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Among modern taxonomy tools genetic barcoding is a widely used method for 
species identification, although additional molecular inferences can be made, such 
as information about genetic distances and phylogenies. In Paraguay, there is a 
large mtDNA library based on the 16S gene. Using samples from newly described 
localities for the critically endangered and Paraguayan endemic, Homonota rupicola, 
we generated valuable information. Results show a concordance with previous 
phylogenies. Additionally, based on the high genetic distance between samples, it 
is possible to infer that the two analyzed populations are isolated, and it is likely 
that the genetic interchange is somewhat reduced. This situation is worsened by 
the fact that there is a highway crossing between the rocky outcrops. Conservation 
attention and further research are crucial to understanding the genetic status of this 
micro-endemic lizard.
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Introduction

Genetic barcoding is a method of species identifica-
tion that uses a short section of DNA from a specific 
gene or genes such as a specific DNA marker useful 
for taxonomic assignment (Antil et al. 2023). Barcod-
ing DNA genes have certain characteristics. For ex-
ample, they have a variable region flanked by highly 
conserved gene regions and identifications of these 
gene regions constitute a “barcoding gap”, where 
the intraspecific variation is lower than interspecific 
variation (Bystrykh et al. 2014, Thielecke et al. 2017). 

Different genes are employed based on the purpose, 
and in this respect, for Squamata identification, the 
most used genetic mitochondrial markers are the 
16S and Cytochrome Oxydase I (COI), and in par-
ticular for Paraguay there is already a large library 
of genetic barcodes of the first one (Cacciali et al. 
2019). This gene, in addition to providing valuable 
data for species identification, also proved to have 
a high degree of confidence in identifying shallow 
phylogenetic relationships, i. e., it is better for closely 
related taxa and weaker for deeper phylogenetic 
signals among major groups (Hertwig et al. 2004).
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Genetic barcodes not only provide a first clue in the 
identification of taxonomic questions (Cacciali et al. 
2017), but also provide information about genetic 
diversity, an important component of the biodiver-
sity;  since it improves the resilience of an organ-
ism by allowing crossbreeding, thereby increasing 
disease resistance and adaptation to environmental 
changes. And, from an anthropogenic point of view, 
it also provides an economic value for society (Bon-
neuil & Boucekkine 2020, Nonić & Šijačić-Nikolić 
2021). The molecular genetics of the genus Homonota 
were thoroughly analyzed by Morando et al. (2014), 
through the study of mitochondrial (Cyt-b and 12S), 
and several nuclear protein-coding genes (RBMX, 
DMLX, NKTR, PLRL, SINCAIP, MXRA5, ACA4) 
from representatives of all described species to date, 
and some years later the genus was also analyzed 
from the perspective of the mtDNA 16S barcoding 
gene, without the inclusion of H. rupicola (Cacciali 
et al. 2017, 2018a, Cabral & Cacciali 2021). Genetic 

trees strongly support three groups within Homonota: 
whitii, borellii, horrida (Morando et al. 2014, Cacciali 
et al. 2017). Based on the results of molecular dating, 
a notably marine transgression during the Middle 
and Late Miocene, this likely isolated the ancestors of 
these clades in different regions, shaping their genetic 
diversity and distribution (Morando et al. 2014).

Homonota rupicola belongs to the borellii group 
(Morando et al. 2014), and it was described from a 
single locality: a rocky outcrop in a hilly landscape 
in eastern Paraguay (Cacciali et al. 2007), and for 
several years that was the only locality known for 
the species (Cacciali et al. 2015). Recently, a few ad-
ditional records were published, although all were 
from the same rocky hill area in a geographic range 
of about 12-13 km (Cacciali et al. 2024). This spe-
cies is critically endangered (Cacciali 2017), absent 
in conservation units (Cacciali et al. 2024), and the 
isolation of this lineage likely occurred between 4 and 
2.5 million years ago (Morando et al. 2014). In this 

Table 1.  Details of specimens used for genetic analysis, including GenBank accession numbers (GBAN). Numbers 
in bold indicate sequence data generated in this study. Museum codes following Sabaj (2023). Localities shown in 
Figure 1.

Species Voucher Locality Coordinates GBAN

Homonota horrida

BYU 47941 RP 190, Mendoza, Argentina 35°26'45.7" S 
  67°49'48.9" W MF278828

LJAMM-CNP 10495 RP 190, Mendoza, Argentina 35°26'45.7" S  
    7°49'48.9" W MF278829

LJAMM-CNP 10576 2.3 km S from Punta del Agua,	 
Mendoza, Argentina

35°32'50.3" S 
  68°05'01.6" W MF278830

Homonota itambere IIBP-H 4437 Estancia Guajho, Paraguarí, Paraguay 26°14'55.8" S 
  57°17'48.0" W MZ098621

Homonota marthae SMF 101438 Filadelfia, Boquerón, Paraguay 22°20'49.2" S 
  60°02'56.0" W MG947388

Homonota rupicola

PCS 753 Piraretá, Cordillera, Paraguay 25°30'20.8" S 
  56°55'29.4" W PP920678

PCS 754 Piraretá, Cordillera, Paraguay 25°30'20.8" S 
  56°55'29.4" W PP920679

PCS 758 Itá Moroti, Cordillera, Paraguay 25°30'58.6" S 
  57°01’41.8" W PP920680

Homonota septentrionalis
MNHNP 12238 Infante Rivarola, Boquerón, Paraguay 21°40'44.4" S 

  62°24'  3.6" W MF278832

SMF 101984 Infante Rivarola, Boquerón, Paraguay 21°40'44.4"S 
  62°24'  3.6" W MF278833

Phyllopezus heuteri

MNHNP-TH 2-39 Cerro de Tobatí, Cordillera, Paraguay 25°16'46.6" S 
  57°05'32.1" W MH397468

MNHNP 12238 Infante Rivarola, Boquerón, Paraguay 21°40'44.4" S 
  62°24'  3.6" W MF278832

SMF 101984 Infante Rivarola, Boquerón, Paraguay 21°40'44.4" S 
  62°24'  3.6" W MF278833

Phyllopezus heuteri MNHNP-TH 2-39 Cerro de Tobatí, Cordillera, Paraguay 25°16'46.6" S 
  57°05'32.1" W MH397468
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Fig. 1. Sampled localities used for molecular analyses. A. Detail of genetic localities for H. rupicola: Piraretá (PCS 
753-754) and Itá Morotí (PCS 758), showing the main routes. RD 10: Departmental Route N° 10. B. Location of 
samples inside Paraguay. Black star represents the area of H. rupicola. C. Central and southern region of South 
America, showing the Paraguayan and Argentinean localities used for genetic analyses.
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work we provide the first genetic barcodes of 16S, 
and for the first time they are sequenced data from 
two different localities, providing critical information 
about their conservation.

Materials and methods

Data collection

The area where samples were collected consists mainly 
of thick to medium sandstones with weathering pro-
cesses in rocky outcrops. The surface is rough with 
cracks and gaps, covered with lichens;  and the vegeta-
tion is mainly shrubby, covered with Bromeliads, Ce-
reus sp. (Cactaceae), Polycarpaea sp. (Caryophillaceae) 
and other plants, with xerophytic characteristics ranging 
from 4 to 20 meters high (Cacciali et al. 2015). The area 
has climatological traits typical of humid forests due to 
the presence of aquatic springs in the region. The 
weather shows a seasonality with cooler mean tem-
peratures in June and July (Min x: 12-14° C, Max x: 
23-24° C) and the driest months in July (62 mm of rain) 
and August (53 mm), with higher temperatures in De-
cember and January (Min x: 21° C, Max x: 32° C), and 
with maximum precipitation occurring during April 
(163 mm). Climatic data was obtained from the World-
Clim database (Global Climate Data) based on Hijmans 
et al. (2005).

The sampled taxon was Homonota rupicola. Speci-
mens of this species were captured, their tails clipped 
and stored in vials with ethanol alcohol (96 %), and then 
released at their exact point of capture. Permits were 
issued by Ministerio del Ambiente y Desarrollo Sosteni-
ble (MADES N° 024/2020 and 004/2022). Three speci-
mens were collected, two samples from Piraretá, in the 
surroundings of 25°30'20.8'' S, 56°55'29.4'' W (Field num-
bers: PCS 753-754) and one sample from Itá Morotí near 
25°30'58.6'' S, 57°01'41.8'' W (Field number: PCS 758) 
(Fig. 1), for additional details see Table 1. Museum ac-

ronyms follow Sabaj (2023). Tail clippings were depos-
ited in the herpetological collection of the Museo Na-
cional de Historia Natural del Paraguay (MNHNP).

Molecular protocol

Samples were initially washed in a 50 μL solution of 
1× TE Buffer for ~ 20 h to remove ethanol, and then were 
digested with a solution of 50 μL of Vertebrate lysis 
Buffer and proteinase K (10 : 1) and incubated in a rock-
ing platform at 56° C for ~ 24 h. Concentrations and 
proportions of reagents are detailed in Appendix 1. 
DNA extraction follows Ivanova et al. (2006), for which 
100 μl of Binding Buffer was added to each sample, and 
these products were transferred to a Pall® (Cortland, 
NY, USA) AcroPrep® filter plate, and vacuumed for 
~ 8  min while adding 180 μl of Washing Buffer 1 and 
750 μL of Washing Buffer 2. Amplification was made 
using fragments of the mtDNA 16S gene with primers 
for forward (L2510: 5‘-CGC CTG TTT AAC AAA AAC 
AT-3‘) and reverse (H3056: 5‘-CGG TCT GAA CTC AGA 
TCA CGT-3‘) reactions according to Palumbi et al. 
(1991). Thermocycling conditions were 94° C (2 min), 
40× [94° C (35 s) – 48.5° C (35 s) – 72° C (60 s)], 72° C 
(10 min).

Data analysis

Trace files of forward and reverse sequences were visu-
alized and assessed as chromatograms in SeqTrace 0.9.0 
(Stucky 2012). To assess the relationships of the new 
samples of H. rupicola with other species of the genus, 
sequences from GenBank were downloaded (Table 1). 
A sample of Phyllopezus heuteri was used to root the tree. 
Sequences alignment was performed in MAFFT2 (Katoh 
et al. 2002, Katoh & Standley 2013) using the webserver 
(Katoh et al. 2017), including a special search strategy 
(Q-INS-i) for the secondary structure of the rRNA 16S 
(Katoh & Toh 2008). MSA viewer was used for visuali-
zation of alignments and export in fasta format (Yach-
dav et al. 2016).

Table 2.  Genetic (below left) and geographic (above right) distances between analyzed samples of Homonota. Ge-
netic distances are represented by the number of base substitutions per site between sequences. Geographic dis-
tances are provided in km and estimated in straight airline.

H. septentrionalis H. septentrionalis H. marthae H. itambere H. horrida H. horrida H. horrida H. rupicola H. rupicola H. rupicola

SMF 101984 MNHNP 12238 SMF 101438 IIBP-H 4437 LJAMM-CNP 10576 LJAMM-CNP 10495 BYU 47941 PCS 754 PCS 753 PCS 758
H. septentrionalis SMF 101984  ~0.000 253.85 725.12 1632.73 1632.46 1632.46   701.30   701.30   693.61
H. septentrionalis MNHNP 12238 ~0.000  253.85 725.12 1632.73 1632.46 1632.46   701.30   701.30   693.61
H. marthae SMF 101438    0.006    0.006  514.55 1657.12 1656.88 1656.88   472.54   472.54   466.61
H. itambere IIBP-H 4437    0.049    0.049 0.046  1455.81 1454.90 1454.90     90.35     90.35     85.49
H. horrida LJAMM-CNP 10576    0.033    0.033 0.030 0.052      25.00     25.00 1541.69 1541.69 1533.97
H. horrida LJAMM-CNP 10495    0.024    0.024 0.021 0.042 0.009      ~0.00 1541.54 1541.54 1533.82
H. horrida BYU 47941    0.024    0.024 0.021 0.042 0.009 ~0.000  1541.54 1541.54 1533.82
H. rupicola PCS 754    0.154    0.154 0.150 0.169 0.138    0.131    0.131        0.00     10.47
H. rupicola PCS 753    0.154    0.154 0.150 0.169 0.138    0.131    0.131 ~0.000      10.47
H. rupicola PCS 758    0.157    0.157 0.153 0.164 0.148    0.141    0.141    0.024    0.024  
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The best substitution model scheme was selected using 
the AICc (Burnham & Anderson 2002). According to 
Yang et al. (2016), it is not recommended to use both +I 
(invariable sites) and +G (gamma distribution) in the 
same substitution model, thus, in case of a suggestion 
of +I+G in a model, the next best model containing only 
+I or +G was selected.

For analysis of clusters and relations of sequences 
phylogenetic hypothesis was performed using a Maxi-
mum Likelihood (ML) method in IQ-Tree (Nguyen et 
al. 2015) webserver platform (Trifinopoulos et al. 2016), 
under the following settings: 10 000 non-parametric 
bootstrap replicates adding 10 000 replicates of Shimo-
daira-Hasegawa approximate likelihood ratio (SH-aL-
RT) (Anisimova et al. 2011) and 10 000 approximation 
replicates of ultrafast bootstrap (UFBoot) (Minh et al. 
2013). FigTree 1.4.3 (Bogaardt et al. 2018) was used for 
tree visualization. Sequences are stored in GenBank 
under accession numbers (PP920678-PP920680), and 
final alignment with associated tree stored in TreeBASE 
repository (Submission ID 31492).

Uncorrected pairwise distance (p-distance) was 
estimated (Brown et al. 1979, Lopez et al. 1997) in 
MEGA 11 (Tamura et al. 2021) with 10 000 bootstrap 
replicates and excluding the outgroup, using the Maxi-
mum Composite Likelihood model (Tamura et al. 2004), 
to assess the evolutionary divergence between se-
quences, followed by a comparison of the genetic dis-
tance with the geographic distance. Maps generated in 
QGIS 3.22.7, using high resolution elevation SRTM30 
(30 seconds resolution) datasets taken from Consortium 
for Spatial Information (CGIAR-CSI) available on 
http://www.diva-gis.org/gdata (Jarvis et al. 2008). 
Finally, genetic distances were overlapped with geo-
graphic distance in Barrier 2.2 (Manni et al. 2004) to 
visualize the most significant barriers.

Results

The final alignment length was 530 bp, and the 
selected substitution model GTR+G. Results show 
samples of H. rupicola (borellii group) as a sister group 
to the remaining Homonota (horrida group), where 

samples from Piraretá (PCS 753 and 754) are different 
from the specimen from Itá Morotí (PCS 758) (Fig. 2). 
Within the horrida group, H. horrida (from Argentina) 
is nested as the basal clade (yellow clade), and sister 
to the Paraguayan specimens, and within the Para-
guayan samples, H. itambere, the only species east of 
the Paraguay River, is the most basal lineage (blue 
clade), and sister to the species distributed west of 
the Paraguay River (H. marthae and H. septentrionalis) 
(Figs 1-2). The weakest support in the branches is 
found within H. horrida, and the highest value is 
present in the support of the horrida group.

The analysis of genetic distances shows a di-
vergence of 0.02 base substitutions per site between 
samples of H. rupicola from Itá Moroti and Piraretá 
(Table 2), where the geographic distance is about 
10 km. This genetic distance is higher than the dis-
tance between H. septentrionalis and H. marthae (0.05) 
which are separated by 260 km, and similar to the 
distance between H. septentrionalis and H. horrida 
(0.02-0.03) separated by about 1600 km (Table 2). 
Within the horrida group, H. itambere has the high-
est genetic distance from the remaining members 
(0.04-0.05), and H. rupicola (borellii group) shows a 
genetic distance of 0.14-0.16 base substitutions per 
site from the horrida group. Overall, the estimation 
of genetic distance ratio per kilometer between the 
samples of H. rupicola is 0.0022, whereas in H. horrida 
it is 0.00035, and even lower (< 0.0001) between the 
other species within the horrida group.

The identification of barriers categorizes as the 
most important (barrier “a”) a difference between 
the species H. itambere and H. horrida, and the two 
Chaco species (H. marthae and H. septentrionalis) and 
the only member of the borelli group (H. rupicola) 
(Fig. 3). The second barrier (b) separates H. rupicola 
from H. marthae and H. septentrionalis and the third 
barrier (c) isolates the southernmost population 
(H. horrida) (Fig. 3). Notably, the fourth division (d) 
is the first intraspecific barrier located between the 
two populations of H. rupicola, and the following 

Table 2.  Genetic (below left) and geographic (above right) distances between analyzed samples of Homonota. Ge-
netic distances are represented by the number of base substitutions per site between sequences. Geographic dis-
tances are provided in km and estimated in straight airline.

H. septentrionalis H. septentrionalis H. marthae H. itambere H. horrida H. horrida H. horrida H. rupicola H. rupicola H. rupicola

SMF 101984 MNHNP 12238 SMF 101438 IIBP-H 4437 LJAMM-CNP 10576 LJAMM-CNP 10495 BYU 47941 PCS 754 PCS 753 PCS 758
H. septentrionalis SMF 101984  ~0.000 253.85 725.12 1632.73 1632.46 1632.46   701.30   701.30   693.61
H. septentrionalis MNHNP 12238 ~0.000  253.85 725.12 1632.73 1632.46 1632.46   701.30   701.30   693.61
H. marthae SMF 101438    0.006    0.006  514.55 1657.12 1656.88 1656.88   472.54   472.54   466.61
H. itambere IIBP-H 4437    0.049    0.049 0.046  1455.81 1454.90 1454.90     90.35     90.35     85.49
H. horrida LJAMM-CNP 10576    0.033    0.033 0.030 0.052      25.00     25.00 1541.69 1541.69 1533.97
H. horrida LJAMM-CNP 10495    0.024    0.024 0.021 0.042 0.009      ~0.00 1541.54 1541.54 1533.82
H. horrida BYU 47941    0.024    0.024 0.021 0.042 0.009 ~0.000  1541.54 1541.54 1533.82
H. rupicola PCS 754    0.154    0.154 0.150 0.169 0.138    0.131    0.131        0.00     10.47
H. rupicola PCS 753    0.154    0.154 0.150 0.169 0.138    0.131    0.131 ~0.000      10.47
H. rupicola PCS 758    0.157    0.157 0.153 0.164 0.148    0.141    0.141    0.024    0.024  
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barrier (e), also intraspecific, divides two populations 
of H. horrida in the south (Fig. 3). Following, there 
is an interspecific barrier (f) between H. marthae and 
H. septentrionlis.

Discussion

This contribution improves the database of genetic 
barcodes of Squamata from Paraguay by adding 
mtDNA 16S sequence data for Homonota rupicola from 
two localities, one of which (Itá Morotí) is located less 
than 2 km from the type locality of the species. These 
are the first 16S genetic barcodes for this critically 
endangered species. The topology of the inferred tree 
represents relationships that match previous topolo-
gies of species phylogenies based on multigene data 
(Cacciali et al. 2017, 2018a), where H. horrida is the 
sister lineage to the H. marthae and H. septentrionalis. 
According to Cabral & Cacciali (2021), H. itambere is 
sister to H. horrida from Argentina, but in our tree all 
the Paraguayan species are nested together (within 
the horrida group), and H. itambere as the basal clade 
within the group. As expected, H. rupicola is nested 
in a different clade confirming the monophyly of 
the horrida group.

Regarding the genetic distance, the base substitu-
tions per site between the samples of H. rupicola
from the two analyzed localities, shows a difference 
of 0.02 (2%), which is rather high for a distance of 
~10 km. According to other species of the Homonota 
horrida group, the intraspecific 16S genetic distance 
goes only up to 1% (Cacciali et al. 2017). For other 
Phyllodactylidae, such as those in the genus Phyl-
lopezus, it is usually less than 0.5%, but in some 
clades, it can reach up to 4.4 or 6.6 % (Cacciali et 
al. 2018b), and for Lygodactylus it ranges from 0 to 
9% with a mean of 1.8% (Castiglia & Annesi 2011). 
In a comparison between genetic and geographic 
distances, Cacciali & Köhler (2018) found in the 
lizard genus Tropidurus a genetic distance of 0.4% in 
specimens separated by ~450 km. Thus, the genetic 
distance of 2% found between samples of H. rupicola
separated by ~10 km is rather high. This elevated 
genetic distance typically signifies substantial genetic 
differentiation between populations or species. This 
can be interpreted as evidence of long-term evolu-
tionary separation where populations have evolved 
independently over extended periods, accumulating 
distinct genetic mutations (Mueller & Ayala 1982, 
Aguillon et al. 2017). The analysis of barriers shows 
a high degree of differentiation between the popula-

Fig. 2. Maximum likelihood relationships based on mtDNA gene 16S, showing in red the new genetic data for 
H. rupicola. Scale bar represents rate of substitution/site.
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tions of H. rupicola when genetic distance and geo-
graphic closeness are considered, being even more 
differentiated than H. marthae and H. septentrionalis, 
suggesting a high level of isolation.

Here it is important to highlight that it is not 
known if H. rupicola is strongly associated with 
rocky habitat and uses the forests to move between 
outcrops. Deeper genetic analyses are required to 
understand the actual genetic diversity and the 
mechanism used by the species to overcome genetic 
depression. When isolated populations have suf-
ficient genetic variation, this can lead to speciation 
(Wu 2001, Fitzpatrick et al. 2009). On the other hand, 
when genetic diversity is not adequately high, the 
lack of gene flow may lead to the reduction of genetic 
diversity and inbreeding depression (Amos & Har-
wood 1998, Booy et al. 2000), and this is especially 
remarkable in mountain organisms (Prieto-Benítez et 
al. 2021). In addition to the natural barriers between 
rocky hills, in the distribution area of H. rupicola
there is an important highway (Departmental Route 
N°10) going through the two sampled populations, 
which further reduces the capability of gene flow 
interchange. Some authors suggest that due to the 
high anthropogenic alterations to the environment, 
some species, such as those inhabiting mountains, 
must be genetically “assisted” (Aitken & Whitlock 
2013, Whiteley et al. 2015).

Despite the need for robust knowledge, the 
scope of lizard sampling was constrained by spe-
cies conservation reasons, which severely limit the 
conclusions. Thus, although limited, our findings 
provide a snapshot into the ecological dynamics of 
H. rupicola populations, offering a foundation for 
subsequent research endeavours. This is a species 
that needs strong attention, and perhaps some as-
sistance as well, to guarantee its conservation over 
time. This is a first contribution that seeks to add to 
the knowledge of this critically endangered and still 
poorly known species.

Acknowledgements

We thank Marcela Ferreira, Sara Escobar, Mario Bóveda, 
Lucas Cañete, Nicolás Cantero, Alexandra Spangenberg, 
José Maciel, Lorena Sforza, and Natalia Justiniano for 
their help during fieldwork, and Martha Motte and 
Nicolás Martínez (Museo Nacional de Historia Natural 
del Paraguay) for assistance during specimens’ storage. 
PC acknowledges CONACYT (through PRONII pro-
gram) and Zoological Society of London (through EDGE 
program) for financial support (for fieldwork, CONACYT 
(research fellowship BINV02-39) for financial aid for 
molecular analyses), and Guyra Paraguay and Sencken-
berg Forschungsinstitut and Naturmuseum Frankfurt 
(SMF) for endorse this study. Special thanks to Gunther 

Köhler, Hike Kappes, and Linda Mogk (SMF) for assis-
tance during laboratory procedures. Thanks to Paul 
Freed and Calandra Stanley for language review. This 
study was based on regenerative tissue tails, harm was 
minimum, and bioethical considerations were approved 
by Ministerio del Ambiente y Desarrollo Sostenible 
(MADES N°024/2020 and 004/2022).

References

Aguillon, S. M., Fitzpatrick, J. W., Bowman, R., Schoech, 
S. J., Clark, A. G., Coop, G. & Chen, N. 2017. De-
constructing isolation-by-distance: the genomic 
consequences of limited dispersal. PLoS Genetics 
13: e1006911.

Aitken, S. N. & Whitlock, M. C. 2013. Assisted gene flow 
to facilitate local adaptation to climate change. An-
nual Review of Ecology, Evolution, and Systematics 
44: 367-388.

Fig. 3. Barriers identification (red arrows) among samp-
les of Homonota species (black dots), categorized from 
most (a) to less (f) important. Blue polygons: Voronoï 
tessellation; green lines: Delaunay triangulation; light 
blue dots: virtual points for triangulation.



102

Amos, W. & Harwood, J. 1998. Factors affecting levels of 
genetic diversity in natural populations. Philosophi-
cal Transactions of the Royal Society B, Biological 
Sciences 353: 177-186.

Anisimova, M., Gil, M., Dufayard, J. F., Dessimoz, C. & 
Gascuel, O. 2011. Survey of branch support meth-
ods demonstrates accuracy, power, and robustness 
of fast Likelihood-based approximation schemes. 
Systematic Biology 60: 685-699.

Antil, S., Abraham, J. S., Sripoorna, S., Maurya, S., 
Dagar, J., Makhija, S., Bhagat, P., Gupta, R., Sood, 
U., Lal, R. & Toteja, R. 2023. DNA barcoding, an 
effective tool for species identification: a review. 
Molecular Biology Reports 50: 761-775.

Bogaardt, C., Carvalho, L., Hill, V., O’Toole, A. & Ram-
baut, A. 2018. FigTree, Version 1.4.3, Molecular 
Evolution, Phylogenetics and Epidemiology, United 
Kingdom. World Wide Web electronic publica-
tion. http://tree.bio.ed.ac.uk/software/figtree/ [ac-
cessed 27-Nov-2023].

Bonneuil, N. & Boucekkine, R. 2020. Genetic diversity 
and its value: conservation genetics meets econom-
ics. Conservation Genetics Resources 12: 141-151.

Booy, G., Hendriks, R. J. J., Smulders, M. J. M., Van 
Groenendael, J. M. & Vosman, B. 2000. Genetic 
diversity and the survival of populations. Plant 
Biology 2: 379-395.

Brown, W. M., George, M. & Wilson, A. C. 1979. Rapid 
evolution of animal DNA. Proceedings of the Na-
tional Academy of Sciences 76: 1967-1971.

Burnham, K. P. & Anderson, D. R. 2002. Model selection 
and multimodel inference: a practical information-
theoretic approach. 488 pp., 2nd ed., New York 
(Springer-Verlag).

Bystrykh, L. V., De Haan, G. & Verovskaya, E. 2014. 
Barcoded vector libraries and retroviral or lentiviral 
barcoding of hematopoietic stem cells. Pp. 345-360 
in: Bunting, K. D. & Qu, C. K. (eds). Hematopoietic 
stem cell protocols, Vol. 1185. New York (Springer-
Verlag).

Cabral, H. & Cacciali, P. 2021. A new species of Ho-
monota (Squamata: Gekkota: Phyllodactylidae) from 
Paraguay. Holotipus 2: 93-108.

Cacciali, P. 2017. Homonota rupicola. The IUCN red list 
of threatened species 2017: e.T56234195A56234197. 
https://dx.doi.org/10.2305/IUCN.UK.2017-2.
RLTS.T56234195A56234197.en [accessed 10-Apr-
2024].

– –	 & Köhler, G. 2018. Diversity of Tropidurus (Squa-
mata: Tropiduridae) in Paraguay – an integrative 
taxonomic approach based on morphological and 
molecular genetic evidence. Zootaxa 4375: 511-536.

– –	 , Avila, I. & Bauer, F. 2007. A new species of Ho-
monota (Squamata, Gekkonidae) from Paraguay, 
with a key to the genus. Phyllomedusa 6: 137-146.

– –	 , Avila, I., Buongermini, E. & Céspedez, J. 2015. 
Nuevos datos relativos a la variación morfológica 
de Homonota rupicola (Squamata: Phyllodactylidae) 
y comentarios sobre su hábitat. Facena 31: 53-58.

– –	 , Morando, M., Medina, C. D., Köhler, G., Motte, 
M. & Avila, L. J. 2017. Taxonomic analysis of 

Paraguayan samples of Homonota fasciata Duméril 
& Bibron (1836) with the revalidation of Homonota 
horrida Burmeister (1861) (Reptilia: Squamata: Phyl-
lodactylidae) and the description of a new species. 
PeerJ 5: e3523.

– –	 , Morando, M., Avila, L. J. & Koehler, G. 2018a. 
Description of a new species of Homonota (Rep-
tilia, Squamata, Phyllodactylidae) from the central 
region of northern Paraguay. Zoosystematics and 
Evolution 94: 147-161.

– –	 , Lotzkat, S., Gamble, T. & Köhler, G. 2018b. Cryptic 
diversity in the Neotropical gecko genus Phyllopezus 
Peters, 1878 (Reptilia: Squamata: Phyllodactylidae): 
a new species from Paraguay. International Journal 
of Zoology 2018: e3958327.

– –	 , Buongermini, E. & Köhler, G. 2019. Barcoding 
analysis of Paraguayan Squamata. Diversity 11: 152.

– –	 , Cantero, N., Cañete, L. & Teles, D. 2024. New data 
on the distribution of Homonota rupicola Cacciali, 
Ávila & Bauer, 2007 (Squamata, Phyllodactylidae) 
in Paraguay. Check List 20: 444-449.

Castiglia, R. & Annesi, F. 2011. The phylogenetic po-
sition of Lygodactylus angularis and the utility of 
using the 16S rDNA gene for delimiting species in 
Lygodactylus (Squamata, Gekkonidae). Acta Herpe-
tologica 6: 35-45.

Fitzpatrick, B. M., Fordyce, J. A. & Gavrilets, S. 2009. 
Pattern, process and geographic modes of specia-
tion. Journal of Evolutionary Biology 22: 2342-2347.

Hertwig, S., Sá, R. & Haas, A. 2004. Phylogenetic sig-
nal and the utility of 12S and 16S mtDNA in frog 
phylogeny. Journal of Zoological Systematics and 
Evolutionary Research 42: 2-18.

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G. 
& Jarvis, A. 2005. Very high resolution interpolated 
climate surfaces for global land areas. International 
Journal of Climatology 25: 1965-1978.

Ivanova, N., Dewaard, J. & Ebert, P. 2006. An inex-
pensive, automation-friendly protocol for recover-
ing high-quality DNA. Molecular Ecology Notes 
6: 998-1002.

Jarvis, A., Guevara, E., Reuter, H. I. & Nelson, A. D. 
2008. Hole-filled SRTM for the globe, v. 4: data grid. 
CGIAR Consortium for Spatial Information. http://
srtm.csi.cgiar.org/

Katoh, K. & Standley, D. M. 2013. MAFFT multiple 
sequence alignment software version 7: improve-
ments in performance and usability. Molecular 
Biology and Evolution 30: 772-780.

– –	 , Misawa, K., Kuma, K. & Miyata, T. 2002. MAFFT: 
a novel method for rapid multiple sequence align-
ment based on fast Fourier transform. Nucleic Acids 
Research 30: 3059-3066.

– –	 , Rozewicki, J. & Yamada, K. 2017. MAFFT online 
service: multiple sequence alignment, interactive 
sequence choice and visualization. Briefings in 
bioinformatics 20: 1160-1166.

Lopez, J. V., Cilver, M., Stephens, J. C., Johnson, W. E. & 
O’Brien, S. J. 1997. Rates of nuclear and cytoplasmic 
mitochondrial DNA sequence divergence in mam-
mals. Molecular Biology and Evolution 14: 277-286.



103

Manni, F., Guérard, E. & Heyer, E. 2004. Geographic 
patterns of (genetic, morphologic, linguistic) varia-
tion: How barriers can be detected by using Mon-
monier’s algorithm. Human Biology 76: 173-190.

Minh, B. Q., Nguyen, M. A. T. & von Haeseler, A. 2013. 
Ultrafast approximation for phylogenetic bootstrap. 
Molecular Biology and Evolution 30: 1188-1195.

Morando, M, Medina, C. D., Ávila, L. J., Pérez, C. H. F., 
Buxton, A. & Sites, J. W. 2014. Molecular phylogeny 
of the New World gecko genus Homonota (Squama-
ta: Phyllodactylidae). Zoologica Scripta 43: 249-260.

Mueller, L. D. & Ayala, F. J. 1982. Estimation and inter-
pretation of genetic distance in empirical studies. 
Genetics Research 40: 127-137.

Nguyen, L. T., Schmidt, H. A., von Haeseler, A. & Minh, 
B. Q. 2015. IQ-TREE: A fast and effective stochas-
tic algorithm for estimating Maximum-Likelihood 
phylogenies. Molecular Biology and Evolution 
32: 268-274.

Nonić, M. & Šijačić-Nikolić, M. 2021. Genetic diversity: 
sources, threats, and conservation. Pp. 421-435 in: 
Leal Filho, W., Azul, A. M., Brandli, L., Lange Salvia, 
A. & Wall, T. (eds). Life on land. Cham (Encyclo-
pedia of the UN Sustainable Development Goals).

Palumbi, S. R., Martin, A., Romano, S., Mcmillan, W. 
O., Stice, L. & Grabowski, G. 1991. The simple 
fool’s guide to PCR. 45 pp., Honolulu (University 
of Hawaii Press).

Prieto-Benítez, S., Morente-López, J., Rubio Teso, M. 
L., Lara-Romero, C., García-Fernández, A., Torres, 
E. & Iriondo, J. M. 2021. Evaluating assisted gene 
flow in marginal populations of a high mountain 
species. Frontiers in Ecology and Evolution 9: Ar-
ticle 638837.

Sabaj, M. H. 2023. Codes for natural history collections 
in ichthyology and herpetology, v. 9.5. American 
Society of Ichthyologists and Herpetologists, Wash-

ington DC, USA. Available at https://www.asih.
org/s/Sabaj_2023_MASTER_LIST_v95_forASIH.
xlsx [accessed 24-Feb-2024].

Stucky, B. J. 2012. SeqTrace: a graphical tool for rapidly 
processing DNA sequencing chromatograms. Jour-
nal of Biomolecular Techniques 23: 90-93.

Tamura, K., Nei, M. & Kumar, S. 2004. Prospects 
for inferring very large phylogenies by using the 
neighbor-joining method. Proceedings of the Na-
tional Academy of Sciences of the United States of 
America 101: 11030-11035.

– –	 , Stecher, G. & Kumar, S. 2021. MEGA11: Molecular 
Evolutionary Genetics Analysis Version 11. Molecu-
lar Biology and Evolution 38: 3022-3027.

Thielecke, L., Aranyossy, T., Dahl, A., Tiwari, R., Roed-
er, I., Geiger, H., Fehse, B., Glauche, I. & Cornils, K. 
2017. Limitations and challenges of genetic barcode 
quantification. Scientific Reports 7: 43249.

Trifinopoulos, J., Nguyen, L. T., von Haeseler, A. & 
Minh, B. Q. 2016. W-IQ-TREE: a fast online phyloge-
netic tool for maximum likelihood analysis. Nucleic 
Acids Research 44: W232-235.

Whiteley, A. R., Fitzpatrick, S. W., Funk, W. C. & 
Tallmon, D. A. 2015. Genetic rescue to the rescue. 
Trends in Ecology & Evolution 30: 42-49.

Wu, C. 2001. The genic view of the process of speciation. 
Journal of Evolutionary Biology 14: 851-865.

Yachdav, G., Wilzbach, S., Rauscher, B., Sheridan, R., 
Sillitoe, I., Procter, J., Lewis, S. E., Rost, B. & Gold-
berg, T. 2016. MSAViewer: Interactive JavaScript 
visualization of multiple sequence alignments. Bio-
informatics 32: 3501-3503.

Yang, Z., Landry, J. F. & Hebert, P. D. N. 2016. A DNA 
barcode library for North American Pyraustinae 
(Lepidoptera: Pyraloidea: Crambidae). PLOS ONE 
11: e0161449.



104

Appendix 1. Reagents and buffer ingredients used for mo-
lecular protocols, indicating volumes and concentrations.

Reagents Volume Concentration

TE Buffer 100 ml
Tris-HCl 90 ml 10.0 mM
EDTA 10 ml    1.0 mM

Vertebrate Lysis Buffer 100 ml
NaCl   4 ml 100.0 M
Tris-HCl 10 ml    1.0 M
EDTA   4 ml    0.5 M
SDS   5 ml 20%
Water 77 ml

Proteinase K solution 20 mg/ml
Binding Buffer 14 ml

GuSCN   7 ml    4.0 M
Ethanol   7 ml 96%

Washing Buffer 1 20 ml
GuSCN     5.2 ml 4.0 M
Ethanol    14.8 ml 96%

Washing Buffer 2 475 ml
Ethanol 300 ml 60%
NaCl      4.75 ml 50.0 mM
Tris-HCl      4.75 ml 10.0 mM
EDTA      0.475 ml    0.5 mM

Taq-DNA Polymerase 5 U/µl
Reaction buffer Y    2.5 mM
MgCl2 25.0 mM
dNTPs    2.5 mM
EasyLadder I 100 lanes
peqGOLD Universal Agarose
Loading Buffer 10 ml

Bromophenol blue    0.25 g
Sucrose 4 g
Water   5 ml
TE Buffer   5 ml 1×

HD-Green Plus™ (DNA stain)   6 µl 10000×
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