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Abstract
We performed a molecular and cytogenetic analysis on different Mantellinae species and revised the 
available chromosomal data on this group to provide an updated assessment of its karyological diver-
sity and evolution. Using a fragment of the mitochondrial 16S rRNA, we performed a molecular taxo-
nomic identification of the samples that were used for cytogenetic analyses. A comparative cytogenetic 
analysis, with Giemsa’s staining, Ag-NOR staining and sequential C-banding + Giemsa + CMA + DAPI 
was performed on eight species: Gephyromantis sp. Ca19, G. striatus (Vences, Glaw, Andreone, Jesu et 
Schimmenti, 2002), Mantidactylus (Chonomantis) sp. Ca11, M. (Brygoomantis) alutus (Peracca, 1893), 
M. (Hylobatrachus) cowanii (Boulenger, 1882), Spinomantis prope aglavei “North” (Methuen et Hewitt, 
1913), S. phantasticus (Glaw et Vences, 1997) and S. sp. Ca3. Gephyromantis striatus, M. (Brygoomantis) 
alutus and Spinomantis prope aglavei “North” have a karyotype of 2n = 24 chromosomes while the other 
species show 2n = 26 chromosomes. Among the analysed species we detected differences in the number 
and position of telocentric elements, location of NOR loci (alternatively on the 6th, 7th or 10th pair) and in 
the distribution of heterochromatin, which shows species-specific patterns. Merging our data with those 
previously available, we propose a karyotype of 2n = 26 with all biarmed elements and loci of NORs on the 
6th chromosome pair as the ancestral state in the whole family Mantellidae. From this putative ancestral 
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condition, a reduction of chromosome number through similar tandem fusions (from 2n = 26 to 2n = 
24) occurred independently in Mantidactylus Boulenger, 1895 (subgenus Brygoomantis Dubois, 1992), 
Spinomantis Dubois, 1992 and Gephyromantis Methuen, 1920. Similarly, a relocation of NORs, from 
the putative primitive configuration on the 6th chromosome, occurred independently in Gephyroman-
tis, Blommersia Dubois, 1992, Guibemantis Dubois, 1992, Mantella Boulenger, 1882 and Spinomantis. 
Chromosome inversions of primitive biarmed elements likely generated a variable number of telocentric 
elements in Mantella nigricans Guibé, 1978 and a different number of taxa of Gephyromantis (subgenera 
Duboimantis Glaw et Vences, 2006 and Laurentomantis Dubois, 1980) and Mantidactylus (subgenera 
Brygoomantis, Chonomantis Glaw et Vences, 1994, Hylobatrachus Laurent, 1943 and Ochthomantis Glaw 
et Vences, 1994).
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Introduction

Madagascar is one of the richest biodiversity hotspots and an ideal region to study evo-
lutionary dynamics (Myers et al. 2000; Ganzhorn et al. 2001; Vences et al. 2009). The 
native amphibians of Madagascar belong to four distinct anuran families: Hyperolii-
dae, Mantellidae, Microhylidae and Ptychadenidae (Glaw and Vences 2007). Among 
them, the family Mantellidae includes ca 230 described species (AmphibiaWeb 2021; 
Frost et al. 2021), representing the most species-rich amphibian group of the island.

Mantellidae are characterized by an extraordinary ecological and morphological 
diversity (Glaw and Vences 2007; Wollenberg et al. 2011; AmphibiaWeb 2021) and 
are subdivided into three subfamilies: Laliostominae with an overall low species di-
versity, including the genera Laliostoma Glaw, Vences et Böhme, 1998 (1 species) and 
Aglyptodactylus Boulenger, 1919 (6 species); Boophinae, a species-rich clade of about 
80 described species of tree frogs, all belonging to the genus Boophis Tschudi, 1838, 
and Mantellinae, which is by far the most species-rich group including nine genera 
and more than 140 described species (Glaw and Vences 2007; AmphibiaWeb 2021).

The last three decades have seen the flourishing of the use of molecular techniques, 
with numerous taxonomic and systematic studies that clarified the relationships among 
the major groups within this subfamily (Glaw et al. 1998; Vences et al. 1998; Richards 
et al. 2000; Glaw and Vences 2006; Wollenberg et al. 2011; Kaffenberger et al. 2012). 
Similarly, these tools have been used in the identification of candidate species (Vieites 
et al. 2009; Perl et al. 2014) and have later contributed to the formal description of 
many of them (e.g. Andreone et al. 2003; Crottini et al. 2011a; Cocca et al. 2020; 
AmphibiaWeb 2021).

However, in contrast to the fast-growing amount of molecular data on Mantel-
lidae, the available chromosomal data remain limited, leaving the karyological diver-
sification of the family mostly unexplored. In particular, available cytogenetic data on 
the subfamily Mantellinae, obtained using different methods, come from a handful of 
studies (Morescalchi 1967; Blommers-Schlösser 1978; Pintak et al. 1998; Odierna et 
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al. 2001; Andreone et al. 2003), together providing the description of the karyotype of 
ca. 40 species. These studies revealed the occurrence of a conserved chromosome num-
ber in most genera (2n = 26), but a marked difference in chromosome morphology, 
location of NORs and heterochromatin distribution (see Odierna et al. 2001 and An-
dreone et al. 2003). Differences in chromosome number (2n = 24) were also identified, 
with five species of the subgenus Brygoomantis all sharing this state, thus suggesting 
that the state of 2n = 24 is a derived feature of the group (Blommers-Schlösser 1978).

Comparative cytogenetics, especially when linked to phylogenetic inference, of-
fers the possibility to identify plesio- and apomorphic states, and recognizes different 
evolutionary lineages (see e.g. Mezzasalma et al. 2013, 2014, 2017a). However, both 
the limited taxon sampling and the outdated taxonomy used in most previous works 
limited the possibility to draw robust comparisons and consistent hypotheses on the 
evolution of chromosomal diversification in the subfamily.

In this study we performed a comparative cytogenetic analysis on eight mantellid 
species belonging to the genera Gephyromantis Methuen, 1920, Mantidactylus Bou-
lenger, 1895 (subgenera Chonomantis, Brygoomantis and Hylobatrachus) and Spinoman-
tis Dubois, 1992, using a combination of standard coloration and banding methods. 
We coupled cytogenetic analyses with the molecular taxonomic identification of the 
samples and synthesized previously available information on this subfamily to produce 
an overview of their chromosomal diversity. This, enable us to propose a hypothesis on 
the chromosome diversification in mantelline frogs.

Material and methods

Sampling

We studied 13 samples of eight mantelline species belonging to the genera Gephyro-
mantis, Mantidactylus (subgenera Chonomantis, Brygoomantis and Hylobatrachus) and 
Spinomantis. These samples were collected between 1999 and 2004 and conserved as 
cell suspensions at the University of Naples Federico II.

The list of samples used in this study is provided in Table 1. To provide an over-
view of the chromosomal data on Malagasy mantelline frogs, we reviewed previously 
published karyotypes of the subfamily. A complete list of all the considered taxa and 
karyotypes is provided in Table 2.

Molecular taxonomic identification

DNA was extracted from cell suspensions following Sambrook (1989). A 3’ fragment 
of ca. 550 bp of the mitochondrial 16S rRNA gene was amplified using the primer 
pair 16Sa (CGCCTGTTTATCAAAAACAT) and 16Sb (CCGGTCTGAAACTCA-
GATCAGT) (Palumbi et al. 1991). This marker proved to be suitable for amphibian 
identification (Vences et al. 2005) and has been widely used for Malagasy amphib-
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ians (e.g. Vieites et al. 2009; Rosa et al. 2012; Crottini et al. 2011b, 2014; Penny et 
al. 2017). Amplification conditions were: initial denaturation at 94 °C for 5 min, 36 
cycles at 94 °C for 30 s, 50 °C for 45s and 72 °C for 45 s, followed by a final step at 
72 °C for 7 min. Amplicons were sequenced on an automated sequencer ABI 377 (Ap-
plied Biosystems, Foster City, CA, USA) using BigDye Terminator 3.1 (ABI). Chro-
matograms were checked and edited using Chromas Lite 2.6.6 and BioEdit 7.2.6.1 
(Hall 1999). All newly determined sequences were deposited in GenBank (accession 
numbers: OL830846–OL830858). For taxonomic attribution we compared newly 
generated sequences with a curated database of reference sequences of the 3’ terminus 
of the 16S gene for all lineages of Malagasy mantellid frogs (Cocca 2020). Taxonomic 
attribution was performed using a local BLAST analysis against this reference database.

Chromosomal analysis

Cell suspensions were obtained from tissue samples as described in Mezzasalma et al. 
(2013). In brief, tissues were incubated for 30 min in hypotonic solution (KCl 0.075 
M + sodium citrate 0.5%, 1:1) and fixed for 15 min in methanol-acetic acid, 3:1. 
Fixed tissues were stored at 4 °C and dissociated manually on a steel sieve. Chromo-
somes were obtained using the air-drying method and stained with conventional col-

Table 1. Specimens analysed in this study. MRSN = Museo Regionale di Storia Naturale (Turin, Italy); 
ZMA = Zoological Museum Amsterdam (Amsterdam, Netherlands); FN and FAZC, field numbers of Franco 
Andreone; GA field numbers of Gennaro Aprea; FG/MV, field numbers of Frank Glaw and Miguel Vences.

Species Field Number Sex Locality
Gephyromantis striatus MRSN A1988 

(FN 7645)
female Ambatoledama Corridor: Beanjada

Gephyromantis sp. Ca19 MRSN A2109 
(FN 7630)

male Ambatoledama Corridor: Beanjada

Gephyromantis sp. Ca19 MRSN A2075 
(FN 7903)

male Ambatoledama Corridor: Andasin’i 
Governera

Gephyromantis sp. Ca19 MRSN A2112 
(FN 7890)

male Ambatoledama Corridor: Andasin’i 
Governera

Gephyromantis sp. Ca19 MRSN A2108 
(FN 7566)

female Ambatoledama Corridor: Beanjada

Mantidactylus (Brygoomantis) alutus (Peracca, 1893) MRSN A3639 
(FN 7945)

female Ankaratra: Manjakatompo

Mantidactylus (Chonomantis) sp. Ca11 MRSN A3708 
(FN 7545)

male Ambatoledama Corridor: Beanjada

Mantidactylus (Hylobatrachus) cowanii (Boulenger, 
1882)

MRSN A2612 
(FAZC 11370)

female Antoetra: Soamazaka

Mantidactylus (Hylobatrachus) cowanii GA 720 male Mandraka
Spinomantis prope aglavei “North” (Methuen et 
Hewitt, 1913)

MRSN A3563 
(FN 7543)

male Ambatoledama Corridor: Beanjada

Spinomantis phantasticus (Glaw et Vences, 1997) ZMA 19627 
(FG/MV 2002-970)

male Vohidrazana

Spinomantis sp. Ca3 MRSN A3998 
(FN 7567)

male Ambatoledama Corridor: Beanjada

Spinomantis sp. Ca3 MRSN A3999 
(FN 7629)

male Ambatoledama Corridor: Beanjada
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Table 2. Available karyological data on mantelline frogs. M = metacentric pairs; sm = submetacentric 
pairs; st = subtelocentric pairs; t = telocentric pairs; AN = arm number; [#] = NOR bearing chromosome 
pair; CB = C-banding; F = Fluorochrome; R = references; (1) = Morescalchi (1967); (2) = Blommers-
Schlösser (1978); (3) = Pintak et al. (1998); (4) = Odierna et al. (2001); (5) = Andreone et al. (2003); (6) 
= this study. Nomenclature follows Vieites et al. (2009), updated in Perl et al. (2014).

Genus/subgenus Species Karyotype Banding R
Mantella Boulenger, 
1882

aurantiaca Mocquard, 1900 2n = 26 10m 3sm; AN = 52 (1)
aurantiaca 2n = 26 10m 3sm; AN = 52 (2)
haraldmeieri Busse, 1981 2n = 26 9m 4sm; AN = 52 (2)
ebenaui (Boettger, 1880) 2n = 26 11m 2sm; AN = 52 (2)
aurantiaca 2n = 26 11m 2sm; AN = 52 CB (3)
crocea Pintak et Böhme, 1990 2n = 26 11m 2sm; AN = 52 CB (3)
baroni Boulenger, 1888 2n = 26 11m 2sm; AN = 52 CB (3)
haraldmeieri 2n = 26 11m 2sm; AN = 52 CB (3)
ebenaui 2n = 26 11m 2sm; AN = 52 CB (3)
viridis Pintak et Böhme, 1988 2n = 26 11m 2sm; AN = 52 CB (3)
laevigata Methuen et Hewitt, 1913 2n = 26 11m 2sm; AN = 52 CB (3)
baroni 2n = 26 11m 2sm; AN = 52 Ag-NOR [2], CB (4)
ebenaui 2n = 26 11m 1sm; AN = 52 Ag-NOR [2], CB (4)
betsileo (Grandidier, 1872) 2n = 26 11m 2sm; AN = 52 Ag-NOR [2], CB (4)
cowanii 2n = 26 11m 2sm; AN = 52 Ag-NOR [2], CB (4)
expectata Busse et Böhme, 1992 2n = 26 11m 2sm; AN = 52 Ag-NOR [2], CB (4)
laevigata 2n = 26 11m 2sm; AN = 52 Ag-NOR [2], CB (4)
madagascariensis (Grandidier, 1872) 2n = 26 11m 1sm; 1st AN = 52 Ag-NOR [2], CB (4)
nigricans Guibé, 1978 2n = 26 10m 2sm; 1t AN = 48 Ag-NOR [2], CB (4)
pulchra Parker, 1925 2n = 26 11m 2sm; AN = 52 Ag-NOR [2], CB (4)
viridis 2n = 26 11m 2sm; AN = 52 Ag-NOR [2], CB (4)
aurantiaca 2n = 26 11m 2sm; AN = 52 Ag-NOR [2], CB (4)

Blommersia Dubois, 
1992

blommersae (Guibé 1975) 2n = 26 12m 1sm; AN = 52 (2)
galani Vences, Köhler, Pabijan, et Glaw 2010 2n = 26 12m 1sm; AN = 52 (2)
grandisonae (Guibé, 1974) 2n = 26 10m 3sm; AN = 52 Ag-NOR [1], CB, F (5)

Gephyromantis
Asperomantis asper (Boulenger, 1882) 2n = 26 6m 3sm 4t; AN = 44 (2)
Duboimantis granulatus (Boettger, 1881) 2n = 26 8m 4sm 1t; AN050 Ag-NOR [8], CB, F (5)
Duboimantis leucomaculatus (Guibé, 1975) 2n = 26 6m 6sm 1t; AN = 50 Ag-NOR [6], CB, F (5)
Duboimantis luteus (Methuen et Hewitt, 1913) 2n = 26 6m 4sm 1st 2t; AN = 48 (2)
Duboimantis prope luteus Methuen et Hewitt, 1913 2n = 26 6m 2sm 1st 4t; AN = 42 Ag-NOR [11], CB, F (5)
Duboimantis prope moseri “Masoala” Glaw et Vences, 2002 2n = 26 6m 6sm 1t; AN = 52 (5)
Duboimantis sp. Ca19 2n = 26 8m 5sm; AN = 52 Ag-NOR [6], CB, F (6)
Duboimantis redimitus (Boulenger, 1889) 2n = 26 7m 5sm 1t; AN = 50 Ag-NOR [6], CB, F (5)
Duboimantis salegy (Andreone, Aprea, Vences et Odierna, 

2003)
2n = 26 5m 7sm 1st; AN = 52 Ag-NOR [6], CB, F (5)

Duboimantis zavona (Vences, Andreone, Glaw et 
Randrianirina, 2003)

2n = 26 9m 4sm; AN = 52 Ag-NOR [6], CB, F (5)

Laurentomantis striatus 2n = 24 6m 1sm 5t; AN = 38 Ag-NOR [10], CB, F (6)
Phylacomantis pseudoasper (Guibé, 1974) 2n = 26 7m 7sm; AN = 52 Ag-NOR [9], CB, F (5)
Guibemantis 
Dubois, 1992
Guibemantis depressiceps (Boulenger, 1882) 2n = 26 10m 3sm; AN = 52 (2)
Guibemantis timidus (Vences et Glaw, 2005) 2n = 26 11m 2sm; AN = 52 (2)
Pandanusicola methueni (Angel, 1929) 2n = 26 11m 2sm; AN = 52 (2)
Pandanusicola bicalcaratus (Boettger, 1913) 2n = 26 11m 2sm; AN = 52 Ag-NOR [1], CB, F (4)
Pandanusicola prope bicalcaratus (Boettger, 1913) 2n = 26 9m 4sm; AN = 52 (2)
Pandanusicola liber (Peracca, 1893) 2n = 26 11m 2sm; AN = 52 (2)
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Genus/subgenus Species Karyotype Banding R
Pandanusicola pulcher (Boulenger, 1882) 2n = 26 9m 4sm; AN = 52 (2)
Pandanusicola prope punctatus (Blommers-Schlösser, 1979) 2n = 26 10m 3sm; AN = 52 Ag-NOR [1], CB, F (4)
Pandanusicola punctatus (Blommers-Schlösser, 1979) 2n = 26 9m 4sm; AN = 52 (2)
Mantidactylus
Brygoomantis alutus 2n = 24 12m; AN = 48 Ag-NOR [6], CB, F (6)
Brygoomantis ambohimitombi Boulenger 1918 2n = 24 9m 3sm; AN = 48 (2)
Brygoomantis betsileanus (Boulenger, 1882) 2n = 24 5m 6sm 1t; AN = 46 (2)
Brygoomantis prope biporus (Boulenger, 1889 2n = 24 8m 4sm; AN = 48 (2)
Brygoomantis sp. Ca19 2n = 24 7m 5sm; AN = 48 (2)
Brygoomantis prope ulcerosus (Boettger, 1880) 2n = 24 8m 2sm 1st 1t; AN = 46 (2)
Chonomantis prope aerumnalis (Peracca, 1893) 2n = 26 10m 2sm 1t; AN = 50 (2)
Chonomantis sp. Ca11 2n = 26 10m 2sm 2t; AN = 50 (6)
Chonomantis paidroa Bora, Ramilijaona, Raminosoa et 

Vences, 2011
2n = 26 6m 7sm; AN = 52 (2)

Hylobatrachus cowanii (Boulenger, 1882) 2n = 26 12m 1t; AN = 50 Ag-NOR [6], CB, F (6)
Hylobatrachus lugubris (Duméril, 1853) 2n = 26 9m 3sm 1t; AN = 50 (2)
Mantidactylus guttulatus (Boulenger, 1881) 2n = 26 11m 2sm; AN = 52 (2)
Ochthomantis prope femoralis (Boulenger, 1882) 2n = 26 9m 3sm 1t; AN = 50 (2)
Spinomantis (2)

aglavei (Methuen et Hewitt, 1913) 2n = 24 9m 3sm; AN = 48 (2)
prope aglavei “North” 2n = 24 10m 2sm; AN = 48 Ag-NOR [7], CB, F (6)
peraccae (Boulenger, 1896) 2n = 26 7m 6sm; AN = 48 (2)
phantasticus 2n = 26 13m; AN = 52 (6)
sp. Ca3 2n = 26 12m 1sm: AN = 52 Ag-NOR [6], CB, F (6)

orations (5% Giemsa solution at pH 7), Ag-NOR staining (Howell and Black 1980), 
C-banding according to Sumner (1972) and sequential C-banding + Fluorochromes 
(CMA+DAPI) following Mezzasalma et al. (2015). Ag-NOR and C-banding staining 
were not performed on M. sp. Ca11 and S. phantasticus, because quantity and qual-
ity of metaphase plates were not adequate for additional staining methods. Karyotype 
reconstruction was performed using at least five plates per sample.

Results

Molecular taxonomic identification

The selected 16S fragment was successfully amplified and sequenced from all analysed 
samples. All newly generated sequences showed identity scores > 97% with homologous 
sequences available in the mantellid frogs database generated in Cocca (2020). We followed 
the nomenclature used in Vieites et al. (2009), updated in Perl et al. (2014) (see Table 1).

Cytogenetic analysis

The studied specimen of Gephyromantis striatus, Mantidactylus (Brygoomantis) alutus 
and Spinomantis prope aglavei “North” have a karyotype of 2n = 24 chromosomes, 
with the first six pairs distinctively larger than the other six pairs (Fig. 1; Table 3). In 
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G. striatus, the pairs 1–6, 8 are biarmed while the other pairs are telocentric, with the 
pair 10 bearing the NOR loci (Fig. 1A; Table 3). In M. (Brygoomantis) alutus and S. 
prope aglavei “North” all pairs are biarmed and NOR loci were detected on the 6th and 
7th pair (Fig. 1B, C), respectively.

The samples of the other five species (G. sp. Ca19, M. (Chonomantis) sp. Ca11, M. 
(Hylobatrachus) cowanii, S. phantasticus and S. sp. Ca3) presented a karyotype of 2n = 
26 chromosomes, with the first five pairs distinctively larger than the remaining eight 
pairs (Fig. 1D–H). In these species, all chromosome pairs resulted biarmed, with the 
exception of M. cowanii and of M. (Chonomantis) sp. Ca11, whose karyotype showed 
one (pair 12) and two pairs (10 and 12) composed of telocentric elements, respectively 
(Fig. 1E, F). The sixth pair is the NOR bearing one in G. sp. Ca19, M. cowanii and S. 
sp. Ca3 (Fig. 1D, F, G).

Figure 1. Giemsa stained karyotypes of A Gephyromantis striatus (FN 7645) B Mantidactylus (Brygooman-
tis) alutus (FN 7945) C Spimomantis prope aglavei “North” (FN 7543) D Gephyromantis sp. Ca19 (FN 
7630) E Mantidactylus (Chonomantis) sp. Ca11 (FN 7545) F Mantidactylus (Hylobatrachus) cowanii (FAZC 
11370) G Spinomantis sp. Ca3 (FN 7567) and H Spinomantis phantasticus (FG/MV 2002-970). Insets rep-
resent NOR-bearing pairs stained with Giemsa (down in the insets) and Ag-NOR method (up in the insets).
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In G. striatus, NOR associated heterochromatin was C-banding positive (CMA + 
and DAPI -) and tiny centromeric C-bands were present on some chromosome pairs 
(Fig. 2A, A’, A”). Mantidactylus alutus and Spimomantis prope aglavei “North” showed 
centromeric and telomeric C-bands and NOR associated heterochromatin which were 
positive to CMA and DAPI negative (Fig. 2B, B’, B” and C, C’, C”). Mantidacty-
lus (Brygoomantis) alutus also presented an additional bright centromeric band on the 
chromosomes of pair nine. Gephyromantis sp. Ca19 showed centromeric and telomeric 
C- bands, which were CMA and DAPI positive (Fig. 2D, D’, D”). Spinomantis sp. Ca3 
showed solid telomeric C-bands and NOR associated heterochromatin, which resulted 
CMA positive and DAPI negative (Fig. 2E, E’, E”). Mantidactylus (Hylobatrachus) 
cowanii had centromeric C-bands on all chromosomes, which were CMA and DAPI 
negative (Fig. 2F, F’, F”). No heteromorphic or completely heterochromatic chromo-
some were found in any of the studied samples.

Table 3. Chromosome morphometric parameters of the study species. LR%= % Relative Length (length 
of a chromosome/total chromosome length*100); CI = centromeric index (ratio between short arm/chro-
mosome length*100). Sh = chromosome shape (m = metacentric; sm = submetacentric; t = telocentric).

Sp. G. striatus M. alutus S. prope 
aglavei

G. sp. Ca19 M. sp Ca11 M. cowanii S. sp. Ca11 S. 
phantasticus

Chr. LR%-CI LR%-CI LR%-CI LR%-CI LR%-CI LR%-CI LR%-CI LR%-CI
(sh) (sh) (sh) (sh) (sh) (sh) (sh) (sh)

1
16.8–41.6 15.1–44.0 16.9–40.7 15.0–46.3 12.3–39.3 18.6–48.8 16.1–37.8 16.2–38.5

(m) (m) (m) (m) (m) (m) (m) (m)

2
12.7–36.9 11.8–48.5 14.0–32.0 13.7–35.6 12.0–34.9 12.9–42.3 14.2–42.8 13.8–30.9

(m) (m) (sm) (sm) (sm) (m) (m) (sm)

3
11.8–36.7 11.6–34.1 12.1–26.0 12.4–40.8 11.2–43.9 12.8–37.2 12.4–38.2 11.5–34.8

(sm) (sm) (sm) (m) (m) (sm) (m) (sm)

4
10.9–39.0 10.6–41.1 11.9–34.3 11.3–42.8 11.1–38.4 11.3–40.0 12.1–30.6 11.4–38.5

(m) (m) (sm) (m) (m) (m) (sm) (m)

5
10.2–45.2 10.2–44.6 9.7–44.7 10.6–36.1 10.0–41.7 19.2–44.8 9.1–36.0 10.4–35.1

(m) (m) (m) (sm) (m) (m) (sm) (sm)

6
9.7–48.7 10.1–48.2 9.7–42.6 6.4–31.1 6.2–44.7 5.3–47.3 5.5–38.2 6.2–33.2

(m) (m) (m) (sm) (m) (m) (m) (sm)

7
6.0–0 5.9–49.0 4.5–33.0 5.0–40.1 6.1–46.2 5.3–49.3 5.5–38.7 6.2–42.9

(t) (m) (m) (m) (m) (m) (m) (m)

8
5.6–39.0 5.9–41.4 4.1–47.0 4.8–29.3 6.1–41.0 4.8–49.6 5.1–39.8 5.9–44.5

(m) (m) (m) (sm) (m) (m) (m) (m)

9
5.4–0 5.8–45.8 3.9–47.0 4.4–48.8 5.9–43.8 4.4–34.4 4.9–43.9 4.4–48.8

(t) (m) (m) (m) (m) (sm) (m) (m)

10
4.6–0 4.9–43.0 3.5–39.3 4.3–42.9 5.5–0 4.3–41.7 4.2–44.1 3.8–48.8

(t) (m) (m) (m) (t) (m) (m) (m)

11
3.4–0 4.1–45.0 3.3–49.0 4.3–37.4 5.5–47.5 4.2–40.8 3.6–41.7 3.7–44.1

(t) (m) (m) (sm) (m) (m) (m) (m)

12
2.9–0 4.0–46.3 3.1–47.4 4.2–37.4 4.2–0 4.0–0 3.4–38.0 3.5–49.6

(t) (m) (m) (sm) (t) (t) (m) (m)

13
3.6–43.5 4.1–42.6 3.8–38.2 3.2–46.1 3.0–43.8

(m) (m) (m) (m) (m)
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Figure 2. Metaphase plates of Gephyromantis striatus (A, A’, A”), Mantidactylus (Brygoomantis) alutus 
(B, B’, B”), Spinomantis prope aglavei “North” (C, C’, C”), Gephyromantis sp. Ca19 (D, D’, D”), 
Spinomantis sp. Ca3 (E, E’, E”) and Mantidactylus (Hylobatrachus) cowanii (F, F’, F”) stained with C-
banding + Giemsa (A–F), + CMA (A’–F’) + DAPI (A”–F”). Arrows point at NORs while arrowheads 
highlight other heterochromatin blocks.
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Discussion

We here provide new karyological data on eight frog species belonging to the subfamily 
Mantellinae and discuss the available chromosome data on this subfamily to provide a 
first comprehensive assessment of its karyological diversity.

Available data on representatives of the other two Mantellidae subfamilies (Boo-
phininae and Laliostominae) highlight the occurrence of a conserved karyotype struc-
ture in terms of chromosome number and morphology. In particular, the first karyo-
logical studies by Blommers-Schlössers (1978) on 12 species of Boophis (Boophininae) 
and on Aglyptodactylus madagascariensis (Duméril, 1853) (Laliostominae) revealed a 
conserved karyotype of 2n = 26 with all biarmed chromosomes.

Following studies by Aprea et al. (1998, 2004) expanded the knowledge on the 
karyological uniformity to the position of NORs loci, invariably on the sixth chromo-
some pair both in Boophis and A. madagascariensis, but evidenced different patterns of 
heterochromatin composition and distribution. Similar karyological characters were 
described also in different species of the genus Mantella (belonging to the subfam-
ily Mantellinae), all showing a karyotype of 2n = 26 with all biarmed chromosomes 
(Blommers-Schlössers 1978; Odierna et al. 2001). A karyotype of 2n = 26 with all bi-
armed elements should thus be considered the primitive condition in the whole family 
Mantellidae, as it is highly conserved in all subfamilies, genera and most subgenera (see 
Blommers-Schlösser 1978; Aprea et al. 1998, 2004; Odierna et al. 2001, see Table 2). 
Nevertheless, species of other genera of the subfamily Mantellinae show a wider karyo-
logical variability, both concerning chromosomes number, morphology, localizations 
of NORs loci and heterochromatin composition and distribution (Blommers-Schlöss-
er 1978; Odierna et al. 2001; present study) (see also Table 2).

Figure 3. Hypothesized general model of chromosome reduction in Mantellinae from n = 13 (2n = 26) 
to n = 12 (2n = 24) by means of chromosome fusions. Red dots highlight the NOR bearing chromosome.
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Concerning the variability of the chromosome number, a 2n = 26 karyotype is still 
the most common chromosomal configuration, but karyotypes with a reduced chro-
mosome complement (2n = 24) have been documented in 9 species of three different 
genera (6 species of Mantidactylus (subgenus Brygoomantis), 2 Spinomantis and Gephy-
romantis striatus) (See Fig. 1 and Table 2). Furthermore, while the 2n = 26 configura-
tion occurs in all three subfamilies of the family Mantellidae (Mantellinae, Boophinae 
and Laliostominae) (e.g. Aprea et al. 1998, 2004; present study), karyotypes with 2n = 
24 seem to occur in just a few phylogenetically lineages (genus Gephyromantis, Manti-
dactylus and Spinomantis), where the 2n = 26 configuration is also present (Blommers-
Schlösser 1978; present study). In turn, the subfamily Boophinae, with all the species 
showing a 2n = 26 karyotype (Aprea et al. 1998, 2004), has been depicted as a basal 
group in the Mantellidae radiation (see e.g. Wollenberg et al. 2011). These evidences 
suggest that a reduction of the chromosome number from 2n = 26 to 2n = 24 occurred 
repeatedly and independently in different lineages of the subfamily Mantellinae, prob-
ably involving chromosome inversions and a fusion (translocation) between two ele-
ments of the smallest pairs (6–13), giving rise to an additional large (6th) chromosome 
pair in several species (e.g. G. striatus, M. (Brygoomantis) alutus, and S. prope aglavei 
“North”) (Fig. 3; Table 3). Interestingly, a similar reduction of the chromosome num-
ber driven by tandem fusions (from 2n = 26 to 24) has been documented also in the 
family Ranidae (Miura et al. 1995).

Other than tandem fusions, chromosome inversions of primitive biarmed ele-
ments also had a significant role in the morphological chromosome diversity observed 
in mantelline frogs. These mechanisms generated a variable number of telocentric ele-
ments in different evolutionary lineages (see Figs 1, 3 and Table 2).

Considering the position of the loci of NORs, our results and available literature 
data (Aprea et al. 1998, 2004; Odierna et al. 2001; Andreone et al. 2003), show that 
NORs occurrence on the sixth chromosome pair can be considered a primitive state, as 
it is described for all analysed species belonging to the genus Boophis, A. madascarien-
sis and most Gephyromantis, Mantidactylus (subgenus Brygoomantis), and Spinomantis. 
On the other hand, a derivate configuration of NOR loci seems to have emerged 
multiple times in distinct lineages. The different positions of NOR loci in mantelline 
frogs suggest that these elements were also differently involved in the hypothesized 
chromosome fusions from 2n = 26 to 2n = 24, providing further support to multiple, 
independent rearrangements leading to similar karyotype configurations. In fact, while 
in M. (Brygoomantis) alutus the sixth large chromosome pair likely derived from a fu-
sion involving the primitive NOR bearing pair and another smaller pair, in G. striatus 
and S. prope aglavei “North” the pair 6 does not include NOR loci, which are found 
on the 7th and 10th chromosome pair, respectively (see Fig. 1). In other species of Ge-
phyromantis, Blommersia, Guibemantis and Mantella the relocation of NORs involved 
different pairs (1st, 2nd, 8th, 9th, 10th or 11th) (Odierna et al. 2001; Andreone et al. 2003; 
this study). It should be noted that Ag-NOR staining only evidences active NORs, and 
the existence of different inactive sites in the karyotypes of the studied species cannot 
be excluded based only on this analysis. However, we found correspondence in NOR 
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location using both Ag-NOR and C-banding + CMA (in Figs 1, 2), which also has the 
power to uncover rDNA clusters (Schmid 1982; Zaleśna et al. 2017).

Various mechanisms may be responsible for NOR relocation, such as cryptic struc-
tural rearrangements, minute insertions, reintegration of rDNA genes amplified dur-
ing ovogonial auxocytosis or the activation of silent sites (Nardi et al. 1977; Schmid 
1978; King 1980; Mahony and Robinson 1986; Schmid and Guttenbach 1988; Mez-
zasalma et al. 2018). These mechanisms may be independent to other rearrangements, 
despite the resulting change in the configuration of NORs is a significant indicator of 
lineage divergence at different taxonomic level (e.g. Pardo et al. 2001; Mezzasalma et 
al. 2015, 2018, 2021).

Sequential C-banding did not evidence the occurrence of any sex-specific, largely 
heterochromatic chromosomes (generally related to differentiated heterogametic sex 
chromosomes, a condition not yet documented in the family Mantellidae), B chro-
mosomes, or interchromosomal rearrangements leading to heteromorphic autosome 
pairs (e.g. Mezzasalma et al. 2014, 2016, 2017b; Sidhom et al. 2020). Nevertheless, 
C-banding showed a heterogeneous heterochromatin distribution in Mantellidae (see 
also Aprea et al. 1998, 2004; Odierna et al. 2001; Andreone et al. 2003), high-
lighting the occurrence of species-specific banding patterns. For example, G. striatus 
and M. (Hylobatrachus) cowanii show different amount and location of C-banding 
positive heterochromatin in comparison with closely related species with the same 
chromosome number and similar morphology (e.g. G. sp. Ca19 and M. (Brygooman-
tis) alutus). Interspecific variations in heterochromatin are generally due to different 
levels of amplification of highly repetitive DNA (Charlesworth et al. 1994). These 
differences mostly occurred without modifications of the chromosome morphology 
in Mantellidae (see also Aprea et al. 1998, 2004; Odierna et al. 2001; Andreone et 
al. 2003), probably by means of symmetrical addition/deletion of heterochromatin. 
The occurrence of distinctive species-specific banding patterns may be useful in evo-
lutionary cytogenetic and cytotaxonomic studies in the subfamily, but comprehensive 
comparative analyses would benefit from more banding data on species of different 
genera and subgenera.

Finally, we also highlight the importance of a preliminary molecular taxonomic 
identification of mantellid frogs for a consistent karyotype attribution, and that fu-
ture cytogenetic studies should focus on Laliostoma Glaw et al., 1998, Wakea Glaw et 
Vences, 2006, Boehmantis Glaw et Vences, 2006 and Tsingymantis Glaw et al., 2006, as 
well as on different undersampled genera and subgenera.

Conclusions

We provide new chromosomal data on eight species belonging to the subfamily Man-
tellinae, advancing the knowledge on their karyotype diversity, and suggesting that 
a reduction in the chromosome number and the relocation of NORs loci occurred 
repeatedly and independently in different genera of this subfamily. We hypothesize a 
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karyotype of 2n = 26 with all biarmed elements and loci of NORs on the 6th chromo-
some pair as the ancestral state in the whole family Mantellidae and propose a model 
for the reduction of the chromosome number from 2n = 26 to 2n = 24 by means of 
tandem fusions.
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Abstract

The study presents data on the karyotype characteristics and the mitochondrial gene COI sequences of the 
non-biting midge Chironomus bonus Shilova et sDzhvarsheishvili, 1974 (Diptera, Chironomidae) from 
the South Caucasus. The species belongs to the Ch. plumosus group of sibling species, one of the most 
widespread and successful groups in the genus Chironomus Meigen, 1803. The karyotype of the studied 
population is monomorphic. The morphological and chromosomal characteristics of Ch. bonus from the 
Caucasus are similar to those previously described for this species (Kiknadze et al. 1991a). In the phy-
logenetic tree based on the COI gene sequences, one can observe several clear clusters. We named them 
Palearctic Ch. plumosus, Far Eastern Ch. borokensis-Ch.suwai, and Nearctic Ch. entis-Ch.plumosus clusters. 
The calculated K2P genetic distances within each cluster have not exceeded the 3% threshold for the genus 
Chironomus. Contrary to this, the distances between the clusters exceed this range and correspond to sepa-
rate species. The Ch. bonus sequences belong to the cluster consisting of Ch. plumosus (Linnaeus, 1758) 
sequences from European populations, and do not form a separate clade of the phylogenetic tree. One can 
suppose that the origin of the Ch. plumosus group of sibling species dates back to 5.75–3.43 million years 
ago (Mya), the epochs of Late Miocene (7,3–5,3 Mya) and early Pliocene (5,3–2,58 Mya). On the other 
hand, Palearctic Ch. plumosus, Far Eastern Ch. borokensis-Ch.suwai, and Nearctic Ch. entis-Ch. plumosus 
clusters appeared relatively recently in the Middle Pleistocene, 1.288–0.307 Mya. The possible relation-
ship between the climate changes in the Pliocene and the origin of the Ch. plumosus group are discussed.
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Introduction

Shilova and Dzhvarsheishvili first described Chironomus bonus Shilova et Dzhvarsheish-
vili, 1974 from Paravani Lake in the Republic of Georgia (Shilova and Dzhvarsheishvili 
1974). According to the Fauna Europaea web source (Pape and Beuk 2016), the species 
is known in Europe from the French mainland, Switzerland, and Bulgaria. The species 
has also been found in the Republic of Armenia (Sevan Lake) (Kiknadze et al. 2016).

The species Ch. bonus belongs to the Ch. plumosus group of sibling species, one of 
the most widespread and successful groups in the genus Chironomus Meigen, 1803. 
According to Shobanov (2000), the group of sibling species is a quasi-taxonomic cat-
egory that unites species which are similar in morphology and karyotype. Often, there 
are no clear diagnostic criteria for groups of species, and the association is based on the 
principle of relative similarity. Shobanov (1989) and Kiknadze et al. (1991) developed 
the morphological characteristics of the Ch. plumosus group. These characteristics in-
clude several key features. In general, the larvae are relatively large, ranging from 16 
to 30 mm. The larvae of most species belong to the plumosus-type, with the so-called 
sculpturing on the outer (ventral) side of the ventromental plates. Most species in the 
group prefer lowland rivers with slow current and high sediment silt. In addition, 
they are widely present in different types of ponds and lakes, of both natural and arti-
ficial origin. Several species of the group (at least Ch. plumosus (Linnaeus, 1758) and 
Ch. borokensis Kerkis, Filippova, Schobanov, Gunderina et Kiknadze, 1988, see below) 
can tolerate low oxygen concentrations for an extended period (Shobanov 2001).

According to Kiknadze et al. (2016), the group consists of 14 species: Ch. agilis 
Schobanov et Djomin, 1988; Chironomus sp. prope agilis (syn. Ch. agilis 2) Kiknadze, 
Siirin et Filippova, 1991; Ch. balatonicus Dévai, Wülker et Scholl, 1983; Ch. bonus 
Shilova et Dzhvarsheishvili, 1974; Ch. borokensis Kerkis, Filippova, Shobanov, Gun-
derina et Kiknadze, 1988; Ch. entis Shobanov, 1989; Ch. muratensis Ryser, Scholl et 
Wülker, 1983; Ch. nudiventris Ryser, Scholl et Wülker, 1983; Ch. plumosus; Ch. sinicus 
Kiknadze, Wang, Istomina et Gunderina, 2005; Chironomus sp. J Kiknadze, 1991; 
Chironomus sp. K Golygina et Ueno, 2008; Ch. suwai Golygina et Martin, 2003; and 
Ch. usenicus Loginova et Belyanina, 1994. The identification of these species can only 
be done through karyological analysis (reviewed in Kiknadze et al. 1996; Butler et al. 
1999). Most of them often occur sympatrically in the same body of water, which can 
severely complicate the identification process.

The majority of the species in the Ch. plumosus group have a Palearctic distribu-
tion. Only two of them, Ch. plumosus and Ch. entis, are also found in the Nearctic, 
and they can therefore be considered as Holarctic species (Butler et al. 1999; Kiknadze 
et al. 2000; Golygina and Kiknadze 2001). Adult morphology suggests that Palearctic 
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Ch.  plumosus has a very wide distribution range from Western Europe to the Far 
East (Linevich and Sokolova 1983). However, karyological analysis has shown that 
Ch. borokensis and Chironomus sp. prope agilis replace Ch. plumosus in Eastern Siberia 
and the Far East (Kiknadze et al. 1996; Golygina et al. 2003). As indicated before, the 
karyotype study is the only reliable method for recognizing species in this group.

The karyotype of Ch. bonus has been described by Kerkis et al. (1989) and Kiknadze et 
al. (1991a). A short communication about the Ch. bonus karyotype was presented by Bely-
anina (1983). Some information on the karyotype and external morphology of Ch. bonus 
from Bulgaria was given by Michailova (1994). The biggest DNA databases, GenBank and 
BOLD, do not contain any DNA data on Ch. bonus, including sequences of the COI gene.

The aim of the work is to present the description of the karyotype and gene COI 
sequences of Ch. bonus from the South Caucasus, as well as to compare the karyotype 
characteristics and DNA data of Ch. bonus with the corresponding information avail-
able for other species of the Ch. plumosus group.

Methods

For both DNA and karyological studies, we used fourth-instar larvae of Ch. bonus. We 
collected larvae from a particular site in the Republic of Georgia (South Caucasus): 
18.07.17, 41°19.305'N, 43°45.563'E, Ninotsminda district in the region of Samtskhe-
Javakheti, one of the branches of the Paravani river, just 0.6 km north of Saghamo set-
tlement, altitude of ca. 2000 m a.s.l. The maximum depth of the river is about 1 m, and 
the salinity of the water is about 40 ppm. The collection site is marked on the map with a 
dark circle (Fig. 1). The geographic division of the Caucasus follows Gvozdetsky (1963).

Figure 1. Collection site of Ch. bonus in South Caucasus. The collection site is marked with dark circle.
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The head capsules and bodies of six larvae were slide-mounted in Faure-Berlese 
medium. The specimens have been deposited at the Tembotov Institute of Ecology of 
the Mountain Territories RAS in Nalchik, Russia. We studied the karyotype of all six 
larvae from the Caucasus region.

For karyological study, we fixed the larvae in an ethanol-glacial acetic acid solution 
(3:1). The preparations of the chromosomes were made using the ethanol-orcein tech-
nique (see Dyomin and Ilyinskaya 1988; Dyomin and Shobanov 1990). The banding 
sequences were designated as per the accepted convention, specifying the abbreviated 
name of the species, the symbol of the chromosome arm, and sequence number, as 
h’bonA1, h’bonB1, etc. (Keyl 1962; Wülker and Klötzli 1973).

We performed the identification of chromosome banding sequences for arms A, E, 
and F using photomaps by Kiknadze et al. (1991a, 2016) in the system of Keyl (1962) 
and chromosome mapping for arms C and D as per Kiknadze et al. (1991a, 2016) in 
the system of Dévai et al. (1989). The chromosome preparations were studied using a 
Carl Zeiss Axio Imager A2 microscope.

DNA extraction, amplification and sequencing

We used four karyologically studied larvae of Ch. bonus for further DNA extraction. 
DNA was extracted from the larvae and preserved in 96% ethanol using a Diatom 
DNA Prep 100 kit (Izogen Laboratory Ltd, Moscow, Russia) according to the manu-
facturer’s protocol. DNA extraction was performed on vacuum-dried samples with-
out prior homogenization. Samples were incubated in a lysis buffer at a temperature 
of 55.5 °C for 16 h. After the extraction, the head capsules were retrieved for dry 
mounting. The resulting DNA solutions were stored at -18 °C. The amplification 
of the mitochondrial COI gene was conducted using the MasterMix X5 kit (Dialat 
Ltd, Moscow).

To amplify the mitochondrial COI gene’s barcoding region, prim-
ers 911 (5´-TTTCTACAAATCATAAAGATATTGG-3´) and 912 (5´- 
TAAACTTCAGGGTGACCAAAAAATCA-3´) (Folmer et al. 1994) were used. 
PCR was performed in a 25-µL reaction volume. The amplification profile consisted 
of an initial step of 95 °C for 5 min, followed by 45 cycles of 95 °C for 30 s, 50 °C 
for 30 s, and 72 °C for 50 s, and finally an 8-min extension step at 72 °C, a final 
elongation at 72 °C (8 min), and final storage at 4 °C. The resulting PCR products 
were purified by precipitation in a 0.15 M CH3COONa solution in 90% ethanol 
and then rinsed with 70% ethanol. The results were visualized by 1.5% agarose gel 
electrophoresis with ethidium bromide.

Purified PCR products were sequenced in both directions. DNA sequencing of the 
COI gene was performed according to Sanger using the BigDye Terminator v3.1 com-
mercial kit (ThermoFisher) and the ABI 3130×l genetic analyzer (ThermoFisher) at 
Syntol JSC (Moscow, Russia). The GenBank accession numbers of the three sequences 
obtained in this study are MZ014021, MZ014022, and MZ014023.
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Phylogenetic analysis

For the phylogenetic comparison, we used DNA data (sixty-one COI gene sequences) 
from both the GenBank and BOLD (Ratnasingham and Hebert 2007) databases. Ac-
cession numbers of used sequences in GenBank and BOLD: Chironomus dorsalis Mei-
gen, 1818 (JN887047.1); Ch. balatonicus (JN016826.1); Ch. muratensis (AF192194.1); 
Chironomus sp. prope agilis (AF192190.1); Ch. borokensis (AB740261.1); Ch. useni-
cus (JN016807.1, JN016809.1, JN016808.1); Ch. entis (KF278213.1, KF278212.1, 
KJ085531.1, KJ087284.1, KJ089893.1, GBDPC429-14, MGOCF102-16); Ch. plumosus 
(AB740263.1, AB740262.1, JN016830.1, JN016829.1, CHBAL014-20, CHIFI298-16, 
CHIFI299-16, LEFIJ3947-16, LEFIJ3948-16, PGBAL006-19, PGBAL007-19, 
PGBAL009-19, PGCBG089-20, BSCHI661-17, BSCHI063-11, BSCHI115-17, 
BSCHI219-17, BSCHI284-17, BSCHI350-17, BSCHI517-17, BSCHI644-17, 
GBDP44143-19, GBDP44180-19, LC050899.1, LC050900.1, JCDB364-15, 
JCDB363-15, GBDP11685-12, GBDP11686-12, GBDP11687-12, GBDP12282-12, 
XJDQD1039-18, XJDQD1037-18, XJDQD1038-18, XJDQD1036-18, MN750315.1, 
GBDPC430-14, SDP408034-15, GBDPC133-14, GBDPC138-14, GBDPC144-14, 
GBDPC166-14); and Pagastiella orophila (Edwards, 1929) (JN265047.1).

We found some COI gene data in both the GenBank and BOLD databases only 
for seven species of the Ch. plumosus group out of 14. We used in our study COI gene 
sequences from both the aforementioned databases for Ch. balatonicus, Ch. muratensis, 
Chironomus sp. prope agilis, Ch. borokensis, Ch. usenicus, Ch. entis, and Ch. plumosus, 
with available data for species with Holarctic and Nearctic distributions. The most 
abundant data on the COI gene are available for Ch. plumosus (GenBank and BOLD 
– 66 and 138 sequences, respectively) and Ch. entis (GenBank and BOLD – 339 and 
13 sequences, respectively). DNA sequences of Ch. plumosus obtained from material 
collected from both Western and Eastern Europe, the Middle East, the Far East, and 
Northern America were included into the analysis. Concerning Ch. entis, available 
DNA sequences are more uniform and were obtained from material collected almost 
exclusively from Northern America (Canada). In cases when a large number of se-
quences were available from the same region, we used no more than 5–6 sequences 
with different haplotypes to avoid overloading the phylogenetic tree.

We conducted the alignment of COI sequences with MUSCLE with a genetic 
code of “invertebrate mitochondrial” packaged in MEGA 6 (Tamura et al. 2013). 
The pairwise sequence distances (Tables 1–4) consisting of the estimated number of 
base substitutions per site using MEGA 6 and the K2P model (Kimura 1980) were 
calculated. The analysis involved 61 nucleotide sequences. The codon positions in-
cluded were 1st+2nd+3rd+Noncoding. All positions containing gaps and missing data 
were eliminated. There was a total of 579 positions in the final data set.

We conducted the estimation of phylogenetic relationships in BEAST V1.10.4 
(Suchard et al. 2018) by the Bayesian Markov-chain Monte-Carlo (MCMC) method, 
using the HKY+G substitution model as selected in MEGA 6. The determination of 
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the appropriate model in MEGA 6 (Tamura et al. 2013) was performed. The strict 
clock as a clock model and the Yule process as a speciation model were used. We run 
MCMC for 10.000.000 iterations and 1000 iterations of burn in. Our analysis in-
volved 61 nucleotide sequences, and we eliminated all positions with less than 95% 
site coverage. There were 579 positions in the final data set. We used the COI sequence 
of Pagastiella orophila (Genbank accession number JN265047.1) as an outgroup.

We also tried to get average estimates of divergence time between different branches 
and clusters that appear on the obtained phylogenetic tree (Figs 3, 4). The age of the most 
recent common ancestors (TMRCAs) for DNA clades was estimated in BEAST V1.10.4 
(Suchard et al. 2018) by the MCMC method, using the HKY+G substitution model as 
selected in MEGA 6. We used a strict clock as a clock model and a constant size as a coa-
lescent model, with the same calibration point assumed by Cranston et al. (2012). The 
time estimate of 36 million years ago (Mya) for the root node of the divergence between 

Table 2. Estimates of evolutionary divergence between sequences of Nearctic Ch. entis-Ch. plumosus 
cluster. The number of base substitutions per site (%) from between sequences are shown. Analyses were 
conducted using the Kimura 2-parameter model (Kimura 1980).

№ Sequences 1 2 3 4 5 6 7 8 9 10 11 12 13
1 GBDPC429-14 Ch. entis US, Michigan 0
2 KF278213.1 Ch. entis Canada, Quebec 0.914 0
3 KF278212.1 Ch. entis Canada, Quebec 1.099 0.182 0
4 MGOCF102-16 Ch. entis US, New York 0.914 0 0.182 0
5 KJ085531.1 Ch. entis Canada, Ontario 0.547 0.730 0.914 0.730 0
6 KJ087284.1 Ch. entis Canada, Ontario 0.547 0.730 0.914 0.730 0 0
7 KJ089893.1 Ch. entis Canada, Ontario 0.547 0.730 0.914 0.730 0 0 0
8 GBDPC430-14 Ch. plumosus US, Michigan 0.730 0.730 0.913 0.730 0.547 0.547 0.547 0
9 SDP408034-15 Ch. plumosus US, Minnisota 0.730 0.730 0.913 0.730 0.547 0.547 0.547 0 0
10 GBDPC133-14 Ch. plumosus Canada 1.285 0.364 0.547 0.364 1.099 1.099 1.099 1.098 1.098 0
11 GBDPC138-14 Ch. plumosus Canada 1.285 0.364 0.547 0.364 1.099 1.099 1.099 1.098 1.098 0 0
12 GBDPC144-14 Ch. plumosus Canada 0.730 0.730 0.913 0.730 0.547 0.547 0.547 0 0 1.098 1.098 0
13 GBDPC166-14 Ch. plumosus Canada 1.099 0.547 0.731 0.547 0.914 0.914 0.914 1.098 1.098 0.916 0.916 1.098 0

Table 3. Estimates of evolutionary divergence between sequences of Far Eastern Ch. borokensis-Ch. suwai 
cluster. The number of base substitutions per site (%) from between sequences are shown. Analyses were 
conducted using the Kimura 2-parameter model (Kimura 1980).

№ Sequences 1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 AB740261.1 Ch. borokensis Russia 0
2 GBDP17582-15 Ch. plumosus Japan 1.283 0
3 GBDP17583-15 Ch. plumosus Japan 1.468 0.547 0
4 JCDB364-15 Ch. plumosus Japan 1.469 0.182 0.364 0
5 JCDB363-15 Ch. plumosus Japan 1.469 0.182 0.364 0.000 0
6 GBDP11685-12 Ch. plumosus South Korea 0.364 1.654 1.839 1.841 1.841 0
7 GBDP11686-12 Ch. plumosus South Korea 0.182 1.469 1.654 1.656 1.656 0.182 0
8 GBDP11687-12 Ch. plumosus South Korea 0.182 1.469 1.654 1.656 1.656 0.182 0 0
9 GBDP12282-12 Ch. plumosus South Korea 0 1.283 1.468 1.469 1.469 0.364 0.182 0.182 0
10 XJDQD1039-18 Ch. plumosus China 1.468 0.913 1.467 1.097 1.097 1.839 1.654 1.654 1.468 0
11 XJDQD1037-18 Ch. plumosus China 1.468 0.913 1.467 1.097 1.097 1.839 1.654 1.654 1.468 0 0
12 XJDQD1038-18 Ch. plumosus China 1.468 0.913 1.467 1.097 1.097 1.839 1.654 1.654 1.468 0 0 0
13 XJDQD1036-18 Ch. plumosus China 1.468 0.913 1.467 1.097 1.097 1.839 1.654 1.654 1.468 0 0 0 0
14 MN750315.1 Ch. plumosus China 1.845 2.028 2.592 2.217 2.217 2.219 2.034 2.034 1.845 2.214 2.214 2.214 2.214 0
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Figure 2. Karyotype of Ch. bonus from the South Caucasus; h’bonA1.1, h’bonB1.1 etc. – genotypic com-
binations of banding sequences; BR – Balbiani rings, N – nucleolus. Arrows indicate centromeric bands.

Table 4. Estimates of evolutionary divergence between sequences of Ch. plumosus from Finland and 
sequences of Ch. balatonicus, Ch. muratensis and Chironomus sp. prope agilis. The number of base sub-
stitutions per site (%) from between sequences are shown. Analyses were conducted using the Kimura 
2-parameter model (Kimura 1980).

№ Sequences 1 2 3 4 5 6 7
1 CHIFI299-16 Ch. plumosus Finland, Satakunta 0
2 CHIFI298-16 Ch. plumosus Finland, Satakunta 1.099 0
3 LEFIJ3947-16 Ch. plumosus Finland, Regio aboensis 3.939 3.555 0
4 LEFIJ3948-16 Ch. plumosus Finland, Regio aboensis 3.566 3.573 3.362 0
5 AF192190.1 Chironomus sp. prope agilis Russia 6.306 6.315 8.357 6.930 0
6 JN016826.1 Ch. balatonicus Russia, Saratov_terr. 3.372 3.378 3.555 0.547 6.315 0
7 AF192194.1 Ch. muratensis Russia 4.119 4.123 3.156 4.123 8.115 3.929 0

Pagastiella orophila and all Chironomus species was used as a calibration point. We ran 
MCMC for 10.000.000 iterations and 1000 iterations of burn in. Tracer v1.7.1 was used 
to examine the BEAST log file and ESSs for each parameter, which were all > 200.

Recent research demonstrates that the range of divergence rates of the COI gene se-
quence in insects varies from 1.5% to 2.3% per 1 Mya (Jamnongluk et al. 2003; Stevens 
et al. 2006 etc.). In the study of tenebrionid beetles, Papadopoulou et al. (2010) obtained 
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Figure 3. Phylogenetic tree of Chironomus species estimated by the Bayesian inference (BA). Support 
values are given if they exceed 0.5. The numbers at the nodes indicate posterior probabilities; Node 1, 
Node 2 etc. – nodes of the tree for which TMRCAs were calculated.
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a divergence rate of 3.54% per 1 Mya for the COI gene (2.69% when combined with the 
16S rRNA gene) under the preferred partitioning scheme and substitution model selected 
using Bayes factors. In our study, we used for calculations of divergence time these three 
commonly assumed mutation rates: 1.5%, 2.3%, and 3.54%. We calculated TMRCAs for 
the nodes 1–9 of the phylogenetic tree (Fig. 3). The obtained values are given in Table 5.

Results

Based on morphological and chromosomal characters, we identified the larvae belong-
ing to the genus Chironomus at the studied site as Ch. bonus. The morphology of 
Ch. bonus larvae from the South Caucasus is similar to that previously described for 
this species by Kiknadze et al. (1991b).

Table 5. Substitutions that distinguish Ch. bonus sequence from sequences in the Palearctic Ch. plumosus 
cluster; nonsyn. and syn. - nonsynonymous and synonymous substitutions respectively.

№ Substitution type Position in the sequence Codon Position in codon Ch. bonus sequence
1 nonsyn. 2 1 1st MZ014021.1
2 syn. 212 71 1st MZ014021.1
3 syn. 340 113 3rd MZ014021.1 

MZ014022.1 
MZ014023.1

4 nonsyn. 609 203 2nd MZ014023.1
5 nonsyn. 642 214 2nd MZ014023.1
6 nonsyn. 644 215 1st MZ014023.1

Figure 4. Phylogenetic tree of Palearctic Ch. plumosus cluster estimated by the Bayesian inference (BA). 
Support values are given if they exceed 0.5. The numbers at the nodes indicate posterior probabilities.
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Karyotype of Ch. bonus from the South Caucasus

The diploid number of chromosomes in the Ch. bonus karyotype is 2n = 8 plus the 
B-chromosome. Such a picture for the C. bonus karyotype is based on the almost 
constant presence of an additional B-chromosome in the karyotype of each larva. The 
chromosome arm combinations are AB, CD, EF, and G (the “thummi” cytocomplex) 
(Fig. 2). The chromosomes AB and CD are metacentric, EF is submetacentric, and G 
is telocentric. Arm G homologues are paired in the nucleolus and Balbiani rings (BRs) 
regions. The centromeric bands are easily identifiable. There is one nucleolus and two 
BRs on the arm G, and one BR is present on the arm B.

Banding sequences and chromosomal polymorphism of Ch. bonus from the 
South Caucasus

The karyotype of Ch. bonus from the South Caucasus is monomorphic. The banding 
sequences of all the chromosome arms of Ch. bonus are identical to those of Ch. plumosus. 
The difference between the karyotypes of both species is the presence of one additional 
B-chromosome in almost all studied Ch. bonus larvae. In total, there are 7 banding 
sequences in the Ch. bonus banding sequences pool (Fig. 2):

h’bonA1 1a-2c 10a-12a 13ba 4a-c 2g-d 9e-4d 2h-3i 12cb 13c-14f 15a-14g 15b-19f C*
h’bonB1 25s-a 24s-a 23z-a 22u-a 21t-a 20n-a 19p-a 18o-a 17m-a 16m-a 15r-a 14r-a 

13z-a 12y-v C**
p’bonC1 1a-2c 6c-f 7a-d 16a-17a 6hg 11d-12d 4a-6b 11c-8a 15e-13a 3c-2d 17b-22g C
p’bonD1 1a-3g 11a-13a 10a-8a 18d-a 7g-4a 10e-b 13b-17f 18e-24g C
h’bonE1 1a-3e 5a-10b 4h-3f 10c-13g C***
h’bonE1 1a-3a 4c-10b 3e-b 4b-3f 10c-13g C*
h’bonF1 1a-d 6e-1e 7a-10b 18ed 17d-11a 18a-c 10dc 19a-23f C
h’bonG1 not mapped

* revised mapping by Golygina and Kiknadze (2008, 2012)
** mapped according to system of Maximova-Shobanov (Maximova 1976; Shobanov 
1994), mapping revised by Golygina and Kiknadze (2008).
*** mapped according to Keyl (1962).

Results of phylogenetic analysis of COI gene sequences of Ch. bonus and esti-
mated ages of the most recent common ancestors (TMRCAs) for DNA clades

Overall, we successfully obtained three complete COI gene sequences of Ch. bonus from 
six larvae from the South Caucasus. (MZ014021.1: 627 bp, base composition is 25.99% 
A, 36.84% T, 16.91% G, and 20.26% C; MZ014022.1: 658 bp, base composition is 
26.59% A, 36.17% T, 16.57% G, and 20.67% C; MZ014023.1: 650 bp, base compo-
sition is 27.08% A, 35.38% T, 16.77% G, and 20.77% C). Each of the three sequences 
had a different haplotype. This is the first DNA data obtained for Ch. bonus.



Mukhamed Kh. Karmokov  /  Comparative Cytogenetics 16(1): 19–38 (2022)30

The resulting phylogenetic tree (Fig. 3) represents a very complex pattern, with 
several obvious clusters with rather high probabilities. We conditionally named them 
the Palearctic Ch. plumosus cluster, the Far Eastern Ch. borokensis-Ch. suwai cluster, 
and the Nearctic Ch. entis-Ch. plumosus cluster.

The Palearctic Ch. plumosus cluster (Figs 3, 4), is formed mostly by Ch. plumosus se-
quences from Western and Eastern Europe (UK, Sweden, Poland, Montenegro, and the 
European part of Russia). The only available sequences of Ch. usenicus from Russia (Sara-
tov Terr.) and, surprisingly, sequences of Ch. bonus obtained in this study, are also includ-
ed in this cluster. It is formed by sequences obtained from material identified through 
both karyological and morphological analyses (all Ch. usenicus and Ch. bonus sequences, 
together with a few Ch. plumosus ones, i.e., JN016830.1, JN016829.1, AB740262.1, 
AB740263.1), and we therefore named it the Palearctic Ch. plumosus cluster.

The Far Eastern Ch. borokensis-Ch. suwai cluster mostly formed by Ch. plumosus 
sequences from the Far East (China, South Korea, and Japan) and a sequence of Ch. borokensis 
from Russia. We named this branch as the Far Eastern Ch. borokensis-Ch. suwai cluster 
because this particular Ch. borokensis sequence (AB740261.1) was obtained from the 
material identified through karyological analysis (Kondo et al. 2016). According to the 
BOLD database, Ch. plumosus sequences from the Far East were obtained from specimens 
identified only through morphological analysis. Perhaps the observed picture is an error 
in species identification, which can happen quite often when chromosomal analysis is 
not involved, and at least some of these Ch. plumosus specimens from the Far East could 
actually be Ch. borokensis. On the other hand, at least two Japanese sequences that we 
used in our study from Lake Suwa could be Ch. suwai. We assume this because Lake Suwa 
is the type locality for the species. According to Golygina et al. (2003), the karyotype of 
Ch. suwai is closely related to that of Ch. borokensis as indicated by many common banding 
patterns, but it differs by the much smaller size of the centromeric bands. Also, Golygina et 
al. (2003) suppose that the true Ch. plumosus does not occur in Japan.

Almost the same pattern is observed in the Nearctic Ch. entis-Ch. plumosus cluster, con-
sisting equally of Ch. plumosus and Ch. entis sequences. According to the data from Proulx 
et al. (2013), just two sequences of Ch. entis (KF278213.1 and KF278212.1) and three 
sequences of Ch. plumosus (GBDPC133-14/KF278209.1, GBDPC138-14/KF278210.1 
and GBDPC144-14/KF278216.1) from this cluster were obtained from material identi-
fied through karyological analysis. Except for these sequences, it is most likely an error in 
species identification as well, and at least some of the Ch. plumosus sequences presented 
in BOLD from Northern America could actually be Ch. entis and vice versa. Also, in this 
cluster, there are no Ch. plumosus or Ch. entis sequences from the Palearctic region. Given 
all this data, we named this cluster the Nearctic Ch. entis-Ch. plumosus cluster.

In addition to the above-mentioned obvious clusters of the tree (Fig. 3), there is a 
fourth ambiguous cluster formed by Ch. balatonicus, Ch. muratensis, Chironomus sp. 
prope agilis, and all Ch. plumosus sequences from Finland. We know from the BOLD 
database that these Ch. plumosus sequences were obtained from adults identified just 
through morphological analysis. Perhaps this pattern is an error in species identifica-
tion, and these Finnish specimens could actually belong to other already known or 
even previously undescribed species.
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Genetic distances

Calculated pairwise sequence distances (Tables 1–4) consisting of the estimated num-
ber of base substitutions per site using the K2P model (Kimura 1980) show an interest-
ing pattern. Proulx et al. (2013), who used genetic, morphological, and karyological in-
formation to discriminate Chironomus species from Canada, showed that intraspecific 
K2P distances for Chironomus species characterized by the COI gene ranged from zero 
to 3%. These values also could be used as a reference for distinguishing Chironomus spe-
cies in the present work, but data on the COI gene should be complemented with other 
methods. In our study, the distances between the Palearctic Ch. plumosus cluster’s se-
quences are less than 3% and range from 0 to 2.595% (Table 1). If data on the Iranian 
Ch. plumosus are removed, the distances between all other sequences in this cluster are 
less than 1%, ranging from 0 to 0.914%. Distances between the sequences of Ch. bonus 
obtained in this study are very small, varying from 0.182% to 0.364%. The sequences 
of Ch. usenicus and of several individuals of Ch. plumosus from Russia (Saratov Terr.), 
Sweden, and Montenegro are closest to those of Ch. bonus in terms of distances.

Almost the same pattern is observed in the Nearctic Ch. entis-Ch. plumosus cluster, 
where the distances between the sequences are also lower than the 3% range, varying 
from 0 to 1.285% (Table 2).

In the Far Eastern Ch. borokensis-Ch. suwai cluster, the distances between the se-
quences are also lower than the 3% range, varying from 0 to 2.217% (Table 3). If we dis-
regard Ch. plumosus sequence MN750315.1 from China, Hongze, Jiangsu, the distances 
between all other sequences in this cluster are significantly less, reaching only 1.839%.

At the same time, the average distances between the various clusters exceed the 3% 
threshold. The distance between Palearctic Ch. plumosus and Far Eastern Ch. borokensis-
Ch. suwai clusters is 3.55%. The distance between Palearctic Ch. plumosus and Nearctic 
Ch. entis-Ch. plumosus clusters is 3.75%. Finally, the distance between Far Eastern 
Ch. borokensis-Ch. suwai and Nearctic Ch. entis-Ch. plumosus clusters is 5.98%.

In the fourth cluster, which contains Ch. plumosus sequences from Finland, the dis-
tances between the sequences are generally higher than the 3% range (Table 4). Interest-
ingly, the distances between the sequence of Chironomus sp. prope agilis and all other 
sequences are pretty high, varying from 4.123 to 8.357%. On the other hand, analogous 
distances in the case of Ch. muratensis are also fairly high, varying from 4.119 to 8.115%. 
However, the distances between the sequence of Ch. balatonicus and most of the Finnish 
sequences of Ch. plumosus are also high enough, varying from 3.372 to 3.555%. At the 
same time, the distance between the sequence of Ch. balatonicus and one Finnish sequence 
of Ch. plumosus from Regio aboensis (LEFIJ3948-16) is just 0.547%, which is much 
lower than the 3% range, and we therefore can assume that this Ch. plumosus sequence 
could actually belong to Ch. balatonicus. Moreover, the distances between the three other 
Ch. plumosus sequences from Finland, i.e., that from Regio aboensis (LEFIJ3947-16) and 
two from Satakunta (CHIFI299-16 and CHIFI298-16), are relatively high, varying from 
3.555 to 3.939%. At the same time, the distance between the two latter sequences is just 
1.099%, which is lower than the 3% threshold. Considering the tree topology (Fig. 3) 
and genetic distances between the sequences, we can suggest that a particular sequence 
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from Regio aboensis, on the one hand, and another two sequences from Satakunta, on 
the other hand, belong to two different, possibly previously undescribed species. This as-
sumption is quite possible because Michailova (2001) found in Finland (Lake Arima and 
Lokka Reservoir) two unknown karyotypes similar to those of the Ch. plumosus group. 
She proposed that at least one of these karyotypes could correspond to Ch. coaetaneus 
Hirvenoja, 1998 (Hirvenoja 1998), which may be related to Ch. plumosus.

Some sequences in the Palearctic Ch. plumosus cluster initially were not complete, 
and it was hard to make a good comparison. But still, we found a small number of 
substitutions that distinguish the sequences of Ch. bonus from other sequences in 
the Palearctic Ch. plumosus cluster. Overall, we found six substitutions of that kind 
(Table 5). Four of them are nonsynonymous substitutions, and the remaining two are 
synonymous ones. Among them, there is a single unique 340-position substitution 
that was found in all three sequences of Ch. bonus. All other substitutions are also 
found in certain sequences from other clusters. Only this unique substitution clearly 
distinguishes Ch. bonus from other species in our entire data set.

Tempo of diversification

According to the obtained results, the earliest split of the Ch. plumosus group of sibling 
species occurred during the Late Miocene (7,3–5,3 Mya) and early Pliocene (5,3–2,58 
Mya) epoch (Fig. 3; Table 6, node 2), dating back to 5.75–3.43 Mya (substitution rates 
for all earliest and latest estimates in this chapter are 1.5% and 3.54%, respectively). The 
most recent common ancestor of all Palearctic Ch. plumosus, Far Eastern Ch. borokensis-
Ch. suwai, and Nearctic Ch. entis-Ch. plumosus clusters lived 2.88–1.72 Mya (Fig. 3; 
Table 6, node 3). This split occurred in the Early Pleistocene. The most recent common 
ancestor of all members of the Nearctic Ch. entis-Ch. plumosus cluster lived 0.638–0.378 
Mya (Fig. 3; Table 6, node 5). The split between Palearctic Ch. plumosus and Far Eastern 
Ch. borokensis-Ch. suwai clusters dates back to 1.97–1.17 Mya (Fig. 3; Table 6, node 
7). The most recent common ancestor of all members of the Far Eastern Ch. borokensis-
Ch. suwai cluster lived 0.906–0.539 Mya (Fig. 3; Table 6, node 6). The most recent 
common ancestor of all members of the Palearctic Ch. plumosus cluster lived 1.288–
0.759 Mya (Fig. 3; Table 6, node 6). If we disregard the Iranian Ch. plumosus sequence, 
the most recent common ancestor of all other members of the Palearctic Ch. plumosus 
cluster dates back even later, 0.517–0.307 Mya (Fig. 3; Table 6, node 6).

Discussion

Studied larvae of Ch. bonus have a monomorphic karyotype, with its details similar to 
those previously described for this species by Kiknadze et al. (1991a). Following Proulx 
et al. (2013), we can conclude that the genetic distances between observed Palearctic 
Ch. plumosus, Far Eastern Ch. borokensis-Ch. suwai, and Nearctic Ch. entis-Ch. plumosus 
clusters exceed the 3% range. This result leads us to some interesting conclusions about 
the level of divergence between the Palearctic and Nearctic populations of Ch. plumosus. 
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Our calculations show that the distance (3.75%) between the Palearctic and Nearctic 
sequences of Ch. plumosus exceeds the 3.0% range for Chironomus species. One can say 
that since the divergence time of 2.88–1.72 Mya (Fig. 3; Table 6, node 3), the Nearctic 
populations of Ch. plumosus have already become a separate species.

We can propose two possible explanations for the observed pattern within the Palearctic 
Ch. plumosus cluster (Fig. 4), which also included the Ch. bonus sequences obtained during 
this study. The first explanation is similar to that earlier suggested by Guryev and Blinov 
(2002), who found that populations of Ch. entis and Ch. plumosus did not group together 
on the trees based on the mitochondrial cytb gene according to their species affiliation. 
They suggested that it could result from interspecific hybridization followed by recurrent 
crosses. Consequently, the offspring inherited mtDNA of one of the parental species. In 
this case, even an insignificant selective advantage of this mtDNA is able to lead to the 
rapid fixation of the new haplotype in the population. Later, Polukonova et al. (2009) in 
the work where they studied the COI sequences of cytologically identified Ch. usenicus, 
also inclined to this explanation when some Ch. usenicus and Ch. plumosus COI gene 
sequences were almost identical. In addition, Proulx et al. (2013) reported that the COI 

Table 6. Estimations of the age of the most recent common ancestors (TMRCAs) for DNA clades.

Node number Mean value (Mya) Stdev. 95% HPD interval ESS

Divergence rate 1.5%
Node 0 29.177 5.499 19.403, 40.569 6368
Node 1 17.288 3.874 10.391, 25.051 5221
Node 2 5.746 1.293 3.321, 8.280 4724
Node 3 2.883 0.698 1.689, 4.333 4562
Node 4 3.895 0.995 2.147, 5.844 5323
Node 5 0.638 0.212 0.284, 1.057 3230
Node 6 0.906 0.26 0.447, 1.427 3866
Node 7 1.971 0.505 1.027, 2.927 4836
Node 8 1.288 0.395 0.612, 2.077 5470
Node 9 0.517 0.169 0.229, 0.852 3570

Divergence rate 2.3%
Node 0 24.538 4.519 15.765, 33.035 7072
Node 1 13.716 2.992 8.518, 20.073 5990
Node 2 4.380 0.933 2.639, 6.220 5168
Node 3 2.204 0.511 1.288, 3.228 5429
Node 4 2.962 0.727 1.683, 4.467 5722
Node 5 0.481 0.155 0.217, 1.378 3759
Node 6 0.692 0.197 0.335, 1.071 4840
Node 7 1.503 0.375 0.820, 2.230 5210
Node 8 0.979 0.296 0.466, 1.570 5899
Node 9 0.395 0.129 0.177, 0.649 3576

Divergence rate 3.54%
Node 0 21.017 3.923 13.900, 28.841 6753
Node 1 11.123 2.492 6.596, 16.182 5914
Node 2 3.431 0.763 2.043, 4.944 4731
Node 3 1.715 0.410 1.013, 2.548 4676
Node 4 2.317 0.586 1.257, 3.468 5414
Node 5 0.378 0.124 0.164, 0.624 3784
Node 6 0.539 0.151 0.271, 0.835 4660
Node 7 1.170 0.295 0.634, 1.743 4902
Node 8 0.759 0.229 0.349, 1.206 6108
Node 9 0.307 0.101 0.137, 0.509 3832
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sequences of cytologically identified Ch. plumosus and Ch. entis larvae collected from 
Canada cluster together, and some of these sequences are identical. We can therefore 
assume that the separation of Ch. bonus and Ch. plumosus from a common ancestor could 
occur long ago. During this time, in the gene pool of Ch. bonus, a unique, separate line of 
COI gene emerged, but then, an interspecific hybridization between a male of Ch. bonus 
and a female of Ch. plumosus occurred. In the hybrid offspring, the Ch. plumosus COI 
sequence gradually replaced that of Ch. bonus.

The observed pattern also can be explained by a relatively recent separation of the 
two species, with Ch. plumosus being a parental species to Ch. bonus. The COI gene 
sequences of these species are therefore very similar, with a very low number of new 
substitutions in the Ch. bonus lineage. However, we discovered a number of substitu-
tions that clearly distinguish Ch. bonus from Ch. usenicus and Ch. plumosus from Eu-
ropean populations (Table 5).

We can assume that the Ch. plumosus group originated from the common ancestor 
during the Pliocene of 5.75–3.43 Mya. However, since we have certain DNA data only 
for seven species of the Ch. plumosus group out of 14, this temporary estimate could 
change in the future in favor of the older age. At the same time, the obtained age of the 
most recent common ancestor of the Ch. plumosus group corresponds rather well to the 
estimations by Demin and Polukonova (2008) (5.8–3.7 Mya), despite the substantially 
lower amount of data available for those authors.

We can be more confident about the age of the most recent common ancestors of 
species constituting the Palearctic Ch. plumosus, Far Eastern Ch. borokensis-Ch. suwai, 
and Nearctic Ch. entis-Ch. plumosus clusters. It is possible that the age of the Palearctic 
Ch. plumosus, Far Eastern Ch. borokensis-Ch. suwai, and Nearctic Ch. entis-Ch. 
plumosus clusters is 0.638–0.378, 0.906–0.539 and 1.288–0.759 million years (Myr) 
respectively. The age of European populations of Ch. plumosus is approximately 0.517–
0.307 Myr. We therefore suggest that observed clusters have arisen relatively recently in 
the Middle Pleistocene sub-epoch.

We concluded that the most recent common ancestor of the Ch. plumosus group 
originated in the Pliocene epoch (5.3–2.58 Mya). It is known that this epoch is char-
acterized by the appearance of a new type of biome, the first true grasslands, due to the 
retreat of the forests associated with the gradual cooling of the climate that began in the 
previous epochs. True grasslands and Serengeti-like communities of grazing animals 
probably did not appear until the Late Miocene in the New World and the Pliocene in 
the Old World (ca. 5 Mya) (Pärtel 2005).

Due to the heterogeneity of the landscapes, new stagnant water bodies became 
increasingly abundant. In contrast to lowland rivers, which usually have similar envi-
ronmental parameters, each of these stagnant water bodies was often characterized by a 
unique combination of size, shape, depth, temperature profile, mineralization level etc. 
This variation in environmental parameters could easily lead to differences in breeding 
time between various populations or individuals that can potentially lead to reproduc-
tive isolation and the emergence of new species. We suggest that the species divergence 
in this group could have been caused by invasion of their common ancestor into newly 
originated water bodies.
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Abstract
The Schedonorus-Lolium complex of the subtribe Loliinae (Poaceae) includes several economically important 
forage and turf grasses. This complex encompasses Lolium Linnaeus, 1753, Festuca Linnaeus, 1753 subgenus 
Schedonorus (P. Beauvois, 1824) Petermann, 1849 and Micropyropsis Romero Zarco et Cabezudo, 1983. New 
FISH results of 5S and 18S–26S rDNA sequences are presented for three species and the results are inter-
preted in a review of distribution patterns of 5S and 18S–26S rDNA sequences among other species in the 
complex. Micropyropsis tuberosa Romero Zarco et Cabezudo, 1983 (2n = 2x = 14) displayed a distribution 
pattern of rDNA sequences identical to that of F. pratensis Hudson, 1762, supporting a close phylogenetic 
relationship at the bottom of the phylogenetic tree. “Lolium multiflorum” Lamarck, 1779 accessions sourced 
from Morocco showed a different pattern from European L. multiflorum and could be a unique and previ-
ously uncharacterised taxon. North African Festuca simensis Hochstetter ex A. Richard, 1851 had a marker 
pattern consistent with allotetraploidy and uniparental loss of one 18S–26S rDNA locus. This allotetraploid 
has previously been suggested to have originated from a hybrid with Festuca glaucescens (Festuca arundinacea 
var. glaucescens Boissier, 1844). However, the distribution patterns of the two rDNA sequences in this al-
lotetraploid do not align with F. glaucescens, suggesting that its origin from this species is unlikely. Further-
more, comparisons with other higher alloploids in the complex indicate that F. simensis was a potential donor 
of two sub-genomes of allohexaploid Festuca gigantea (Linnaeus) Villars, 1787. In the overall complex, the 
proximal locations of both rDNA markers were conserved among the diploid species. Two types of synteny 
of the two markers could, to a considerable extent, distinguish allo- and autogamous Lolium species. The 
ancestral parentage of the three Festuca allotetraploids has not yet been determined, but all three appear to 
have been sub-genome donors to the higher allopolypoids of sub-genus Schedonorus. Terminal locations of 
both the markers were absent from the diploids but were very frequently observed in the polyploids.
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Introduction

Ryegrasses of the genus Lolium Linnaeus, 1753 with ten diploid species and fes-
cues of the genus Festuca Linnaeus, 1753 subgenus Schedonorus (P. Beauvois, 1824) 
Petermann, 1849 are closely related and, together with Micropyropsis Romero Zarco 
et Cabezudo, 1983, form the “Schedonorus-Lolium complex”, belonging to the family 
Poaceae Barnhart, 1895, subtribe Loliinae Dumortier, 1829 (Inda et al. 2013; Cheng 
et al. 2016). Several of these Lolium and Festuca species, which are native to temper-
ate regions of Europe, Asia and Africa, are widely used for forage and turf purposes 
in all major temperate regions of the planet. Micropyropsis tuberosa Romero Zarco et 
Cabezudo, 1983 (Romero Zarco and Cabezudo 1983) is the sole species of the genus 
and is diploid (Romero Zarco 1988).

Since the last major taxonomic revision of the genus Lolium by Terrell (1968), 
new species have been discovered and named, notably Lolium saxatile H. Scholz et S. 
Scholz, 2005 (Scholz and Scholz 2005) and Lolium edwardii H. Scholz, Stierstorfer et 
van Gaisberg, 2000 (Scholz et al. 2000). Although Festuca has over 500 diploid to do-
decaploid species, subgenus Schedonorus is limited to approximately 20 species, most 
from Europe, W Asia or N Africa. However, the broad-leaved Festuca species from 
highland tropical Africa, including Festuca simensis Hochstetter ex A. Richard, 1851 
have also been shown to be part of the Schedonorus-Lolium complex (Namaganda et al. 
2006; Inda et al. 2014; Minaya et al. 2015).

Several molecular genetic analyses involving DNA markers have been successfully 
carried out for the phylogenetic reconstruction of subtribe Loliinae. It has been shown 
that the Schedonorus-Lolium complex represents a monophyletic group, with Lolium 
clearly differentiated from Festuca (Charmet et al. 1997; Gaut et al. 2000; Catalán et al. 
2004; Namaganda et al. 2006; Hand et al. 2010; Inda et al. 2014; Minaya et al. 2015; 
Cheng et al. 2016). Fertile hybrids formed between Lolium and Festuca species show 
chromosome pairing and recombination but the chromosomes can be distinguished 
using genomic in situ hybridization (Humphreys et al. 1995).

Karyological differences featuring chromosome number, structure and morphol-
ogy have long been used to infer the systematic status and the evolutionary history of 
species divergence. However, in some groups of species conventionally stained chro-
mosome preparations do not clearly delineate structural differences among chromo-
somes or species karyotypes. Molecular cytogenetic mapping of specific DNA sequenc-
es through fluorescence in situ hybridization (FISH) can overcome such problems, 
and provide enhanced pictures of chromosome architecture, leading to clear karyotype 
and genome discrimination (Albert et al. 2010; Chester et al. 2010; Xiong and Pires 
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2011). Two different families of multicopy and highly conserved ribosomal RNA genes 
(rDNA), one coding for 5S and the other for 35S rRNA arrays are universally pre-
sent in plants. Tandemly repeated blocks of these genes are located independently at 
particular chromosomal sites and provide species-specific markers (Roa and Guerra 
2015). Each 35S rDNA unit carries 18S, 5.8S and 26S RNA genes along with two 
internal transcribed spacers (ITSs) and tandemly repeated blocks of these units form 
the nucleolar organizer regions (NORs) or secondary constrictions on chromosomes. 
FISH mapping of 5S and 35S rDNA sequences is widely used to compare the chro-
mosomal structural changes of related species and to infer the karyoevolutionary vari-
ations that accompany species diversification (Fukushima et al. 2011; Lan and Albert 
2011; Roa and Guerra 2012, 2015; Jang et al. 2013).

Species of the Schedonorus-Lolium complex all share x = 7 as the base chromosome 
number and all have very similar biarmed chromosome morphologies and symmetri-
cal karyotypes. Therefore, conventional karyological information is of little value for 
evaluating evolutionary changes (Malik and Thomas 1966; Namaganda et al. 2006; 
Kopecký et al. 2010). Molecular cytogenetic mapping of 5S and 35S rDNA has detect-
ed variations in the distributional patterns of the two rDNA markers among diploids 
and polyploids in this complex (Thomas et al. 1996, 1997; Ksia̧zczyk et al. 2010; Inda 
and Wolny 2013; Ansari et al. 2016; Ezquerro-López et al. 2017; Shafiee et al. 2020). 
Based on their report, Ezquerro-López et al. (2017) made a preliminary attempt to de-
cipher the evolutionary relationships among Festuca species belonging to this complex.

In this study, we have mapped the chromosomal dispositions of 5S and 18S rDNA 
loci in five taxa, three of which were previously unmapped, and have discussed the evo-
lutionary implications of the new results. Following this we have drawn together all the 
available information from disparate sources and have framed a more complete picture 
of rDNA chromosome patterns within the whole of this economically important com-
plex. This is the first time such information has been integrated across numerous studies.

Methods

Plant materials and chromosome preparations

Seeds from five populations (Table 1) belonging to the Schedonorus-Lolium com-
plex were accessed from the Margot Forde Forage Germplasm Centre at AgResearch 
Grasslands, Palmerston North and PGG Wrightson Seeds, Christchurch, New Zea-
land. Lolium multiflorum Lamarck, 1779 of Moroccan origin was designated MRCN 
to distinguish it from L. multiflorum material of European origin. Seeds were germi-
nated and grown in a glasshouse. Somatic chromosome preparations were obtained 
from the meristematic tissue of actively growing root tips according to the flame-dry-
ing technique described earlier (Ansari et al. 1999, 2016). Good quality cytological 
preparations were selected after screening using phase contrast optics.
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Fluorescence in situ hybridization (FISH)

The DNA probes used for FISH were pTr18S (GenBank accession number AF071069), 
a 1.8 kb fragment from Trifolium repens Linnaeus, 1753 containing almost the en-
tire 18S rDNA sequence representing the 35S rDNA and pTr5S (GenBank acces-
sion number AF072692), a 596 bp DNA fragment encoding the T. repens 5S rRNA. 
35S and 5S rDNA probes were directly labelled with fluorochromes Fluor-X-dCTP 
and Cy-3-dCTP (GE Healthcare, NZ), respectively by nick translation according to 
manufacturer’s specifications. Double target FISH using the above DNA probes, post-
hybridisation washing and counterstaining of somatic chromosomes with DAPI were 
carried out as described earlier (Ansari et al. 1999). Chromosome preparations were 
mounted in Vectashield (Vector Laboratories). Fluorescence images were acquired us-
ing a Zeiss monochrome MRm CCD camera on a Nikon epifluorescence microscope 
Microphot-SA and were processed with an ISIS FISH Imaging System (MetaSystems, 
Germany). At least five good quality early to late metaphase cells from each plant were 
used for analysing hybridization signals.

Results

Results of double colour FISH mapping using 35S and 5S rDNA sequences as probes 
on pro-metaphase or metaphase chromosomes of Lolium perenne Linnaeus, 1753 (2n 
= 2x = 14) are given in Fig. 1. Six 35S rDNA signals representing three loci were lo-
cated proximally on three pairs of chromosomes (Fig. 1a, b). One locus was on the 
short arm of one chromosome pair, and the other two displayed hybridization on the 
long arms of two pairs of chromosomes. One of the chromosome pairs with 35S on 
the long arm displayed co-localization of the single 5S rDNA locus proximally on the 
short arm. The chromatin housing 35S rDNA regions, representing GC-rich nucleolus 
organizer regions (NORs) or secondary constrictions, were frequently decondensed 
and sometimes stretched in our flame-dried somatic chromosome preparations. These 
loci are positioned pericentromerically, and the cloudy decondensed and stretched 35S 
rDNA FISH signals could be observed joining the two condensed parts of NOR-
bearing chromosomes (Fig. 1a, b). L. multiflorum (2n = 2x = 14) of north European/
Mediterranean origin produced rDNA FISH signals identical to the pattern observed 
for L. perenne (Fig. 1c, d).

Table 1. List of Schedonorus-Lolium complex taxa used in this study.

Taxon Identity and source of seed
Festuca simensis Hochstetter ex A. Richard, 1851 BL 2043, Margot Forde Forage Germplasm Centre
Lolium perenne Linnaeus, 1753 Cv Impact, Margot Forde Forage Germplasm Centre
Lolium multiflorum Lamarck, 1779 B 3380, Margot Forde Forage Germplasm Centre
Lolium multiflorum MRCN Cv. Barberia, PGG Wrightson Seeds
Micropyropsis tuberosa Romero Zarco et Cabezudo, 1983 BZ 8319, Margot Forde Forage Germplasm Centre
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Figure 1. DAPI stained (grey scale) metaphase cells in the left column and the same cells in the 
right column displaying FISH mapping of 5S (red signals) and 35S rDNA sequences (green signals) 
in a, b L. perenne c, d L. multiflorum, European origin e, f L. multiflorum MRCN Moroccan origin 
g, h M. tuberosa i, j F. simensis. Dotted lines in a, c, e, g, and i denote decondensed 35S rDNA chromatin.
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In contrast to L. perenne and L. multiflorum of north European origin, L. multiflo-
rum (2n = 2x = 14) of Moroccan origin displayed only two pairs of NORs (Fig. 1e, f ), 
each pair located proximally on the long arm. One of these NOR-bearing chromo-
some pairs co-localised 5S sequences proximally on the short arm.

Micropyropsis tuberosa, 2n = 2x = 14, with a symmetrical karyotype, displayed one 
5S and one 35S rDNA locus, each on separate chromosome pairs, and located proxi-
mally on the short arms (Fig. 1g, h). Co-localization of the two rDNA sequences on 
the same chromosome was not observed in M. tuberosa.

Festuca simensis, 2n = 4x = 28, displayed all biarmed chromosomes and a sym-
metrical karyotype. The eight FISH signals were distributed on separate chromosomes 
(Fig.  1i, j). One of the three pairs of 5S rDNA signals hybridized interstitially on 
the short arms. Each of the remaining two pairs of 5S signals were located distally in 
terminal regions, one in the short arm and the other in the long arm of two pairs of 
chromosomes. The only pair of 35S signals was located proximally on the short arms 
of a chromosome pair. Again, F. simensis did not show co-localization of the two rDNA 
sequences.

Discussion

We have mapped the diversity in the chromosomal locations of the two rDNA se-
quences for five taxa of the Schedonorus-Lolium complex. Three of these, M. tuberosa, 
L. multiflorum MRCN and F. simensis, were previously unmapped. The results for 
L. perenne and N European L. multiflorum agree with previous studies (Thomas et al. 
1996; Ansari et al. 2016). The new results are discussed first and then rDNA chromo-
somal patterns across the complex are reviewed.

Micropyropsis tuberosa exhibited single 5S and 35S rDNA loci positioned proxi-
mally on separate chromosomes as was also the case for F. pratensis (Thomas et al. 
1997). In phylogenetic reconstructions within the Schedonorus-Lolium complex based 
on ITS and plastid DNA sequences, the divergence of M. tuberosa preceded the basal 
split between the diploid lineages of Festuca and Lolium (Torrecilla and Catalán 2002; 
Catalán et al. 2004; Inda et al. 2008, 2014; Šmarda et al. 2008). The similar arrange-
ment of single 5S and 35S rDNA loci in M. tuberosa and F. pratensis is consistent with 
the interpretation that this was the ancestral diploid Schedonorus arrangement before 
the Lolium split.

The “L. multiflorum” of Moroccan origin is typical of the main Lolium lineage in 
having more than one 35S rDNA locus. One of these 35S loci has a syntenic 5S locus on 
the opposite chromosome arm, in common with L. perenne and L. multiflorum of Eura-
sian origin. However, compared with Eurasian L. multiflorum the Moroccan taxon has 
one fewer 35S locus. The Moroccan “L. multiflorum” could be a new and unique N Afri-
can taxon that has chromosomal affinities with the allogamous Eurasian Lolium species.

A previous cytological analysis of the tropical African broad-leaved fescue, F. simen-
sis, showed it to be tetraploid (2n = 4x = 28) and AFLP fingerprinting revealed a close 
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phylogenetic relationship with European broad-leaved fescues, especially with hexa-
ploid F. gigantea, (Namaganda et al. 2006). Nuclear and plastid DNA sequence studies 
also placed F. simensis in the Schedonorus-Lolium complex, close to Lolium (Inda et al. 
2014). In this first molecular cytogenetics analysis of F. simensis, we have confirmed the 
tetraploidy, revealed a symmetrical biarmed karyotype and a distributional pattern of 
the two rDNA sequences consistent with allopolyploidy (Figs 1 and 2). In addition to 
two terminal 5S loci, on separate chromosomes, an interstitial 5S locus was observed on 
the short arm of a separate chromosome, a new location for this group of fescues. None 
of these 5S positions was consistent with the suggested close relationship with Lolium. 
On the other hand, the 35S rDNA locus was positioned proximally and could represent 
a link with a common ancestor to Lolium. Only one 35S locus was encountered in this 
allotetraploid, indicating uniparental loss during diploidisation. There are numerous 
examples of uniparental loss of 35S loci occurring in other allopolyploids (Ansari et al. 
1999; Kotseruba et al. 2003, 2010; Williams et al. 2012; Kolano et al. 2016).

Based on a low-copy nuclear gene analysis, Minaya et al. (2015) suggested a Medi-
terranean origin of Afromontane F. simensis through hybridization between a diploid 
F. glaucescens and a Lolium-like diploid species. However, none of the distribution pat-
terns of the two rDNA sequences in this allotetraploid align with F. glaucescens (Festuca 
arundinacea var. glaucescens Boissier, 1844). Instead, the distribution patterns are con-
sistent with the possible involvement of F. simensis in the formation of 6x F. gigantea 
(Linnaeus) Villars, 1787. Festuca pratensis Hudson, 1762 is a putative diploid sub-
genome donor of allohexaploid F. gigantea (Hand et al. 2010), but the sources of the 
other subgenomes remain unknown. We have noted a close similarity between the 5S 
and 35S patterns of allotetraploid F. simensis (present results) and F. gigantea (Thomas 
et al. 1997, Fig. 2). These species also show a close phylogenetic proximity based on 
DNA sequences (Namaganda et al. 2006; Inda et al. 2014). Hence, we infer that al-
lotetraploid F. simensis could be a potential donor of the remaining two sub-genomes 
of allohexaploid F. gigantea (Fig. 2).

rDNA locus patterns across the diploid Schedonorus-Lolium taxa

All Lolium species, along with M. tuberosa and F. pratensis are natural diploids. The 
Lolium species, are evolutionarily more recent than the Festuca species based on DNA 
sequence phylogenies (Gaut et al. 2000; Catalan et al. 2004; Inda et al. 2014). All Loli-
um taxa studied so far, comprising eight of the ten extant species, displayed exclusively 
proximal chromosomal locations of both 5S and 35S rDNA sequences (Fig. 2). After 
the divergence from Festuca, the Lolium lineage invariably conserved the proximal lo-
cations of both the rDNA loci, but changes in the numbers and syntenic status of these 
loci apparently occurred later. The proximal localization of 5S rDNA in these diploids 
matches well with the general distribution pattern of this locus among angiosperms 
but contrasts with most Poaceae (Roa and Guerra 2015). The proximal mapping of 
35S loci contrasts with more terminal localizations in the majority of angiosperms, 
including Poaceae (Roa and Guerra 2012; Garcia et al. 2017).
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Figure 2. Schematic representation of the putative evolutionary lineages for chromosomes carrying 5S and 
35S rDNA loci in the Schedonorus-Lolium complex. The numbers of marker and non-marker chromosomes 
are given inside the boxes. Red and black double circles represent 5S and 35S rDNA loci, respectively. *spe-
cies in solid boxes were investigated during the present study; †synonym for L. rigidum var rottbollioides; 
††synonym for F. arundinacea subsp. fenas (Lagasca y Segura) Bornmüller, 1928 (Ezquerro-López et al. 2017).
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A single 5S rDNA locus (two FISH signals per cell) consistently occurred in all 
Lolium species. The number of 35S loci displayed has previously been noted as a 
distinguishing feature between F. pratensis (one locus) and Lolium species (more than 
one locus) (Thomas et al. 1996; Inda and Wolny 2013). All the Lolium taxa displayed 
increases in the number of 35S loci ranging from 2 to 5 (Fig. 2). Accordingly, there 
are two loci in L. multiflorum (Moroccan origin), L. persicum Boissier et Hohenack-
er, 1854, L. temulentum Linnaeus, 1753, L. remotum Schrank, 1789, L. rigidum var. 
rottbollioides Heldreich ex Boissier, 1884 and L. canariense Steudel, 1855, three in L. 
perenne and L. multiflorum (European origin) to four or five in L. rigidum var. rigidum 
Gaudin, 1811. These results were consistent with those of angiosperms in general, 
where numbers of 5S sites vary considerably less than 35S sites (Lan and Albert 2011; 
Garcia et al. 2017).

The two types of rDNA loci can be located on the same chromosome (syntenic) 
or on separate chromosomes (non-syntenic) (Morales et al. 2012; Barros e Silva et 
al. 2013; Olanj et al. 2015). The Macaronesian Lolium species, L. canariense, has no 
synteny of 5S and 35S loci (Inda and Wolny 2013). However, the remaining Lolium 
taxa (including both geographical races of L. multiflorum) have synteny (Fig. 2). The 
syntenic patterns can be differentiated into two groups. In one (allogamous) group, 
the two types of rDNA sequences were located proximally on either side of the cen-
tromere of the same chromosome, as represented by L. perenne and both geographical 
forms of L. multiflorum. In the other (largely autogamous) group, represented by L. 
persicum, L. temulentum, L. remotum, and subspecies and races of L. rigidum, both 
types of rDNA sequences were adjacent on the same chromosome arm, with 35S 
always distal to 5S. L. canariense shows the diploid Micropyropsis-F. pratensis arrange-
ment with proximally located 5S and 35S rDNA loci on separate chromosomes as 
well as an additional pair of 35S loci (a Lolium characteristic, Fig. 2). On this basis, 
Inda and Wolny (2013) have suggested that L. canariense could be the link between 
the Festuca and Lolium lineages.

rDNA locus patterns among the polyploid Festuca species

The data presented in Fig. 2, based on the present investigation as well as earlier reports 
and analyses of DNA sequences (Thomas et al. 1997; Hand et al. 2010; Inda et al. 
2014; Minaya et al. 2015; Ezquerro-López et al. 2017), summarise the patterns among 
polyploid species in subgenus Schedonorus. All the species are allopolyploid (Cao et al. 
2000; Hand et al. 2010; Inda et al. 2014; Minaya et al. 2015; Ezquerro-López et al. 
2017) and show no changes in the basic chromosome number (x = 7) and no apparent 
changes in the ancestral karyotype.

The numbers of 5S loci range from two in the tetraploids, F. mairei St. Yves, 1922 
and F. glaucescens to eight in decaploid F. letourneuxiana (Festuca arundinacea var. le-
tourneuxiana (St. Yves) Torrecilla et Catalán, 2002) while 35S numbers ranged from 
one in tetraploid F. simensis to six in F. letourneuxiana (Fig. 2). Localisation of two 35S 
loci on the same chromosome, as in the tetraploids F. mairei and F. glaucescens (Thomas 
et al. 1997) is not frequently encountered in plants.
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Seven of the eight Festuca polyploids had the 5S rDNA loci in the proximal re-
gion, either exclusively or in addition to other regions (Fig. 2). Terminal 5S loci were 
encountered in only three polyploid species and an interstitial 5S locus was found 
only in F. simensis (present study). In contrast, terminal 35S loci were more frequent. 
Five species mapped at least one 35S locus in the terminal region while four displayed 
exclusively terminal 35S loci (Fig. 2). Among these were tetraploids either with termi-
nal 35S loci on each arm of one chromosome (F. glaucescens) or two 35S loci adjacent 
to each other on the same arm (F. mairei) (Fig. 2; Thomas et al. 1997). Three poly-
ploids displayed exclusively proximal 35S hybridization signals including tetraploid F. 
simensis with only one 35S locus. The higher frequency of terminal 35S loci among 
the Festuca polyploids aligns well with the majority of angiosperms (Roa and Guerra 
2012; Garcia et al. 2017). None of the Festuca species in the Schedonorus-Lolium com-
plex studied so far have a syntenic arrangement of 5S and 35S rDNA loci, except for 
hexaploid F. corsica Salm-Reifferscheid-Dyck, 1840 which displayed synteny only in 
heteromorphic form (Ezquerro-López et al. 2017).

Two allotetraploids, F. mairei and F. glaucescens have been suggested as the ances-
tral parents of allo-octoploid F. atlantigena (Festuca arundinacea subsp. atlantigena (St. 
Yves) Auquier, 1976) based on the formation of fertile interspecific hybrids between 
the two suggested ancestral parental species (Chandrasekharan and Thomas 1971) and 
FISH mapping of the two marker loci (Ezquerro-López et al. 2017). Six proximal 5S 
loci in the octoploid would reflect locus additivity from the ancestral parents while 
the elimination of one 35S locus may reflect genomic diploidisation. The ancestral 
parents of decaploid F. letourneuxiana could not be narrowed down by FISH mapping 
(Ezquerro-López et al. 2017). The allohexaploid species continental F. arundinacea 
Schreber, 1771 and F. corsica are hypothesised to share the same ancestral parents, viz., 
diploid F. pratensis and allotetraploid F. glaucescens (Humphreys et al. 1995; Thomas 
et al. 1997; Ezquerro-López et al. 2017; Fig. 2). Two distribution patterns of 5S and 
35S rDNA sequences were observed in these allohexaploids, with differential losses 
of 35S loci and transpositions of both 5S and 35S loci. The display of two different 
trajectories of speciation in allopolyploids sharing the same lower-ploid ancestors has 
been proposed in other angiosperms (Bao et al. 2010; Weiss-Schneeweiss et al. 2012).

All four Festuca higher polyploids with putative parents reveal additivity of numbers 
of 5S loci, but, in three cases, losses of 35S loci, (Fig. 2). Diploidisation of polyploids 
may lead to the evolutionary loss of repetitive sequences and duplicate copies of genes 
(Renny-Byfield et al. 2013). Older polyploids often, but not always, show losses of cop-
ies of 35S rDNA genes and, in allotetraploids, uniparental losses of 35S loci are com-
mon (Leitch et al. 2008; Pellicer et al. 2010; Roa and Guerra 2012; Weiss-Schneeweiss 
et al. 2013; Garcia et al. 2017). Although there were positional shifts involving both 5S 
and 35S types, the results were consistent with the general observation for angiosperms 
that 5S loci are less variable than 35S loci (Lan and Albert 2011; Garcia et al. 2017).

The three allotetraploids (F. simensis, F. mairei and F. glaucescens), as the putative 
sub-genome donors to the allohexaploid and octoploid species, provide a novel exam-
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ple of sequential allopolyploidisation. The putative progenitors of all three allotetra-
ploids remain unknown. However, nuclear and chloroplast DNA sequence analyses 
(Hand et al. 2010), supported by FISH mapping (Thomas et al. 1997) indicate that 
a diploid sub-genome is shared between F. mairei and F. glaucescens. The tetraploid 
species that became the sub-genome donors for higher ploidy fescues had terminal 
5S and 35S loci that were largely conserved in the derivative species (Fig. 2). Among 
the Schedonorus-Lolium complex diploids studied so far, none have shown terminal 
localization of either marker, and neither were their DNA sequences consistent with 
them having been progenitors of these tetraploids (Hand et al. 2010). Harper et al. 
(2004) speculated on the basis of molecular cytogenetic findings, that diploid F. scari-
osa Lagasca y Segura ex Willkomm, 1861, belonging to the sub-genus Scariosae outside 
the Schedonorus-Lolium complex, was a potential ancestral parent for allotetraploid 
F. mairei. The likelihood of involvement of diploid sub-genome donor species from 
outside the Schedonorus-Lolium complex should be further explored using molecular 
and cytogenetic methods, including genomic in situ hybridization.

The variations in numbers of 35S sites in Lolium and the post-polyploidisation 
changes in the Festuca species have apparently occurred without any obvious chang-
es in the symmetrical bi-armed karyotype that is a consistent feature of the Schedo-
norus-Lolium complex. Such lability in the absence of obvious structural changes 
might be attributable to paracentric chromosome rearrangements and/or the activ-
ity of transposable elements (Datson and Murray 2006; Raskina et al. 2008; Lan 
and Albert 2011; Barros e Silva et al. 2013; Weiss-Schneeweiss et al. 2013; Kolano 
et al. 2015).

Conclusion

This report has extended the distributional data on the rDNA sequences to seven of the 
ten known Lolium species and has added F. simensis to the list of seven polyploid fescue 
species already characterised. It has also explored the distribution patterns of rDNA 
loci within the Schedonorus-Lolium complex and considers some possible evolutionary 
trends. While these patterns can be used to deduce relationships among the higher 
polyploid Festuca species, the diploid progenitors of the allotetraploid species remain 
unidentified and enigmatic.
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Abstract
This paper provides new cytotaxonomic data on the genus Narcissus Linnaeus, 1753, in Algeria. Popula-
tions of seven taxa, N. tazetta Linnaeus, 1753, N. pachybolbus Durieu, 1847, N. papyraceus Ker Gawler, 
1806, N. elegans (Haworth) Spach, 1846, N. serotinus sensu lato Linnaeus, 1753, including N. obsoletus 
(Haworth) Steudel, 1841, and N. cantabricus De Candolle, 1815, were karyologically investigated through 
chromosome counting and karyotype parameters. N. tazetta and N. elegans have the same number of chro-
mosomes 2n = 2x = 20 with different karyotype formulas. Karyological and morphological characteristics, 
confirm the specific status of N. pachybolbus and N. papyraceus, both are diploids with 2n = 22 but dif-
fering in asymmetry indices. The morphotypes corresponding to N. serotinus sensu lato show two ploidy 
levels 2n = 4x = 20 and 2n = 6x = 30 characterized by a yellow corona. Some hexaploid cytotypes have 
more asymmetric karyotype with predominance of subtelocentric chromosomes. They are distinguished 
by orange corona and may correspond to N. obsoletus. Other cytotype 2n = 28 of N. serotinus was observed 
in the North Western biogeographic sectors. N. cantabricus was found to be diploid with 2n = 2x = 14, 
which is a new diploid report in the southernmost geographic range of this polyploid complex.
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Introduction

The extended family of the Amaryllidaceae J. S. Hilaire, 1805, is one of the largest 
families of Asparagales. Among the subfamily Amaryllidoideae Burnett, 1835, species 
of tribe Narcisseae H.C. Lam et De Candolle, 1806, distributed in about 11 sections 
(Zonneveld 2008; Marquez et al. 2017), constitute the most attractive group of plants 
due to their botanical characteristics, evolutionary trends, biochemical properties and 
ornamental interests. Despite the well-known phylogenetic relationships at the generic 
level (Santos-Gally et al. 2012; Marques et al. 2017), many questions remain still 
unclear at the specific level. This is probably due to the lack of unequivocal diagnostic 
characters, a likely consequence of a variation driven by a deeply reticulated evolution-
ary history with their high ability to hybridize (Rønsted et al. 2008; Aedo et al. 2013; 
García et al. 2014; López-Tirado 2018; González et al. 2019). Moreover, species of 
tribe Narcisseae, constitute an enigmatic model of karyotype evolution in terms of 
chromosome numbers, base number and origin of the polyploids. This is particularly 
true for species of genus Narcissus Linnaeus, 1753, which with about fifty species, 
exhibit a high variation in chromosome numbers ranging from 2n = 10 to 72 with oc-
currence of aneuploidy and polyploidy (Fernandes 1975; Brandham and Kirton 1987; 
Zonneveld 2008; Díaz Lifante et al. 2009; Sun et al. 2015). Many chromosome num-
bers have been reported and different basic numbers assumed but still unclarified. The 
most reported basic chromosome numbers in the literature were x = 5, x = 7, x = 10 
and x = 11. In Algeria, species of genus Narcissus belong to three sections: Tazetteae De 
Candolle, 1806, Serotini Parlatore and Bulbocodii DC.

In the section Tazetteae, four species were recognized in the Algerian flora (Maire 
1959). For this section, the common cited chromosome number was 2n = 2x = 20 
(Fernandes 1975; Brandham and Kirton 1987) especially for Narcissus tazetta Lin-
naeus, 1753, the most karyologically studied species. This species is widely distributed 
in the Mediterranean region, with the South Iberian Peninsula and Morocco as the 
center of diversity (Santos-Gally et al. 2012), and could reach the southern-west Asia, 
China and Japan (Hong 1982). These plants are characterized by a striking morpho-
logical variability expressed at the shape and color of corona and perianth divisions 
(Jones et al. 2008; Mifsud and Caruana 2010; Koopowitz et al. 2017). Comparison 
of the genome size by flow cytometry within N. tazetta had led Zonneveld (2008) to 
assume that this species is tetraploid with base number x = 5. In this same section, Nar-
cissus elegans (Haworth) Spach, 1846, is also considered as tetraploid with 2n = 4x = 20 
according to studies on genome size (Zonneveld 2008), in situ hybridization (Díaz 
Lifante et al. 2009) and phylogenetic analyzis (Marques et al. 2017). In section Sero-
tini, the base number is also x = 5 and concerns Narcissus serotinus Linnaeus, 1753, 
sensu lato, in which three cytotypes have been observed: diploid (2n = 10), tetraploid 
(2n  =  20) and hexaploid (2n = 30). These cytotypes were observed in populations 
respectively from the Iberian Peninsula and Morocco (Fernandes 1968; Aedo 2013), 
Sicily (Garbari et al. 1973; Phitos and Kamari 1974) and Central Italy (D’Amato 
2004). The geographic range of the type N. serotinus would cover the Iberian Peninsula 
and northern Morocco. The presence of this taxon in Algeria, was recorded by all the 
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botanists in XIX and XX centuries (Munby 1847; Battandier and Trabut 1895; Maire 
1959; Quézel and Santa 1962) but remains doubtful and raises controversy as under-
lined in the Red List of IUCN (Juan Vicedo et al. 2018).

Although belonging to two different sections, N. elegans and N. serotinus would 
be involved as parents in the origin of natural hybrids such as N. obsoletus (Haworth) 
Steudel, 1841, and N. miniatus Donnison-Morgan, Koopowitz, Zonneveld, 2005, 
this latter species was discovered in Southern Spain (Donnison-Morgan et al. 2005). 
Both N. miniatus and N. obsoletus would be allohexaploid with 2n = 6x = 30 as 
highlighted by flow cytometry (Donnison-Morgan et al. 2005; Zonneveld 2008), 
and molecular cytogenetics (Diaz Lifante et al. 2009; Marques et al. 2010). In the 
district of Algiers, Quézel and Santa (1962) following Maire (1959), referred to a 
hybrid × obsoletus (= N. elegans var. intermedius J. Gay). Two other daffodils of the flora 
of Algeria, N. pachybolbus Durieu, 1847, and N. papyraceus Ker Gawler,1806, were 
often confused. Regarding their inflorescence and flowers, these species share many 
similarities with N. tazetta, that led Maire (1959) to consider them under N. tazetta 
subsp. pachybolbus (Durieu) Baker, 1888, and N. tazetta subsp. papyraceus (Ker Gawler) 
Baker, 1888. Yet, N. pachybolbus was discovered in 1846 by Durieu de Maisonneuve 
in the NW Algeria near Oran (Battandier and Trabut 1895), and was first considered 
as endemic to this region (Munby 1847; Battandier and Trabut 1895). N. papyraceus 
would be introduced from Europe, cultivated and then locally naturalized (Maire 
1959). Phylogenetic analyses highlighted their very close relationships in the same 
clade (Jiménez et al. 2015; Marques et al. 2017) but were recognized today as distinct 
species by most nomenclatural databases.

Similar ambiguity arose in Algeria for Narcissus cantabricus De Candolle, 1815, of 
the section Bulbocodii. This species has been considered first under N. bulbocodium 
subsp. monophyllus (Durieu) Maire, 1931, then later, as a distinct species (Quézel 
and Santa 1962). N. bulbocodium is distinguished by a large polyploid series ranging 
from diploid 2n = 14 to octaploid 2n = 72 (Fernandes 1963, 1968; Zonneveld 2008; 
Marques et al. 2017) while N. cantabricus was known as diploid and tetraploid in 
Spain and Morocco.

Despite its central biogeographic position in the southwestern Mediterranean re-
gion, Algeria is characterized by an obvious lack of cytotaxonomic data leading to 
controversies about status and circumscription of many taxonomic units particularly 
within the Asparagales (Hamouche et al. 2010; Azizi et al. 2016; Khedim et al. 2016; 
Boubetra et al. 2017). Unfortunately, genus Narcissus is little known and poorly stud-
ied in our country.

The aim of this study is to fill the gap in the karyological data that links between 
the floras of the western Mediterranean region. It focuses on the main taxa of genus 
Narcissus recognized in the flora of Algeria, namely N. tazetta, N. elegans, N. serotinus 
sensu lato, N. pachybolbus, N. papyraceus and N. cantabricus. Chromosomal count-
ing, structural parameters of the karyotype and the geographical distribution of the 
polyploidy have been done for each species. Karyological data were linked to morpho-
logical and chorological criteria in order to improve taxonomic and nomenclatural 
knowledge on the genus Narcissus in Algeria.
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Materials and methods

Sampling and plant identification

Plant material used in this study consists of 32 natural populations of genus Narcissus 
sampled in contrasting ecological conditions along the east-west biogeographic gradi-
ent of the northern Algeria (Table 1). Systematic determinations were made using the 
main Algerian floras (Munby 1847; Battandier and Trabut 1895, 1902; Maire 1959; 
Quézel and Santa 1962) as well as floras from the Iberian Peninsula (Aedo 2013), 
from Morocco (Fennane et al. 2014), and from Tunisia (Le Floc’h et al. 2010). Status 
of the species and synonyms have been checked on the two main specialized websites, 
World Check List of Selected Plant Families (Govaerts 2015) and African plant data-

Table 1. Coordinates, altitude and bioclimate of the collecting sites in northern Algeria.

Locality Altitude (m) Geographic coordinates Bioclimate† Collected species‡

Beni Bahdel 760 34°42'30.49"N, 01°31'08.33"W Subhumid N. cantabricus
Ain Ftouh 831 34°43'23.00"N, 01°27'13.00"W Subhumid N. elegans / N. serotinus s.l.*
Ahfir 1202 34°46'56.40"N, 01°24'54.70"W Subhumid N. serotinus s.l.
Mansourah 1160 34°50'12.60"N, 01°02'20.90"W Subhumid N. cantabricus
El-Ourit 739 34°25'00.00"N, 01°16'00.00"W Subhumid N. pachybolbus
Emir Abdelkader 460 35°13'34.50"N, 01°23'33.50"W Subhumid N. pachybolbus
Tessala 801 35°16'09.90"N, 00°46'16.80"W Subhumid N. elegans
Boutlélis 291 35°34'11.40"N, 00°54'00.00"W Semi arid N. elegans / N. serotinus s.l.
Santa Cruz 319 35°42'36.40"N, 00°39'51.10"W Semi arid N. elegans
Miliana 570 36°18'45.60"N, 02°16'22.06"E Subhumid N. tazetta
Mouzaïa 110 36°28'00.00"N, 02°41'00.00"E Subhumid N. tazetta
Chréa 1000 36°28'16.50"N, 02°55'37.40"E Humid N. tazetta
Chenoua 15 36°36'23.00"N, 02°22'21.00"E Subhumid N. elegans
Sainte Salsa 20 36°35'31.00"N, 02°26'58.00"E Subhumid N. elegans / N. serotinus s.l.
Hammam Mélouane 142 36°29'51.70"N, 03°03'29.60"E Humid N. tazetta
Ain Tagourait 219 36°35'00.00"N, 02°37'00.00"E Subhumid N. elegans / N. serotinus s.l.
Béni Messous 50 36°46'44.00"N, 02°58'30.10"E Subhumid N. elegans
Baraki 22 36°39'58.00"N, 03°05'30.00"E Subhumid N. tazetta
Baïnem 248 36°48'00.00"N, 02°58'00.00"E Subhumid N. serotinus s.l.
Bologhine 25 36°48'24.20"N, 03°02'24.50"E Subhumid N. papyraceus
El Alia 30 36°43'12.00"N, 03°10'00.00"E Subhumid N. papyraceus
Yakouren 700 36°43'49.90"N, 04°27'51.00"E Humid N. tazetta
Tizi Tghidet 750 36°44'48.00"N, 04°26'55.00"E Humid N. tazetta
Adekar 500 36°41'00.00"N, 04°40'00.00"E Humid N. elegans
Mont Gouraya 540 36°46'07.20"N, 04°49'50.00"E Subhumid N. elegans
El Aouana 74 36°46'00.00"N, 06°33'00.00"E Humid N. elegans
Aït Ali (Ziama) 970 36°37'04.40"N, 05°28'44.10"E Humid N. serotinus s.l.
Djebel Ouahch 983 36°24'24.50"N, 06°40'32.50"E Subhumid N. tazetta
Sidi Khélifa 864 36°21'08.90"N, 06°17'01.40"E Subhumid N. tazetta
Oued Djenane 302 36°49'17.10"N, 08°37'30.10"E Humid N. tazetta
El Aïoun 282 36°49'04.80"N, 08°37'29.40"E Humid N. tazetta
Tabarka (Tunisia) 80 36°52'21.70"N, 08°43'53.70"E Humid N. tazetta

† Bioclimate from Quézel and Santa (1962).
‡ Nomenclature from Maire (1959), Quézel and Santa (1962) and Dobignard and Chatelain (2010–2013).
*N. serotinus sensu lato includes also N. obsoletus.
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base (Dobignard and Chatelain 2013). The studied taxa are presented in Table 2 and 
Fig. 1: N. tazetta and N. elegans are represented by several populations. Two natural 
populations of N. pachybolbus were narrowly located in the north-west of Algeria on 
the Mounts of Tlemcen, while those belonging to N. papyraceus are naturalized relics 
of cultivated plants. N. serotinus sensu lato is represented by populations collected over 
all the sampling area, some of which belong to N. obsoletus. N. cantabricus is narrowly 
located in the NW of Algeria at Tlemcen and near the Algerian-Moroccan border. 
From each site, 3–10 plants per taxon, with bulb, leaves and flowers, were collected. 
Voucher specimens were deposited at the Official Herbarium of ENSA (Algiers, Alge-
ria) under numbers: ENSA13367-68 (N. cantabricus), ENSA13369-73 (N. elegans), 
ENSA13374-75 (N. pachybolbus), ENSA13376-77 (N. papyraceus), ENSA13378-81 
(N. serotinus), ENSA13386-93 (N. tazetta).

Table 2. Comparison of the studied species of Narcissus based on the main diagnostic criteria.

Section  Tazetteae Serotini Bulbocodii
Species N. tazetta N. pachybolbus N. papyraceus N. elegans N. serotinus 

sensu lato
N. cantabricus

Bulb length (mm) 28–58 39–77 37–62 15–38 13–22 19–21
Bulb width (mm) 15–58 37–68 30–55 12–34 7–20 10–15
Color of the tunic black brown black black brown black black black
Leaf number at flowering 2–8 3–5 3–6 1 0 1–5
Synanthous versus 
hysteranthous

synanthous synanthous synanthous synanthous hysteranthous synanthous

Length of scape (mm) 80–510 204–496 370–672 102–523 85–240 104–137
Length of spathe (mm) 32–70 30–50 35–50 17–44 15–30 18–25
Number of flowers per scape 3–12 9–15 6–13 1–5 1 rarely 2 1
Hypanthial tube length (mm) 23–44 19–39 14–36 14–30 13–24 23–47
Hypanthial tube shape cylindric cylindric cylindric subcylindric narrow subcylindric obconic–funnel
Corona color yellow–orange white white olive yellow / 

greenish orange
variable yellow 

to orange
White rarely 

white–yellowish
Corona size medium medium medium small small very large
Color of tepals white yellow white white greenish white greenish white white
Pedicel length (mm) 18–52 19–40 27–62 9–40 11–25 3–4
Stamen position emergent / not 

emergent
emergent not emergent not emergent not emergent emergent

Note: Diagnostic criteria from the main floras of Algeria: Battandier and Trabut (1902), Maire (1959), Quézel and Santa (1962).

Chromosome preparations

Chromosomal analysis was based on metaphase plates of root-tip cells from cultivated 
bulbs. Young roots (6–10 mm long) were pre-treated with 1% colchicine for 5–6 hours 
at room temperature, then fixed in ethanol-acetic acid (3:1) for 48 hours and con-
served at 4 °C in ethanol 70°.The protocol was adapted from the Feulgen method (Ja-
hier et al. 1992). The root-tips were hydrolysed in 1N hydrochloric acid for 7–12 min 
at 60 °C before stained with Schiff’s reagent in darkness for 1–2 hours. The squash was 
made in a drop of 45% acetic acid or carmine acetic. Metaphase plates were examined 
with a Zeiss Axiostar-Plus Microscope. Cells with good spreading of chromosomes 
were photographed.
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Karyotype analysis

Karyomorphometric measurements and the homologous chromosome ordering 
were made using the KaryoType Software 2.0 (Altınordu et al. 2016). Chromosomes 
are described according to the nomenclature of Levan et al. (1964) based on the arm 

Figure 1. Habits and flowers of species of genus Narcissus from Algeria. N. tazetta: A, B Sidi Khélifa 
C, D Hammam Mélouane E Yakouren F–G Tizi Tghidet. N. pachybolbus: H–K El-Ourit. N. papyraceus: 
L–M  Bologhine. N. elegans: N–Q. N. serotinus: R–S Ain Ftouh. N. obsoletus: T–U Sainte Salsa. 
N. cantabricus: V–X Mansourah. Photos by Rachid Amirouche.
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ratio (r = long arm / short arm) and the centromeric index (CI% = short arm / long 
arm + short arm × 100): metacentric (m), submetacentric (sm), subtelocentric (st) 
and telocentric (t). Ideograms were drawn from at least 5 well-spread metaphase 
plates of different individuals. Karyotype asymmetry indices were estimated follow-
ing the proposal of Peruzzi and Eroğlu (2013). The intrachromosomal asymmetry 
index is represented by the mean centromeric asymmetry MCA = A × 100, where 
A is the average ratio of long arm-short arm/long arm + short arm (Watanabe et 
al. 1999). The interchromosomal asymmetry index is the coefficient of variation 
of chromosome length CVCL = A2 × 100 (Paszko, 2006) where A2 is the standard 
deviation of chromosome length/mean chromosome length (Romero Zarco 1986). 
The coefficient of variation of the centromeric index CVCI = SCI / X– CI × 100 is 
the ratio between the standard deviation SCI and the mean centromeric index X– CI 
(Paszko 2006).

Morphological analysis

In order to link karyological data to morphological relationships between the stud-
ied species, multivariate analyses were carried out using the diagnostic descriptors 
of vegetative and reproductive parts, some from personal observations (Table 3). 
Principal Component Analysis (PCA) were performed using the program R Software 
4.1.0 (2021).

Table 3. List and abbreviations of the morphological characters used in the multivariate analysis.

Quantitative characters Shape of the scape
Bl Bulb length (mm) SScyl cylindrical slightly ridged
Bw Bulb width (mm) SSang angular ribbed 
Ln Leaf number Section of the scape
Scl Scape length (mm) SSfill filled 
Spl Spathe length (mm) SSfist fistilous 
Nf Number of flowers by scape Shape of pedicel
Pl Pedicel length (mm) SPs smooth
Hl Hypanthial tube length (mm) SPa angular
Ns Number of scape sheath/ scape Color of tunic bulb 
Ow Ovary width (mm) TBcol1 black
Ol Ovary length (mm) TBcol2 brown
Tl Outer Tepal length (mm) Color of corona 
Tl/w Ratio tepal length / width (mm) Corcol1 orange bright
Tel Tunic extension wrapping the scape (mm) Corcol2 yellow-orange
Ch Corona height (mm) Corcol3 Yellow-lemon 

Corcol4 white
Qualitative characters Corcol5 orange / orange greenish
Leaves at flowering Corcol6 yellow / yellow greenish
Syn Synanthous Shape of hypanthial tube 
Hyst Hysteranthous Hysh1 subcylindric large
Color of the tepals Hysh2 subcylindric narrow
Tc1 White Hysh3 cylindric
Tc2 yellow Hysh4 obconic funnel
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Results

Chromosome numbers, ploidy level and characteristics of the karyotypes of the 
examined populations are summarized in Table 4. Comparisons of chromosome 
numbers from this study with those reported in the literature are summarized in 
Table 5. Representative metaphases and ideograms are shown in Figs 2, 3 respectively. 
Following the karyological data, we carried out morphological analysis for the 
studied taxa i.e., N. tazetta, N. elegans, N. pachybolbus, N. papyraceus, N. serotinus and 
N. cantabricus. Morphological analyses aim to highlight on interspecific variability in 
relation to karyological characteristics of the species.

Table 4. Chromosome number, ploidy level and karyotype characteristics of the examined populations 
of genus Narcissus in Algeria.

Species/ Populations Ind/ cells x 2n Pl Karyotype formula THL Asymmetry indices
Stebbins A1 A2 MCA CVCL CVCI

Narcissus tazetta L.
Tabarka (Tunisia) 4/16 10 20 2x 4m + 10sm (2sat) + 6st 114.75 3B 0.54 0.36 38.85 35.83 27.56
Oued Djenane 5/20 10 20 2x 2m + 8sm + 10st 126.12 3B 0.62 0.40 46.68 39.93 29.23
Sidi Khélifa 3/8

10 20 2x 10sm + 10st 126.17 3B 0.66 0.38 50.27 38.45 20.54

El Aïoun 4/12
Hammam Mélouane 7/31
Yakouren 3/15
Baraki 5/38
Mouzaïa 5/15

Narcissus pachybolbus Dur.
Emir Abdelkader 5/21

11 22 2x 6m (2sat) + 6sm (2sat) + 8st + 2t 151.92 3B 0.53 0.43 40.18 43.06 40.73
El-Ourit 3/10

Narcissus papyraceus Ker Gawl.
Bologhine 6/36

11 22 2x 6m (2sat) + 12sm + 4st 115.50 3B 0.55 0.38 39.86 37.62 29.57
El Alia 3/10

Narcissus elegans (Haw.) Spach
Ain Tagourait 4/8 10 20 2x 2m + 2sm + 14st + 2t (2sat) 145.23 3B 0.72 0.29 58.73 29.00 46.78
Boutlélis 3/14

10 20 2x 2m + 4sm + 14st 125.32 2B 0.69 0.32 54.15 31.94 32.92

Santa Cruz 4/9
Sainte Salsa 7/28
Béni Messous 3/9
Chenoua 3/20
Tessala 4/8

Narcissus serotinus L.
Aït Ali 2/30 5 20 4x 2m + 6sm + 12st 66.01 3B 0.69 0.33 55.29 34.40 39.40
Ain Ftouh 6/10

- 28 - - - - - - - - -
Boutlélis 4/10
Sainte Salsa 6/10 5 30 6x 6m + 6sm + 18st 78.89 3C 0.58 0.39 43.53 39.34 35.20
Ain Tagourait 4/12 5 30 6x 1M + 11m + 6sm + 12st 101.89 3B 0.47 0.37 34.86 37.15 38.07

N. obsoletus (Haw.) Steud
Ain Ftouh 4/10

- 30 - - - - - - - - -Boutlélis 5/15
Sainte Salsa 3/10

Narcissus cantabricus DC.
Mansourah 5/15 7 14 2x 6m + 4sm + 4st 67.80 3A 0.45 0.27 31.33 26.91 29.16

Abbreviations: Ind/cells numbers of individuals/metaphase plates used for ideogram construction, Pl ploidy, THL Total Haploid 
Length, m, sm, st, t: type of chromosome according to Levan et al. (1964), sat: satellite, MCA Mean Centromeric Asymmetry, CVCL 
Coefficient of Variation of Chromosome Length, CVCI Coefficient of Variation of Centromeric Index, A1, A2 intra and inter chromo-
somal asymmetry index, Stebbins Karyotype asymmetry degree.
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Narcissus tazetta Linnaeus, 1753, sensu lato

≡ Narcissus tazetta subsp. tazetta

This species has many heterotypic synonyms. It is widespread in the north of Algeria 
and shows a high polymorphism with regard to the color of the perianth and corona 
(Fig. 1). The somatic chromosome number is generally 2n = 20 (Fig. 2A) and constant 
in all the karyologically examined populations (Table 4). Sometimes 1 to 2 super-
numerary chromosomes have been observed such as in populations of Sidi Khélifa 
(Fig. 2B, C), and Oued Djenane (Fig. 2D). Three different cytotypes were observed 
(Table 3). The karyotypic formula 10sm + 10st was found in most of populations. 
Two other cytotypes concern populations located towards the east, Oued Djenane 
and Tabarka, with 2m + 8sm + 10st and 4m + 10sm (2sat) + 6st, respectively. The 
last two karyotypes are distinguished by a lower asymmetry indices MCA, 38.85 and 
46.68 respectively, versus 50.27 for the remain populations. Satellites were observed in 
population of Tabarka only (Fig. 2E), which is characterized by a relative smaller total 
haploid length (THL = 114.75 µm).

Narcissus pachybolbus Durieu, 1847

≡ Narcissus tazetta subsp. pachybolbus (Durieu) Baker, 1888
≡ Narcissus papyraceus subsp. pachybolbus (Durieu) D.A. Webb, 1978

Narcissus pachybolbus is narrowly distributed in NW Algeria mainly in the region of 
Tlemcen. Two populations were sampled at Emir Abdelkader and El Ourit. Both 
are diploids with 2n = 2x = 22 and share the same karyotype formula 6m (2sat) + 
6sm (2sat) + 8st + 2t (Table 3). This species has the highest total haploid length 
THL = 151.92 µm. The karyotype is distinguished by terminal satellites on the second 
and third largest submetacentric and subtelocentric pairs (Figs 2F, 3D).

Narcissus papyraceus Ker Gawler, 1806

≡ Narcissus tazetta subsp. papyraceus (Ker Gawler) Baker, 1888

This species has long been confused with the spontaneous N. pachybolbus due to strong 
similarities in the flower. N. papyraceus is an ancient cultivated species locally natural-
ized in Algeria. Two populations were found in the cemeteries of Algiers at Bologhine 
(ex. Saint Eugène) (Fig. 2G) and El Alia. Both populations show 2n = 2x = 22 chro-
mosomes with the same karyotype formula 6m (2sat) + 12sm + 4st (Table 3). The 
karyotype of this species differs from that of N. pachybolbus by the presence of satellites 
on the 3rd metacentric pair. For this taxon, the coefficients of variation of the length of 
the chromosomes (CVCL = 37.62) as well as the centromeric index (CVCI = 29.57) are 
lower. Despite their morphological similarity, the THL of N. papyraceus is closer to that 
of N. tazetta than that of N. pachybolbus (Table 3, Fig. 3E).



Naila Chahinez Boukhebache et al.  /  Comparative Cytogenetics 16(1): 55–76 (2022)64

N. elegans (Haworth) Spach, 1846

≡ Hermione elegans Haworth, 1831

N. elegans is encountered mainly in the Tell of the biogeographical sectors of Oranie, 
Algiers and the Kabylies. Seven representative populations were karyologically exam-
ined. The same diploid somatic chromosome number 2n = 20 are observed in all the 
samples with x = 10 (Table 4). However, two slightly different karyotypes were ob-
served (Table 4, Fig. 2H, I). The most frequent concerns populations from the western 
region (Boutlélis, Santa Cruz, Tessala) and the center region (Chenoua, Sainte Salsa, 
Béni Messous) (Fig. 2H). The karyotype formula is 2m + 4sm + 14st. The second kary-
otype with formula 2m + 2sm + 14st + 2t (2sat) was observed only in the population of 
Ain Tagourait (Fig. 2J). It is distinguished by a coefficient of variation of centromeric 
index CVCI (46.78 vs 32.92) and total haploid length THL (145.23 µm vs 125.32 µm).

N. serotinus Linnaeus, 1753, sensu lato

= Narcissus serotinus var. emarginatus Chabert, 1889
Including N. obsoletus (Haworth) Steudel, 1841
≡ Hermione obsoleta Haworth, 1819

N. serotinus sensu lato is found in the same biogeographical areas than N. elegans, how-
ever with a much smaller occurrence. Sometimes, the two species grow in sympatry as 

Table 5. Chromosome numbers of the studied species of genus Narcissus from Algeria compared to 
reports from the literature.

Species This study Reports from the literature
N. tazetta L. 2n = 20 

2n = 20 + 1
2n = 14, 20, 22, 24, 28, 30, 32 Sharma and Sharma (1961), Brandham and Kirton (1987)

2n = 20 Hong (1982), Garbari et al. (1988), Baldini (1990), 
Dominicis et al. (2002), Aquaro et al. (2007), Zonneveld 
(2008), Diaz Lifante et al. (2009), Marques et al. (2010), 

Boukhenane et al. (2015)
2n = 10, 20, 21, 22, 30, 31, 32 Aedo (2013)

N. pachybolbus Dur. 2n = 22 2n = 22 Maugini (1953), Brandham and Kirton (1987)
2n = 36 Aedo (2013)

N. papyraceus Ker Gawl. 2n = 22 2n = 22 Brandham (1942), D’Amato (2004), Aedo (2013), Sama-
ropoulou et al. (2013), Marques et al. (2017)

N. elegans (Haw.) Spach 2n = 20 2n = 20 Fernandes (1966), Brandham and Kirton 1987, D’Amato 
(2004), Donnison-Morgan et al. (2005), Zonneveld 

(2008), Díaz Lifante et al. (2009), Marques et al. (2012), 
Aedo (2013), Troia et al. (2013)

2n = 30 Brandham and Kirton (1987)
N. serotinus L. 2n = 20 

2n = 28 
2n = 30

2n = 10 Fernandes (1968, 1975), Brandham and Kirton (1987), 
Zonneveld (2008)

2n = 10 (15) Aedo (2013)
2n = 20 Garbari et al. (1973), Phitos and Kamari (1974)
2n = 30 D’Amato (2004), Zonneveld (2008)

N. obsoletus (Haw.) Steud. 2n = 30 2n = 30 (20, 29, 31, 45) Aedo 2013 
2n = 30 Díaz Lifante et al. (2009), Troia et al. (2013)

N. cantabricus DC. 2n = 14 
2n = 14 + 1

2n = 14 Zonneveld (2008), Aedo (2013)
2n = 28 Zonneveld (2008)
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in Ain Ftouh, Boutlélis, Ain Tagourait and Sainte Salsa. Five populations belonging to 
N. serotinus s.l. were examined and three chromosome numbers were observed, 2n = 20, 
2n = 28 and 2n = 30 (Table 4). Most of the individuals of these populations from the 
central region, share the same chromosome number 2n = 30 corresponding to hexaploid 

Figure 2. Somatic metaphases of some species of genus Narcissus from Algeria. A–D N. tazetta: A 2n = 20 
El Aïoun B 2n = 20 + 1 Sidi Khélifa C 2n = 20 + 2 Sidi Khélifa D 2n = 20 + 1 Oued Djenane E 2n = 20 
Tabarka F N. pachybolbus 2n = 22 Emir Abdelkader G N. papyraceus 2n = 22 Bologhine H–I N. elegans: 
H 2n = 20 Sainte Salsa I 2n = 20 Ain Tagourait J–M N. serotinus s.l. : J–K 2n = 30 Ain Tagourait, Sainte 
Salsa L 2n = 28 Ain Ftouh M 2n = 20 Aït Ali. N–O N. cantabricus: N 2n = 14 O 2n = 14 + 1 Mansourah. 
Black arrows indicate satellites. White arrows indicate supernumerary chromosomes. Scale bar: 10 µm.
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level with base number x = 5. The karyotype formulas were slightly different particularly 
for THL and asymmetry indices A1 and MCA (Table 4, Fig. 2J, K, Fig. 3H, I). The cy-
totypes with 2n = 28 are unusual and concern individuals of two populations from the 
far west at Ain Ftouh and Boutlélis (Fig. 2L, Fig. 3J). The chromosome number 2n = 20 
is observed for one population only of Aït Ali located toward east of the sampling area 
(Table 4, Fig. 2M, Fig. 3K). This tetraploid karyotype is moderately asymmetric and 
distinguished by a small total haploid length (THL = 66.01 µm).

Figure 3. Ideograms of the studied species of genus Narcissus in Algeria A N. tazetta 2x (El Aïoun, 
Yakouren, Hammam Mélouane, Baraki, Sidi Khélifa, Mouzaïa) B N. tazetta 2x Oued Djenane 
C N. tazetta 2x Tabarka D N. pachybolbus (Emir Abdelkader, El Ourit) 2x. E N. papyraceus (Bologhine, El 
Alia) F N. elegans 2x (Boutlélis, Tessala, Béni Messous, Chenoua, Sainte Salsa, Santa Cruz) G N. elegans 
2x Ain Tagourait H N. serotinus s.l. 6x Ain Tagourait I N. serotinus s.l. 6x Sainte Salsa J N. serotinus s.l. 
2n = 28 Ain Ftouh K N. serotinus s.l. 4x. Aït Ali L N. cantabricus 2x Mansourah. Arrows indicate satellites. 
Scale bar: 10 µm.
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Narcissus cantabricus De Candolle, 1815

= Narcissus bulbocodium subsp. monophyllus (Durieu) Maire, 1931

For this baetico-rifan species, two populations were sampled in NW Algeria, on clayey-
marly slope in Mansourah forest near Tlemcen and on the edge of Lake Beni Bahdel to-
wards the Algerian-Moroccan border. A diploid chromosome number was established 
2n = 2x = 14 (Table 3, Fig. 2N, Fig. 3L). The karyotypic formula is 6m + 4sm + 4st 
with respectively intra and inter chromosomal asymmetry indices, A1 = 0.45 and 
A2 = 0.27 (Table 4). The total haploid length THL is 67.80 µm. One supernumerary 
chromosome was sometimes observed 2n = 14 + 1 (Fig. 2O).

Discussion

In order to link karyological and morphological data of the Algerian species, Principal 
Components Analysis (PCA) were performed on the basis of the main taxonomic cri-
teria (see Table 3). Figure 4 underline strong interspecific differentiation between the 
studied taxa. Compared to PC1, the N. tazetta-pachybolbus-papyraceus species consti-
tute a group clearly opposed to N. cantabricus, N. serotinus s.l. and N. elegans. The last 
two species N. serotinus s.l. and N. elegans show morphological affinities. This distribu-
tion is in full correlation with the chromosome numbers.

The N. tazetta-pachybolbus-papyraceus group

All of the ten Algerian populations belonging to N. tazetta share the same chromosome 
number 2n = 20 with sometimes one or two B chromosomes. This somatic number 
was previously reported by Boukhenane et al. (2015) in the district of Constantine. 
This number is the most commonly observed in the Mediterranean region such as in 
Greece, Cyprus, Italy, and Southern France (Hong 1982; Garbari et al. 1988; Baldini 
1990; Dominicis et al. 2002; Aquaro et al. 2007). Other chromosome numbers have 
been reported e.g., 2n = 14, 20, 22, 24, 28, 30 and 32 (Sharma and Sharma 1961; 
Brandham and Kirton 1987). The occurrence of one or two B chromosomes makes 
uncertain the base number (Baldini 1995; Dominicis et al. 2002; Zonneveld 2008). 
Indeed, most of the studies mention only the somatic chromosomal numbers (2n) 
without indication on the base number. Hong (1982) refer to x = 10 following the pio-
neering work of Fernandes (1951, 1966) who had already suggested three base numbers 
x = 7, x = 10 and x = 11 withing genus Narcissus. While, Brandham and Kirton (1987) 
have assumed a tetraploid (2n = 4x = 20) and hexaploid (2n = 6x = 30) levels for N. 
tazetta. On the basis of an exhaustive study on genome size measured by flow cytom-
etry, Zonneveld (2008) has also assumed x = 5 as common base number for N. tazetta, 
N. elegans and N. serotinus. Most of the Algerian populations of N. tazetta show karyo-
types expressing roughly similar formula. However, two populations collected in the 
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eastern part near the Tunisian border (Oued Djenane, Tabarka), are distinguished by 
a less asymmetric karyotype. That of Tabarka, in Tunisia, was singularized by satellites 
on the 9th submetacentric chromosome pairs contrary to those observed on the 6th and 
7th subtelocentric chromosome pairs for some tazetta taxonomic units (Maugini1953; 
Hong 1982; Dominicis et al. 2002; Boukhenane et al. 2015).

Due to their morphological similarities, Maire (1959) had considered N. pachybolbus 
and N. papyraceus as subspecies of N. tazetta. Although N. papyraceus has never been 
reported in the ancient flora of Algeria (Munby 1847; Battandier and Trabut 1895, 
1902). N. pachybolbus first described in NW of Algeria by Durieu (1846), is currently 
considered as an Ibero-Mauritanian species quoted in Morocco (Fennane et al. 2014) 
and Spain (Aedo 2010). For the Algerian populations of N. pachybolbus we have 
counted a diploid number of 2n = 2x = 22 consistent with previous studies (Maugini 
1953; Brandham and Kirton 1987). However, in Flora Iberica, Aedo (2013) mentions 
2n = 36. These two different chromosome numbers in two distinct territories suggest 
the need for a revision of this taxon. In our knowledge, the karyotypic formula is 
here provided for the first time: 6m (2sat) + 6sm (2sat) + 8st + 2t. A few karyological 
studies were devoted to this species. Brandham and Kirton (1987) have described just 
talk about a karyotype significantly different consisting of “…8 large acrocentric and 
14 smaller acrocentric or submetacentric chromosomes”. Our samples of N. papyraceus 
exhibit also 2n = 22 chromosomes confirming previous reports (D’Amato 2004; Aedo 
2013; Samaropoulou et al. 2013; Marques et al. 2017). The structure of the karyotype 
of N. papyraceus has been widely discussed by Brandham and Kirton (1987) and 
D’Amato (2004). Satellites have been observed on the 6th and 7th chromosomes pairs 
in contrast to Algerian samples which exhibit satellites on the 3rd pair only. Although 
the karyotypic structures of these two species were considered as similar by Brandham 
and Kirton (1987), the Algerian samples of N. pachybolbus and N. papyraceus differ 
notably in the asymmetry indices. Contrary to the karyological diversity observed 
between N. pachybolbus and N. papyraceus, trees resulting from molecular phylogenies 
reconstruction show a polytomy indicating a very close relationship between these two 
species (Santos-Gally et al. 2012; Marques et al. 2017).

Morphologically N. tazetta, N. pachybolbus and N. papyraceus constitute three dis-
tinct clusters (Fig. 4). In respect to PC2, N. pachybolbus and N. papyraceus (2n = 22) 
are clearly in opposition to N. tazetta (2n = 20). The main morphological characters 
involved in this differentiation, relate to the color of the corona, the size and color of 
the outer layers of the bulb as well as the number of flowers per scape. Although shar-
ing the same chromosome number 2n = 22, N. pachybolbus differs from N. papyraceus 
by higher values in the size of the bulb, the number of flowers per scape and emerging 
stamens from the corona (Fig. 1, Table 2). N. papyraceus is in intermediate position be-
tween N. pachybolbus and N. tazetta. The latter shows a high morphological variability 
expressed by small to medium bulb with rather brown outer tunics, a perianth white to 
yellow and a corona lemon to orange. These results agree with molecular phylogenies 
(Santos-Gally et al. 2012). The specific statute of N. pachybolbus and N. papyraceus 
agree with recent typification and taxonomic updating on daffodils (Aedo 2010; Koo-
powitz et al. 2017).
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Narcissus elegans, N. serotinus and N. obsoletus

Narcissus elegans and N. serotinus s.l. have been described in all ancient floras of Algeria 
(Desfontaines 1798; Munby 1847; Battandier and Trabut 1895, 1902; Maire 1959; 
Quézel and Santa 1962) and several intermediate forms and putative hybrids have 
been reported. In Zonneveld (2008) and Marques et al. (2017), these two taxa were 
placed in section Serotini and section Tazettae, respectively. Some authors have grouped 
them together in the section Tazetteae (Santos-Gally et al. 2012). Regarding the 
Algerian material, these two species show close morphological relationships (Fig. 5). 
N. serotinus sensu lato within the meaning of Maire (1959) and Quézel and Santa 
(1962), is distinguished from N. elegans by its hysteranthous and smaller habit, and by 
“stable” characters such as single, or rarely 2, flowers per scape, larger and obtuse outer 
tepals. The other diagnostic descriptors, in particular the color and the shape of the 
corona, are variable and therefore difficult to use in practice. The inconstancy of these 
characters was noted by Maire (1959) and Quézel and Santa (1962) who had described 
around Algiers, intermediate forms attributed to × N. obsoletus (= Hermione obsoleta), 
as a putative hybrid N. elegans × serotinus. These two species are also distinguished by 
their karyological characteristics. The natural hybrid × N. obsoletus was underlined by 
DNA content of specimens from Spain and Morocco (Donnison-Morgan et al. 2005).

In our study, N. elegans has a constant somatic chromosome number 2n = 20 re-
ported also in the literature but often without mention of the base number (D’Amato 
2004; Díaz Lifante et al. 2009; Aedo 2013; Troia et al. 2013). The reconstructed ideo-

Figure 4. Principal Component Analysis of the main taxa of genus Narcissus in Algeria A overall scatter 
plot of 186 individuals representative of all the studied species B loading of the 24 quantitative and 
qualitative morphological and floral traits on the circle of correlations (see Table 3 for abbreviations). 
The distribution on PC1 and PC2 underlines the grouping of individuals belonging to N. tazetta, 
N. pachybolbus and N. papyraceus in opposition to N. serotinus sensu lato, N. elegans and N. cantabricus. 
The main discriminating criteria are relative to the length of the scape (Scl) and size of the bulb (Bl, Bw) as 
well as the number of flowers per inflorescence (Nf) and especially the height (Ch) and color of the corona 
(Corcol). This analysis highlights the strong relationships between the serotinus sensu lato type with the 
elegans type, likewise for N. papyraceus and N. pachybolbus.
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grams of N. elegans show groupings preferentially in pairs of homologous suggesting 
a diploid level with x = 10. This is inconsistent with Donnison-Morgan et al. (2005), 
Zonneveld (2008) and Marques et al. (2012) who have assumed that N. elegans is tetra-
ploid with x = 5. The karyotypic structure of N. elegans compared to that of N. tazetta 
from Algeria, shows similarities in agreement with the first assumptions of Fernandes 
(1966). The values of THL and the asymmetry indices of these two species vary within 
the same interval, except for CVCI and CVCL which are different. These differences 
would be due to chromosome structural changes as suggested by D’Amato (2004).

The Algerian populations belonging to N. serotinus sensu lato, display three somatic 
chromosome numbers 2n = 20, 2n = 28 and 2n = 30. The karyotype formula and the 
ideograms let suppose a base number x = 5 and consequently tetraploid and hexaploid 
levels. The tetraploids (2n = 20) were encountered in Sicily (Garbari et al. 1973) and 
in Greece (Phitos et Kamari, 1974), the hexaploids (2n = 30) were quoted in Italy 
(D’Amato 2004; Troia et al. 2013). Diploid forms 2n = 2x = 10 were mentioned in 
Iberian Peninsula and Morocco by Fernandes (1968, 1975), Brandham and Kirton 
(1987) and Aedo (2013). This diploid cytotype (2n = 10) is considered very rare and 
would represent the N. serotinus type narrowly distributed in this region (Zonneveld 
2008). In the literature, the most accepted and widespread ploidy level for N. serotinus 
remains the tetraploid 2n = 20. The hexaploid would raise controversy over its systematic 
statute. Analysis of genome size by flow cytometry led Zonneveld (2008) to attribute 
the hexaploid cytotype to N. miniatus which would be also confused with N. serotinus. 
Subsequent studies (Díaz Lifante et al. 2009; Marques et al. 2010, 2012, 2017) 
support that N. miniatus is an allohexaploid from N. serotinus (2n = 10) × N. elegans 
(2n  =  20). This hexaploid form, firstly located in Spain, have a geographic range 
through the northern Mediterranean edge from Italy toward Lebanon, Palestine until 
Syria (Zonneveld 2008). On the contrary, the hexaploid specimens found by Troia 
et al. (2013) in Mazara del vallo (Sicily, Italy) have been attributed to N. obsoletus, 
which would have a larger geographic distribution area, especially in North Africa. 
Díaz Lifante et al. (2009) confirmed that the hexaploid cytotype of Spain and Greece 
belong to N. obsoletus. In our study, the karyologically examined populations are all 
mixed and would include individuals belonging to N. serotinus and N. obsoletus. The 
PCA focused on specimens of N. serotinus sensu lato and N. elegans (Fig. 5) show 
that the cytotypes with 30 and 28 chromosomes are all distributed along PC2. This 
distribution is determined by the color of the corona. All individuals located in positive 
pole of PC2, have orange corona and would correspond to N. obsoletus. At the opposite, 
individuals with yellow corona correspond to N. serotinus. This differentiation is 
consistent with the observations of Díaz Lifante and Andrès Camacho (2007) and 
Koopowitz (2017). In Algeria, N. obsoletus was often misidentified and sometimes 
confused with N. serotinus. In our opinion, the two species N. serotinus (4x, 6x) and 
N.  obsoletus (6x) are well present in Algeria in mixed populations. The hexaploid 
cytotypes are located mainly in the center region near Algiers (Ain Tagourait, Sainte 
Salsa). The unusual cytotypes 2n = 28 were encountered in the northwest near Oran 
(Boutlélis) and Tlemcen (Ain Ftouh), could be due to aneuploidy event (Figs 4, 5). 
The tetraploid cytotypes (2n = 20) belongs to N. serotinus are rare in Algeria and its 
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encountered rather in pure populations, localized mostly in the eastern region. In the 
IUCN Red List of Threatened Species, N. serotinus was considered uncertain in our 
country (Juan Vicedo et al. 2018).

Narcissus cantabricus

The presence of N. cantabricus in Algeria, was subject to controversy with N. bulbocodium. 
N. cantabricus was not mentioned previously in the floras of North Africa. Maire 
(1959) had described this species under N. bulbocodium subsp. monophyllus var. typicus 
with Corbularia monophylla as synonym. C. monophyla was initially reported in Algeria 
by Battandier and Trabut (1895) and then considered as synonym of N. monophyllus 
before being accepted by Quézel and Santa (1962) under N. cantabricus. N. cantabricus 
is distinguished from N. bulbocodium by a “white or slightly yellowish flower” 
(Battandier and Trabut 1895). These two species are mentioned in Flora Iberica (Aedo 
2013) and Flore Pratique du Maroc (Fennane et al. 2014). Phylogenetic analyzes 
carried out successively by Fonseca et al. (2016) and Marques et al. (2017) confirmed 
their separation. The Algerian populations of N. cantabricus is diploid (2n = 14) with 
sometimes one B chromosome. The karyotype established here for the first time 
for this species, is rather symmetrical comprising mostly meta and submetacentric 
chromosomes. In the literature, diploid cytotypes were reported on the Cantabrian 

Figure 5. Principal components analysis focused on populations of Narcissus elegans and N. serotinus 
sensu lato A scatter plot on the first two PC of individuals of each taxon B loading of the morphological 
variables on the circle of correlations (see Table 3 for abbreviations). Morphologically N. elegans is well 
separated from N. serotinus sensu lato, by its synanthous habit (Syn), the number of flowers per scape 
(Nf), a full section of the scape (SSfill). With respect to PC2, individuals of N. serotinus s.l. are distributed 
in two opposed groups by the color of the corona. In the negative side individuals with yellow corona 
(Corcol6) correspond to N. serotinus type. Others individuals with orange corona (Corcol5) belong to 
N.obsoletus type. N. serotinus s.l.: black circle - St Salsa, white circle - Ahfir, white triangle - Ain Ftouh, 
gray circle - Boutlélis. N. elegans: gray star - Boutlélis, white square - Ain Tagourait, black triangle - Santa 
Cruz, black square - Chenoua, black star - St Salsa.
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Mounts in the north, and in the center of Spain, while tetraploids are quite rare and 
found in Morocco on the Anti-Atlas (Zonneveld, 2008). Therefore, the Algerian 
diploids would be the southernmost within the geographic range of this species. 
Although the haploid amount of DNA is similar in the two species, it seems that 
N. cantabricus derived from N. bulbocodium following structural changes (Zonneveld, 
2008). N. bulbocodium is distinguished by a high polyploid series from 2x to 8x with 
2n = 72 as the highest chromosome number (Fernandes 1963; Fernandes and Franca 
1974; Brandham and Kirton 1987; Marques et al. 2017). N. bulbocodium is an Ibero-
Mauritanian whose polyploids propagate from North to South towards Morocco and 
from West to East through the Maghreb as already hypothesized by Fernandes (1951). 
This geographical distribution of the polyploidy is similar for the two species, and 
therefore the Algerian diploids of N. cantabricus constitute original and interesting 
material. The supernumerary chromosomes in the Algerian peripheral diploids, would 
express an adaptive response to aridity.

Conclusion

Overall, this work has contributed with new information supplementing our knowl-
edge on chromosome numbers, karyotypes and ploidy levels of species of the genus 
Narcissus. The relationships between karyological and morphological characteristics 
made it possible to confirm and/or update the nomenclature and the taxonomy of 
species of genus Narcissus in Algeria. Therefore, seven main taxa have been recognized. 
Into the section Tazetteae, N. tazetta and N. elegans are diploids showing 2n = 2x = 20, 
while N. pachybolbus and N. papyraceus have 2n = 2x = 22 chromosomes. Section Sero-
tini is represented by both tetraploid and hexaploid N. serotinus (2n = 20, 2n = 30) and 
also by the hexaploid N. obsoletus (2n = 30). These two species are very similar morpho-
logically and have long been confused with each other in the field. Among N. serotinus 
type, tetraploids are rare comparatively to hexaploids. The distribution of N. obsoletus 
(6x) is widespread from west to east through various habitats. N. cantabricus show 
2n = 2x = 14 and one recurrent B chromosome and constitute the southernmost dip-
loids, providing new element for our understanding of the distribution of polyploidy 
within this species.
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Abstract
We performed conventional and molecular cytogenetic studies on the Favites pentagona Esper, 1795, a 
scleractinian coral mostly found along the west coast of Japan. Karyotype analysis of F. pentagona by G-
banding revealed a karyogram containing a homogenously staining region (HSR) on chromosome 10 in 
more than 50% of the examined metaphase spreads. This HSR consisted of sequences from 18S ribosomal 
RNA (rRNA) genes, as demonstrated by fluorescence in situ hybridization (FISH) and DNA sequencing. 
We highlighted the development of four chromosomal FISH markers from repetitive genes such as U2 
small nuclear RNA linked to 5S rRNA sequence (U2 snRNA-5S), 18S rRNA, histone H3, and uncharac-
terized gene FP-9X. The chromosomal locations of the U2 snRNA-5S and 18S RNA were on the terminal 
end of long arm of chromosomes 2 and 10, respectively, while the histone H3 and the uncharacterized 
gene were located near the centromeres of chromosomes 1 and 9, respectively. These FISH markers will 
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improve the karyotyping of F. pentagona from mitotic preparations which helps in widening our under-
standing of coral genetic structure and chromosome organization. In addition, these improvements in 
karyotyping will provide the basis in constructing of chromosome-level genome assembly for F. pentagona.
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Introduction

Cytogenetic information from karyotypic analysis gives us a deeper understanding the 
way genetic material is packaged inside a nucleus of a cell and how certain genetic 
diseases are associated with chromosome defects and aberrations (Testa 1990; Super 
1991). Cytogenetic information is also valuable in understanding the genome structure 
and organization of an individual which may vary greatly within and across species 
(Sullivan 2020). These variations in chromosome characteristics will give insight 
into their evolutionary process as they reflect genome shuffling, translocation, and 
chromosomal duplication/deletion (Guo et al. 2018). This information might be 
valuable for stony corals, in which taxonomic classification poses a great challenge 
as the integration of its morphological and molecular characteristics often reveal 
conflicting results (Fukami et al. 2004). This difficulty might be caused, in part, by 
hybridization of closely related species and by morphological plasticity. Confusion 
about the stony coral taxonomy necessitates the search for new coral characters such as 
cytogenetic information to understand coral systematics and evolution. However, the 
cytogenetic information of stony corals, such as karyotypes and gene maps, is limited. 
To date, molecular cytogenetic information on stony corals has only been reported for 
five species from three different families (2 species from Acroporidae, 2 species from 
Merulinidae, and 1 species from Lobophyliidae). These are Acropora solitaryensis Veron 
et Wallace,, 1984 and Acropora pruinosa Brook, 1893 (Acroporidae), Coelastrea aspera 
Verrill, 1866 and Platygyra contorta Veron, 1990 (Merulinidae), and Echinophyllia 
aspera Ellis et Solander, 1786 (Lobophylliidae) (Taguchi et al. 2013, 2014, 2016, 
2017, 2020; Vacarizas et al. 2021). In those studies, new cytogenetic evidence was 
presented, including information regarding chromosome numbers, rRNA gene loci, 
the presence of a homogenously staining regions (HSR), and some repeated sequences 
shared with human satellite DNA.

In this study, we reported the detailed molecular cytogenetic analysis of stony coral 
Favites pentagona Esper, 1758, from family Merulinidae. F. pentagona is commonly ob-
served along the west coast of Japan (Veron, 2000). Colonies of F. pentagona range from 
massive, encrusting to columnar forms. The valleys with colonies are usually long and rel-
atively straight at colony margins, becoming increasingly short, sinuous, and contorted 
towards the colony center; septa have thin walls and are highly irregular (Veron, 2000).

Cytogenetic analysis of F. pentagona was conducted using conventional and mo-
lecular cytogenetic techniques, such as fluorescence in situ hybridization (FISH). We 
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identified a homogenously staining region (HSR) on F. pentagona chromosome 10 us-
ing G-banding and 4’,6-diamidino-2-phenylindole (DAPI) staining, followed by kar-
yotyping. Furthermore, the chromosomal locations of four tandemly repetitive genes 
were identified for F. pentagona. The development of four FISH markers was described, 
and the FISH signals of each gene were characterized showing the effectivity of these 
markers to identify specific chromosomes from mitotic cells.

Materials and methods

Coral collection

F. pentagona gametes were collected from spawning colonies at Nishidomari (32°46'N, 
132°43'E), Kochi Prefecture, Japan (Fig. 1). The release of gamete bundles was observed 
between 8:00 pm and 9:30 pm on July 24, 2019. Coral bundles were collected using 
plastic cups placed over the colonies during spawning. After collection, eggs and sperm 
from the spawned bundles were separated. The separated gametes were then transferred 
to a new container to allow fertilization. Successful cell divisions were observed under the 
light microscope. Embryos were then rinsed in 0.2 µm filtered seawater (ADVANTEC 
cartridge filter; Advantec Toyo Corp., Tokyo, Japan) to remove external contaminants.

Chromosome preparations and G-banding

Coral chromosome preparations were conducted according to the method described by Ta-
guchi et al. (2013). About 10–14 hours after artificial fertilization, embryos were treated in 
filtered seawater supplemented with 0.01% (v/v) colchicine (Sigma, St. Louis, MO, USA) 

Figure 1. Map of the sampling site of Favites pentagona in Shikoku Island. Nishidomari, Otsuki-cho, 
Hata county, Kochi 788-0333, Japan (32°,46'44"N, 132°43'57"E) (a). Inset: Enlarged image of the col-
lection area. Appearance of Favites pentagona in the sea (b). Scale bar: 2 cm.
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for 1 h, followed by treatment with hypotonic solution (0.5 × sea water; diluted in distilled 
water) to spread the chromosomes. Embryos were fixed using a freshly prepared fixative 
containing absolute methanol and glacial acetic acid (3:1). Fixed embryos were soaked in 
diethyl ether overnight to remove intracellular lipids and incubated again in the fixative. 
Approximately 20 to 50 embryos were isolated using a fine needle to tear the embryos apart 
into their constituent cells. Suspensions containing embryo cells were transferred into a 1.5 
ml tube filled with the fixative. The tube was centrifuged at 2000 g for 2 min and the pellet 
was re-suspended in 0.5 ml of fresh fixative. A drop containing separated cells was placed 
on a clean slide and then air- or flame-dried to spread the chromosomes. For G-banding, 
slides were treated with 0.025% trypsin solution at room temperature (approximately 25 
°C) for 1 min (Seabright, 1973) and then stained with 5% Giemsa.

DNA extraction

Genomic DNA was extracted from F. pentagona sperm (approximately 0.1 ml) using a 
Wizard Genomic DNA Purification Kit (Promega Corporation, Madison, WI, USA) 
according to the manufacturer’s instructions.

PCR, DNA cloning and FISH probe preparation

Target genes (18S rRNA, U2 snRNA-5S, histone H3, and uncharacterized gene FP-
9X) were amplified by PCR using the Emerald PCR master mix (Takara, Japan). 
The primer sets used are shown in Table 1. PCR was performed in a thermal cycler 
(WK-0518, Wako, Osaka, Japan) under the following conditions: initial denatura-
tion for 2 min at 98 °C, followed by 30 cycles of 98 °C for 10 s, 55 °C for 30 s, and 
72  °C for 1 min. PCR products were ligated into the pGEM-T Easy Vector (Pro-
mega, Madison, USA) and 30 ng of the ligation products were used to transform 
competent cells (JM109, pGMT-T Easy-Vector Systems, Promega). Transformed cells 
were plated onto Luria broth (LB) plates containing 100 µg/ml ampicillin, 40 µg/ml 
5-Bromo-4-Chloro-3-Indolyl-β-D-Galactoside (X-Gal) and 0.05 mmol/L isopropyl-
β-D-thiogalactopyranoside (IPTG). Isolated colonies were screened by FISH. Probes 
using FISH screening were prepared by random prime labeling with digoxigenin-
12-dUTP (DIG-dUTP) or cyanine-3-dUTP (Cy3-dUTP) in accordance with the kit 

Table 1. PCR primer sets used in this study.

Primer 
set

Genes Sequence (5’-3’) Reference Species

1 18S rRNA F-GGTTGATCCTGCCAGTAGTCATATGCTTG Rowan and Powers (1992) Zooxanthella
R-GATCCTTCCGCAGGTTCACCTACGGAAACC

2 histone H3 F-ATGGCTCGTACCAAGCAGACVGC Huang et al., (2011) Stony coral
R-ATATCCTTRGGCATRATRGTGAC

3 U2 snRNA-5S F-CTTCCGTGATCGGACGAGAA Stover and Steele (2001) Hydra
R-TATAATATTGGAACAGAATT

 4 Uncharacterized gene FP-9X F-CTTCCGTGATCGGACGAGAA Stover and Steele (2001) Hydra
R-CCAATTTTGTAGACATCTTGAAG Kawaida et al., (2010) Hydra
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protocol (Invitrogen, Tokyo, Japan). Then, FISH-positive clones were later transferred 
into 15 ml test tubes containing 1.5 ml of LB/ampicillin medium and grown at 37 °C 
overnight. Plasmids from the resulting clones were extracted according to the manu-
facturer’s protocol using a Mini Plus Plasmid DNA Extraction System (Viogene, NA-
CALAI TESQUE, INC., Kyoto, Japan).

DNA sequencing and homology search

DNA inserts from plasmids were sequenced with the M13 forward and reverse primers 
using the BigDye Terminator v3.1 Cycle Sequencing Kit (GE Healthcare, Japan) and 
ABI PRISM 3130 Genetic Analyzer (Thermo Fisher Scientific, Tokyo, Japan). DNA 
sequences were aligned, and homology searches were performed using Gapped BLAST 
and PSI-BLAST: a new generation of protein database search programs to search the 
GenBank database (http://www.ddbj.nig.ac.jp).

FISH analysis

FISH analysis was performed as previously reported (Taguchi et al. 1993), with slight 
modifications. Metaphase preparations were denatured in 70% formamide/2x Saline-
sodium citrate (SSC) at 70 °C for 2 min; 0.8 µl of the prepared probe was mixed with 
10 µl of hybridization solution (H7782, Sigma, Japan) and denatured at 82 °C for 10 
min. Hybridization was performed at 37 °C in a CO2 incubator for 12–15 h. After 
hybridization, samples were washed twice in 2x SSC and 1x Phosphate buffered deter-
gent (PBD; 0.05% Tween20/4xSSC). Chromosomes were counterstained with DAPI.

Image acquisition and processing

FISH slides were examined under a fluorescence microscope (Olympus BX-50, Tokyo, 
Japan) equipped with a cooled charge-coupled device. Images of suitable metaphase 
spreads were acquired using an Olympus DP70 workstation and the FISH analysis 
software. The mirror units used for each fluorescence light (FITC, Cy-3, and DAPI) 
were U-NIBA, U-MWU, and U-MWIB (Olympus), respectively.

Results

Diploid karyotypes in F. pentagona

Chromosomes in metaphase cells were karyotyped by conventional trypsin G-band-
ing, and an HSR in terminal end of one of the chromosomes was observed in ap-
proximately 50% of the observed metaphase spreads (Fig. 2). HSRs were shown in G-
banded karyograms as long and lightly stained region of the chromosomes. The HSRs 
were also revealed using the inverted images of DAPI fluorescent staining showing the 
similar characteristics (Fig. 2, inset). Chromosomes were arranged in decreasing order 
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Figure 2. G-banded karyogram of Favites pentagona (2n = 28). The arrow indicates an HSR. Inset: two 
chromosome pairs with HSRs from two other metaphase spreads stained with DAPI (inverted images). 
One of the homologues has an HSR in each pair (arrowheads). Scale bar: 2 µm.

Table 2. Relative lengths and centromere indices of the 14 chromosome pairs, shown as means and 
standard deviations obtained from the eight metaphase spreads.

Chromosome 
number

Short arm (μm) Long arm (μm) Total length 
(μm)

Arm ratio Overall length 
ratio

Chromosome 
type*

1 2.21±0.75 3.94±0.95 6.15±1.5 1.88±0.57 0.94±0.08 sm
2 1.52±0.48 3.3±0.82 4.82±1.12 2.3±0.71 0.74±0.06 sm
3 1.55±0.52 2.91±0.83 4.46±1.08 1.99±0.62 0.68±0.04 sm
4 1.48±0.53 2.74±0.62 4.22±0.98 1.98±0.61 0.65±0.04 sm
5 1.41±0.35 2.63±0.74 4.04±0.95 1.92±0.48 0.62±0.03 sm
6 1.49±0.26 2.36±0.74 3.85±0.9 1.6±0.38 0.59±0.03 m
7 1.39±0.26 2.34±0.62 3.74±0.8 1.7±0.36 0.57±0.04 sm
8 1.47±0.38 2.15±0.43 3.62±0.79 1.49±0.17 0.56±0.03 m
9 1.32±0.28 2.14±0.51 3.46±0.73 1.64±0.32 0.53±0.04 m
10 1.26±0.23 2.05±0.49 3.31±0.67 1.63±0.26 0.51±0.04 m
11 1.31±0.3 1.9±0.41 3.21±0.63 1.49±0.33 0.5±0.04 m
12 1.2±0.34 1.85±0.4 3.05±0.66 1.6±0.33 0.47±0.04 m
13 1.12±0.23 1.53±0.35 2.65±0.49 1.41±0.38 0.41±0.04 m
14 0.94±0.23 1.25±0.27 2.2±0.45 1.37±0.31 0.34±0.05 m

*Types were categorized according to the reference of Levan et al. (1964).
m: metacentric, sm: submetacentric. The part of an HSR on chromosome 10 was excluded.

of chromosome length from 1 to 14, which revealed that the chromosome with HSR 
is chromosome 10 (Fig. 2). The length and arm ratio of chromosomes were measured 
using eight metaphase spreads, as summarized in Table 2. The modal number of chro-
mosomes per metaphase spread, which determined from 100 examined F. pentagona 
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cells, was 28 (2n = 28). The percentage of metaphase spreads with an HSR from all 
cells was greater than 50% (43/80). Based on the arm ratio (Levan et al. 1964), this 
karyogram consisted of six submetacentric (1, 2, 3, 4, 5 and 7) and eight metacentric 
(6, 8, 9, 10, 11, 12, 13, and 14) chromosomes (Table 2).

Physical mapping of four FISH markers

FISH signals for the 18S rRNA gene locus were identified at the terminal ends of the 
long arm of chromosome 10 (Fig. 3a, c). The HSR, previously observed on chromo-
some 10 by G-banding, is hybridized by 18S rRNA gene probe, exhibiting a broad 
and intense hybridization signal (Fig. 3a and c, green signals indicated by arrows). The 
HSR was also recognized as a pale part of chromosome 10 in DAPI staining metaphase 
(Fig. 3b, arrow). FISH probe from the uncharacterized gene FP-9X was mapped on the 
centromeres of chromosome 9 (Fig. 3a, c, red signals indicated by arrowheads,). The 
histone H3 gene, on the other hand, was mapped near the centromere of the long arm 
of chromosome 1 (Fig. 4a, c), whereas the U2 snRNA-5S gene locus was mapped on 
the terminal ends of the long arm of chromosome 2 (Fig. 5a, c).

Cloning and Sequence analysis of FISH probes

Cloning and sequencing were performed for the amplicons from which FISH probes 
were prepared. Positive clones were designated as FP-18S for 18S rRNA gene, FP-
H3 for histone H3 gene, FP-U2-5S for U2 snRNA-5S, and FP-X9 for uncharacter-
ized gene FP-X9. Sequence analysis of FP-18S clone (1,732 bp) with the GenBank 
database revealed a difference of a single nucleotide from the partial sequence of F. 
pentagona 18S rRNA gene (Accession No. LC644154). The FP-H3 clone (329 bp) 
completely matched with the partial sequence of the F. pentagona histone H3 gene (Ac-
cession No. LC644156). The FP-U2-5S (824 bp) sequence contained U2 spliceosomal 
small nuclear RNA (snRNA) gene sequence and region of 5S rRNA gene (Accession 
No. LC644155) (Figs 6A, 7). Lastly, the FP-X9 (357 bp) (Accession No. LC644157) 
showed homology to the 5'-untranslated region (UTR) of the uncharacterized mRNA 
of Orbicella faveolata (Accession No. XM020759959) (Fig. 6B).

Discussion

To solve the difficulties in taxonomically classifying stony corals (Fukami et al. 2004) and 
promote research on coral genetics, we have accumulated molecular cytogenetic data on 
several coral species. At this point, we have published six molecular cytogenetic reports 
with both conventional and molecular cytogenetic analyses of scleractinian corals, such 
as Acropora solitaryensis, Acropora pruinosa, Echinophyllia aspera, Coelastrea aspera, and 
Platygyra contorta (Taguchi et al. 2013, 2014, 2016, 2017, 2020; Vacarizas 2021), which 
are commonly found on the western coast of Japan (Wallace, 1999). The present study 
focuses on F. pentagona, belonging to the genus Favites and the family Merulinidae.
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We carried out conventional G-bandings to establish the karyotype of F. pentagona 
embryos. In general, obtaining high-quality G-banding in invertebrate chromosomes is 
difficult because of the relatively small chromosome size and the weak effect of trypsin 
on G-banding. Karyotyping of F. pentagona revealed the three chromosome groups that 
cannot be precisely identified because of their similar lengths. Furthermore, differences 

Figure 3. FISH image showing hybridization signals of uncharacterized gene FP-9X probe (red; arrow-
heads) and 18S rRNA gene probe (green; arrows) (a). Chromosomes were karyotyped according to size 
and centromere positions showing uncharacterized gene FP-X9 and 18S rRNA gene probe hybridization 
on chromosome 9 and chromosome 10, respectively (c, above alignment). DAPI-only channel revealing 
the HSR region pointed by the arrow (b) and its karyogram (c, below alignment). Scale bar: 2 µm.
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in chromosome condensation depending on the stage of the cell cycle at which cells 
were fixed sometimes made it difficult to measure the precise lengths of chromosomes. 
To develop a coral chromosome study, it is necessary to identify each chromosome 
precisely using a painting probe (Gokhman et al. 2019). Nonetheless, G-banded 
chromosomes revealed the presence of HSRs. HSRs are created by the amplification 

Figure 4. FISH image showing hybridization signal of histone H3 gene probe (red; arrowheads) (a). 
Chromosomes were karyotyped according to size and centromere positions showing the hybridization 
signal on chromosome 1 (c, above alignment). DAPI-only channel revealing the HSR region pointed by 
the arrow (b) and its karyogram (c, below alignment). Scale bar: 2 µm.
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and accumulation of certain DNA region within chromosomes. The amplification 
can be detected by conventional G-banding and FISH using locus-specific probes, 
which show intense hybridization signals on a single chromosome, as opposed to two 
copies with normal-homologous chromosomes (Biedler and Spencer 1976). In this 
study, we demonstrated that the HSR in the F. pentagona chromosomes is composed 
mainly of sequences from 18S rRNA gene. Generally, genetic amplification at the 
chromosomal level is manifested in the form of HSRs in tumor cells (Takaoka et 

Figure 5. FISH image showing hybridization signal of U2 snRNA-5S gene probe (red; arrowheads) (a). 
Chromosomes were karyotyped according to size and centromere positions showing hybridization signal 
on chromosome 2 (c, above alignment). Few background signals were seen; one background signal was 
on long arm telomere of chromosome 1 (a and c). DAPI-only channel without HSR region (b) and its 
karyotype (c, below alignment). Scale bar: 2 µm.
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al. 2012). We arranged each chromosome in decreasing order of their lengths and 
located the long chromosome 10 with an HSR. In our previous studies (Taguchi et al. 
2013, 2016, 2017), using G-banding and FISH analyses, we revealed the presence of 
HSRs in chromosomes 11, 12, and 13 in each of the following three corals, C. aspera, 
E. aspera, and P. contorta. Interestingly, based on our recent studies on five stony coral 
species, including F. pentagona, HSRs are commonly found in the coral chromosomes 
of non-Acropora species. This indicates that the presence of an HSR is a cytogenetic 
characteristic of certain taxa of stony corals (Taguchi et al. 2013, 2014, 2016, 2017, 
2020; Vacarizas et al. 2021).

The FISH marker for histone H3 gene was observed at the centromeric region of 
chromosome 1. The core histone genes are highly conserved and repetitive, and their 
loci can thus be detected using FISH probes containing the sequence of a single ar-
ray composed of tandem repeats (Huang et al. 2011). Previous molecular cytogenetic 
study on stony coral Acropora pruinosa has shown that the core histone gene locus 
which contains the H2a and H2b sequences were on the centromeric region of chro-
mosome 8 (Vacarizas et al. 2021). These results imply that the chromosomal location 
of a highly conserved core histone varies across different family (Acroporidae and Mer-
ulinidae) of order Scleractinia (stony corals).

Information on 5S rDNA gene among stony corals is very limited (Taguchi et 
al. 2017; Taguchi et al. 2020; Vacarizas et al. 2021). We therefore developed the 5S 
rRNA gene primers reported not only in scleractinian corals, but also from other dis-
tant taxa such as hydra, starfish, and jellyfish (Hori et al. 1982; Walker and Doolittle 
1983; Hendriks et al. 1987; Stover and Steele 2001) in which cytogenetic studies 
have identify specific FISH markers for 5S rRNA gene. The 5S rRNA gene primer 
from Hydra utilized by Stover and Steele (2001) were used to amplify suitable FISH 
probe sequences for this coral F. pentagona. Surprisingly, the sequence contain not only 
sequence of 5S rRNA gene but also the complete region of the U2-snRNA. The 5S 
rRNA gene and the U2-snRNA gene sequence were homologous to those of C. aspera 
(LC120341) and A. pruinosa (LC 557013), respectively (Fig. 6). In this study, we 
showed that chromosomal location of this U2 snRNA-5S of F. pentagona was near the 
telomere region of chromosome 2. This is different from the chromosomal location of 
5S-snRNA in C. aspera (Taguchi et al. 2017) and A. pruinosa (Vacarizas et al. 2021) 
chromosomes. Based on the alignments (red rectangle in Fig. 7), several insert nucleo-
tide sequences were found only in the U2 snRNA gene of F. pentagona. This suggests 

Figure 6. Schematic diagram of FISH probe sequences of FP-U2-5S which contains the U2 spliceosomal 
snRNA-like region and partial sequence of 5S rRNA gene sequence (a). FP-X9 is similar to the 5'-un-
translated region of uncharacterized gene of a Merulinidae coral (Orbicella faveolata (Ellis et Solander, 
1786)) (b). Rectangles in both ends of bars show the primer positions and relative lengths.
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that U2 snRNA and 5S rRNA genes seemed to be fused, as cloning-sequence analysis 
and the sequence of the cloned insert is a part of the pseudogene.

Each of the FISH markers derived from the four different amplicons (FP-18S, FP-
H3, FP-U2-5S, and FP-X9) were observed at a single site (locus), even in uncontracted 
prometaphase spreads with elongated chromosomes. As the specificity of the markers is 
very high due to the highly repetitive and conserved nature of these genes, these mark-
ers will be useful for karyotyping and identifying specific chromosomes containing 
similarity of sequences within closely related species.

Conclusion

The series of cytogenetic studies on stony corals including the development of spe-
cific FISH markers may contribute to understand changes in chromosomal struc-
tures across taxa thereby gain insight into its evolutionary processes (Guo et al. 
2018). Thus, these results might shed light on coral diversity and improve the clas-
sification of corals. However, it is important to develop more suitable FISH markers 
which can identify specific gene loci. In this study, we isolated FISH markers that 
provided distinct and bright hybridization signals on chromosomes that suitable for 
routine observation.

We highlighted the development of four chromosomal FISH markers for U2 
snRNA-5S, 18S rRNA, histone H3, and uncharacterized FP-9X genes, which were 
found to be located on chromosomes 2, 10, 1, and 9, respectively. The loci of the gene 
histone H3 were mapped in the chromosomes of stony corals for the first time. The 
isolation of four FISH markers for F. pentagona will also promote gene mapping and 
understand genome structure and organization for this species. This cytogenetic in-
formation on stony coral along with morphological and molecular characteristics may 
contribute to understand its evolutionary processes and resolve taxonomic problems 
in stony coral taxonomy.
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