
Karyotype asymmetry was estimated using the  
coefficient of variation of chromosome length 
(CVCL) and mean centromeric asymmetry (MCA) 
(Peruzzi & Eroğlu 2013).

Fluorescent banding

Slides for fluorescent banding were stained with a 
drop of 0.5  mg/ml Chromomycin A3 (CMA) in 
McIlvaine buffer, pH 7.0 and distilled water (1:1) 
containing 2.5 mM MgCl for 90 min, subsequently 
stained with 2 μg/ml 4′-6-diamidino-2-phenylindole 
(DAPI) (both Sigma-Aldrich, Austria) for 30  min, 
and finally mounted in McIlvaine’s buffer–glycer-
ol v/v 1:1 (Schweizer 1976; Schweizer & Ambros 
1994). Photomicrography was performed with a 
Zeiss Axiophot (Jena, German) microscope coupled 
with a Leica DFC300FX camera a BX51 (Wetzlar, 
Germany).

The relative lengths of short and long chromo-
some arms (data not shown) and bands were calcu-
lated (considering haploid karyotype length = 100%) 
in five metaphases per species, each from a different 
individual. The amount of heterochromatin was 
expressed as a percentage of the total length of the 
haploid karyotype.

Fluorescent in situ hybridization

The location and number of rDNA sites were deter-
mined using as probe the pTa71 containing the 18-
5.8-26S rDNA (Gerlach & Bedbrook 1979) labeled 
with biotin-14-dATP (BioNick, Invitrogen Carls-
bad, USA). For the 5S rDNA, a probe was obtained 
from the genome of Prionopsis ciliata (Nutt.) Nutt. 
(Moreno et al. 2012) and then labeled with digoxi-
genin-11-dUTP (Roche Diagnostics, USA).

The FISH protocol was according to 
Schwarzacher and Heslop-Harrison (2000), with 
minor modifications. Preparations were incubated 
in 100 μg/ml RNAse, post-fixed in 4% (w/v) para-
formaldehyde, dehydrated in a 70–100% graded 
ethanol series, and air-dried. On each slide 15 μ1 of 
hybridization mixture was added (3 ng/μl of probe, 
100% formamide, 50% dextran sulfate, 20 x SSC, 
and 10% SDS), previously denatured at 70°C for 
10  min. Chromosome denaturation/hybridization 
was carried out at 90°C for 10 min, 48°C for 10 min, 
and 38°C for 5 min using a thermal cycler (Master-
cycler, Eppendorf, Hamburg, Germany). Slides were 
placed in a humid chamber at 37°C overnight. The 
probes were detected with avidin–FITC and antidi-
goxigenin–rodamine conjugates and counterstained 
and mounted with 25-μl antifade (Vectashield Vector 
Lab., USA), containing 2  ng/μl of DAPI. Photo-
micrography was performed with a Zeiss Axiophot 
(Jena, German) microscope coupled with a Leica 
DFC300FX camera a BX51 (Wetzlar, Germany)

Results

Representative metaphases of each species are shown 
in Figure 1. The results obtained for the karyotypes 
analyzed are in Table II. Most taxa were diploid with 
2n = 12 . The exceptions were the tetraploids G. pulchella 
var. discoidea and G. anethifolia  ×  G. chiloensis with 
2n  =  24 and the hexaploid G. ventanensis with 
2n = 36. Some individuals of G. cabrerae var. cabrerae 
had 1–2 accessory chromosomes (Figure 1(c)).

Karyotypes of all species showed m and sm chro-
mosomes (Table II; Figure 2). Diploid Grindelia had 
the formula 5 m + 1 sm, except for G. globularifolia and 
G. pulchella var. pulchella with 4 m + 2 sm (Table II;  
Figure 2). All diploid species had one satellited m 
pair on the short arms. In the Grindelia polyploids, 
there are 2–3 satellited pairs according to their ploidy 
level at the same localization (Figure 2).

All species had symmetrical karyotypes with 
slight size variations between the chromosomes and 
chromosome arms, with scarce differences between 
species (Table II).

There were variations in the total karyotype 
length between the diploid species, from 13.14 μm 
in G. orientalis to 22.41 μm in G. cabrerae var. cabrerae  
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heterochromatin was 2.4% of the haploid genome 
length (Table II), regardless of the ploidy level.

The number of 18-5.8-26S rDNA sites coincided 
with the satellite number: two in diploids, four in 
tetraploids, and six in the hexaploid (Figures 2 and 4).  
These sites were associated with CMA+/DAPI− 
bands in all cases. The 5S rDNA sites were two, four, 

(Table II). The polyploids showed comparatively 
lower lengths: 4x G. pulchella var. discoidea 17.6 μm, 
4x G. anethifolia × G. chiloensis 17.02  μm and 6x G. 
ventanensis 19.45 μm.

Fluorescent banding patterns only showed CMA+/
DAPI- NOR-associated heterochromatin bands in the 
satellites (Figure 4). The mean total amount of this 

Figure 1. Mitotic metaphases of Grindelia species with Feulgen staining. (a) G. buphthalmoides. (b) G. cabrerae var. alatocarpa. (c) G. cabrerae 
var. cabrerae (2n = 12). (d) G. chiloensis. (e) G. globularifolia. (f) G. orientalis. (g) G. prostrata. (h) G. pulchella var. pulchella. (i) G. pulchella 
var. discoidea 2n = 24. (j) G. ventanensis 2n = 36. (k) G. anethifolia x G. chiloensis 2n = 24. Arrows point to satellites. Bold arrows point to B 
chromosomes. Bars represent 5 μm.

Table II. Karyotype data of diploid taxa studied. Mean total haploid chromosome length (tl), mean chromosome length (C), mean arm 
ratio (r), coefficient of variation of chromosome length (CVCL), mean centromeric asymmetry (MCA), ratio between the largest and 
smallest chromosomes in the complement (R), and heterochromatin amount expressed as percentage of the karyotype length (% Ht). 
Asterisks indicate one chromosome pair with satellites on the short arms.

Taxon Karyotype formulae tl (μm) C (μm) r CVCL MCA R %Ht
Grindelia buphthalmoides 5 m* + 1 sm 16.54 2.76 1.27 12.33 9.65 1.39 2.41
G. cabrerae var. alatocarpa 5 m* + 1 sm 13.59 2.26 1.26 8.47 10.42 1.30 3.93
G. cabrerae var. cabrerae 5 m* + 1 sm 22.41 3.73 1.38 19.80 14.56 1.75 2.01
G. chiloensis 5 m* + 1 sm 17.89 2.98 1.27 9.40 8.77 1.29 2.22
G. globularifolia 4 m* + 2 sm 19.09 3.18 1.42 10.79 15.18 1.49 1.77
G. orientalis 5 m* + 1 sm 13.14 2.18 1.29 11.95 10.78 1.39 1.70
G. prostrata 5 m* + 1 sm 13.73 2.29 1.23 12.84 9.02 1.52 2.08
G. pulchella var. pulchella 4 m* + 2 sm 20.45 3.41 1.46 10.61 16.68 1.41 1.46
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We report the chromosome numbers of G. cabrerae 
var. alatocarpa, G. globularifolia, and G. prostrata for 
the first time, whereas counts for the remaining taxa 
had been confirmed in previous reports in individ-
uals from other populations (Table I). We also found 
supernumerary chromosomes in G. cabrerae var. 
cabrerae for the first time, as had been previously 
reported for G. procera (Moreno et al. 2012) and  
G. pulchella (Hunziker et al. 1990).

Most South American diploid Grindelia showed 
4 m + 2 sm or 6 m (Bartoli & Tortosa 1998a;  Baeza 
& Schrader 2005; this work). Moreover, we found 
5  m  +  1  sm in several species (G. buphthalmoides,  
G.  cabrerae var. cabrerae and var. alatocarpa, 
G.  chiloensis, and G. orientalis, Figure 4), as formerly 
detected in several North American species (Moreno 
et al. 2012).

In most angiosperms, GC-rich heterochro-
matin is more frequent in the paracentromeric 

or six sites according to the ploidy level of the taxon, 
and were located in the pericentromeric region of a 
short arm of an m pair. In all the species studied, 
both ribosomal genes were always asynthenic.

Discussion

In Astereae, a range from 4 to ca. 432 chromosomal 
numbers occurs (Goldblatt & Johnson 2015; 
Watanabe 2015). Semple and Watanabe (2009) 
proposed that the base number x  =  9 is ancestral 
for the tribe. In particular, Grindelia has the base 
number x = 6 (e.g. Grau 1976; Brown & Clark 1981; 
Dunford 1986, Baeza & Schrader 2005; Moreno et 
al. 2012), which originated via downward dysploidy 
during the tribe diversification, as suggested for 
Cichorieae (Hypochaeris, Weiss et al. 2003; Crepis, 
Enke & Gemeinholzer 2008) and Gnaphalieae 
(Leontopodium, Russell et al. 2013).

Figure 2. Idiograms of Grindelia species based on mean chromosome values. Bar represents 2 μm. All at the same scale.
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there are two loci (Baeza & Schrader 2005). In 
 addition, a pericentromeric 5S rDNA location is 
frequent in species of Grindelia and the “Xantho-
cephalum group” (Moreno et al. 2012), but not in 
Haplopappus (Baeza & Schrader 2005). In Grindelia, 
both ribosomal genes indicate the ploidy level.

Different ploidy levels, either intraspecific or 
interspecific, are typical of Grindelia and they appear 
to have an important role in its evolution (Bartoli 
& Tortosa 1998a; Baeza & Schrader 2005; Moreno 
et al. 2012; this work). There are diploid species 
throughout its range, in addition to hexaploid species 
and tetra- and hexaploid cytotypes in South America 
and tetraploid species and cytotypes in North 
America (e.g. Dunford 1986; Bartoli & Tortosa 
1998a, 1998b; Moreno et al. 2012). Thus, the wide 
distribution range of polyploids in Grindelia suggests 
they increased their dispersal capability or ecological 
tolerance, a phenomenon reported in other genera 
(e.g. Draba, Brochmann et al. 2004; Polystachya, 
Russell et al. 2010; Leontopodium, Russell et al. 2013).

Genome downsizing after polyploidy is a general 
response in angiosperms (e.g. Leitch & Bennett 
2004; Tayalé & Parisod 2013). In South American 
Grindelia, the genomic length (per basic genome) 

and/or terminal regions, especially associated with 
rDNA (Guerra 2000), as recorded in all the species 
studied. Different genera conserved the heterochro-
matin pattern (Galasso et al. 1997; Moscone et al. 
1996; Weiss-Schneeweiss et al. 2003), as occurs in  
Grindelia with only CMA+ bands associated with 
NORs (Moreno et al. 2012; this work). Related 
genera in the Astereae had comparatively more 
CG-rich heterochromatin with different locali-
zations, conserved in the different species as well 
(Moreno et al. 2012).

The location of 18-5.8-26S rDNA sites did not vary 
randomly, occurring preferentially on the short arms 
and in terminal chromosome regions in angiosperms 
(Roa & Guerra 2012); Grindelia was no exception 
to this trend (Baeza & Schrader 2005; Moreno et al. 
2012). Thus, North and South  American Grindelia 
species exhibited the same 18-5.8-26S gene position 
in the third m pair (Moreno et al. 2012). This chro-
mosome pair is homeologous among Grindelia and 
Isocoma species (Baeza & Schrader 2005; Moreno 
et al. 2012). In the Grindelia species examined so 
far, there is only one 5S locus per basic genome 
(Baeza & Schrader 2005; Moreno et al. 2012; this 
work), whereas in the related genus Haplopappus 

Figure 3. Fluorescent chromosome banding in Grindelia species. (a) G. buphthalmoides. (b) G. cabrerae var. alatocarpa. (c) G. cabrerae var. 
cabrerae. (d) G. chiloensis. (e) G. globularifolia. (f) G. orientalis. (g) G. prostrata. (h) G. pulchella var. pulchella. (i) G. pulchella var. discoidea. (j) 
G. ventanensis. (k) G. anethifolia x G. chiloensis. Arrows show CMA+/DAPI- NOR-associated bands. Bar represents 5 μm.
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groups among the taxa studied: one) G. globularifolia 
and G. pulchella var. pulchella, and two) the six 
remaining species. However, these groups do not 
show morphological affinities and their phylogenetic 
relationships are not clearly resolved (Moore et al. 
2012), which indicates that these taxa have recently 
diverged.
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accompanied the evolutionary divergence of the taxa 
studied. Our cytological data recognized two species 

Figure 4. Somatic chromosomes detected by FISH using 18–5.8–26S and 5S rDNA probes in Grindelia species. (a) Grindelia buphthalmoides. 
(b) G. cabrerae var. alatocarpa. (c) G. cabrerae var. cabrerae. (d) G. chiloensis. (e) G. globularifolia. (f) G. orientalis. (g) G. prostrata. (h) G. 
pulchella var. pulchella. (i) G. pulchella var. discoidea. (j) G. ventanensis. (k) G. anethifolia x G. chiloensis. Arrows show 18-5.8-26S rDNA sites 
and bold arrows show 5S rDNA hybridization sites. Bar represents 5 µm.
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