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FIRST KARYOTYPE REPORT ON Colocasia oresbia: A COMPARATIVE 
CYTOGENETIC STUDY BETWEEN TWO VARIETIES

PRIMER REPORTE DEL CARIOTIPO DE Colocasia oresbia: UN ESTUDIO 
CITOGENÉTICO COMPARATIVO ENTRE DOS VARIEDADES
Begum Kazi N.1, Dash Chandan K.2, Sultana Syeda S.2

Vol XXXI (2): 7-11; December 2020 Journal of the 
Argentine Society  

of Genetics

A B S T R A C T

Karyotypes of two Colocasia oresbia botanical varieties from Bangladesh were analyzed and 
compared with orcein, chromomycin A3 (CMA) and 4´-6 diamidino-2-phenylindole (DAPI). 
Both varieties had 2n=2x=26 chromosomes (karyotypic formula: 20m+6sm) and a pair 
of satellites each. Total chromosome length was 144.18±2.45 μm in C. oresbia var. oresbia 
and 133.02±2.75 μm in C. oresbia var. stolonifera. The karyotype of Colocasia oresbia var. 
oresbia is 2A whereas that of C. oresbia var. stolonifera is 1A. Six CMA and four DAPI bands 
were observed in C. oresbia var. oresbia and eight CMA and six DAPI bands in C. oresbia 
var. stolonifera. However, in these two morphologically distinct C. oresbia varieties of two 
different ecological zones, the same somatic chromosome number, diversification in various 
karyotypic parameters and CMA/DAPI-banding patterns were observed. In addition to 
taxonomic characters, the studied karyotype features will contribute to the characterization 
of these two C. oresbia varieties and to establish a base for future research.

Key words: chromosome banding; CMA; DAPI; Karyotype.

R E S U M E N

Se analizaron y compararon los cariotipos de dos variedades botánicas de Colocasia oresbia 
de Bangladesh con orceína, chromomicina A3 (CMA) y 4-6 diamidino-2-phenilindol (DAPI). 
Ambas variedades presentaron 2n=2x=26 cromosomas (fórmula cariotípica: 20m+6sm) y 
un par de satélites cada una. La longitud total de cromosomas fue 144,18±2,45 μm en C. 
oresbia var. oresbia y 133.02±2.75 μm en C. oresbia var. stolonifera. El cariotipo de Colocasia 
oresbia var. oresbia es 2ª, y 1ª el de C. oresbia var. stolonifera. Se observaron seis bandas CMA 
y cuatro DAPI en C. oresbia var. oresbia y ocho bandas CMA y seis DAPI en C. oresbia var. 
stolonifera. Sin embargo, en estas dos variedades morfológicamente distintivas de C. oresbia 
de dos zonas ecológicas diferentes se observó el mismo número cromosómico somático, 
diversificación en varios parámetros cariotípicos y en patrones de bandeo CMA/DAPI. 
En adición a los caracteres taxonómicos, las características de los cariotipos estudiados 
contribuirán a la caracterización de estas dos variedades de C. oresbia y a establecer una base 
para futuras investigaciones.

Palabras clave: bandeo cromosómico; CMA; DAPI; cariotipo 
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I N T R O D U C T I O N

The genus Colocasia Schott belonging to the Araceae 
family, comprises about 20 species over the world 
(Li and Boyce, 2010). A total of nine of these species 
has been reported for Bangladesh so far, such as C. 
affinis Schott, C. esculenta (L.) Schott, C. fallax Schott, 
C. gigantea (Blume) Hook. f., C. heterochroma H. Li et 
Z.X. & Wei, C. lihengiae C.L. Long et K.M. Liu, C. mannii 
Hook. f., C. oresbia A. Hay and C. virosa Kunth. (Ara and 
Hassan, 2019). This genus is popular because it is edible 
and has medicinal, ornamental and cultural importance. 
Ara and Hassan (2019) reported and differentiated 
two varieties of C. oresbia from Bangladesh viz. C. 
oresbia A. Hay var. stolonifera H. Ara & M.A. Hassan, 
var. nov. and C. oresbia A. Hay var. oresbia based on 
several prominent morphological features. In fact, 
most species of this genus are morphologically distinct 
although the morphological features of a few of them 
are very confusing. In those cases, karyo-morphological 
information can open a new direction for evaluating 
the relationship among them. The nature and degree 
of karyotype differences obtained from conventional 
and fluorescent banding techniques could be useful to 
discuss plant phylogeny. In addition, the cytogenetical 
information will be useful for development of 
successful breeding programs in this crop. So far C. 
oresbia is unexplored cytogenetically. Therefore, in the 
present study, a combination of morphological and 
cytogenetical analyses with orcein, chromomycin A3 
(CMA) and 4´-6 diamidino-2-phenylindole (DAPI) were 
carried out for the first time to present karyotype data 
from two varieties of C. oresbia viz. Colocasia oresbia var. 
stolonifera and Colocasia oresbia var. oresbia to determine 
chromosomal relationships among them.

M A T E R I A L S  A N D  M E T H O D S 

Two varieties of Colocasia oresbia viz. C. oresbia A. Hay 
var. stolonifera H. Ara & M.A. Hassan, var. nov. and C. 
oresbia A. Hay var. oresbia were studied. Colocasia oresbia 
var. oresbia was collected from Chittagong, Cox’s Bazar, 
Khagrachari, Moulvibazar, Rangamati, Kaptai, Rajbari 
area, Shubalong and Dhaka (flat regions) of Bangladesh 
whereas C. oresbia var. stolonifera was found and 
collected only from Rangamati district (hilly regions), 
Bangladesh. For cytogenetic investigation, healthy 
roots of ten individuals of each variety were collected 
and pretreated with 2 mM 8-hydroxyquinoline for 3 h 
at room temperature followed by 15 min fixation in 45% 
acetic acid at 4 °C, then hydrolyzed in a mixture of 1 N 
HCl and 45% acetic acid (2:1 v/v) at 60 °C for 3 min. The 
root tips were stained and squashed in 1% aceto-orcein. 
For CMA- and DAPI-banding, Alam and Kondo’s (1995) 
method was used with slight modifications. Slides 

were observed under a Nikon (Eclipse 50i) fluorescent 
microscope with a blue violet (BV) filter cassette for CMA 
and an ultraviolet (UV) one for DAPI-banding. CMA binds 
with GC (Guanine-Cytosine)-rich repetitive sequences 
of the genome expressing yellow fluorescence, and DAPI 
binds to AT (Adenine-Thymine)-rich repeats giving a 
characteristic blue color (Schweizer, 1976).

For every staining, at least 50 cells were observed 
in each variety. The idiograms were made on the basis 
of chromosome size in decreasing order. Levan et al. 
(1964) was followed for determining centromeric type 
of chromosomes. Karyotype asymmetry index (AI) was 
also calculated to determine the degree of karyotype 
heterogeneity (Paszko, 2006).

R E S U L T S  A N D  D I S C U S S I O N 

Morphological investigation

The two studied varieties of Colocasia oresbia show some 
prominent morphological dissimilarities. Colocasia 
oresbia var. stolonifera has stolons, which are absent 
in C. oresbia var. oresbia. They also show differences in 
inflorescence formation: the inflorescence of C. oresbia 
var. stolonifera is normally formed in group of up to 3 but 
in C. oresbia var. oresbia inflorescence occurred in group 
of up to 8 (never less than 4).

Somatic chromosome number and karyotype analysis

This present study provides detailed chromosomal 
information of C. oresbia for the first time. The two 
varieties are found to possess 2n=26 chromosomes 
(Figure 1A, B; Table 1). Somatic chromosome numbers 
2n=28 and 42 have been reported for most of the studied 
species of this genus. Besides, some infrequent records 
such as 2n=26 in C. gigantea and C. esculenta, 2n=38 in C. 
antiquorum, and 2n=56 (tetraploid) in C. esculenta have 
also been reported (Wang et al., 2017). Previous literature 
has stated the basic chromosome number of Colocasia is 
x=14 since most of the species belonging to this genus 
have 2n=28 chromosomes (Yang et al., 2003). Other 
researchers have suggested that chromosomal variation 
regarding ploidy levels and aneuploidy occurred 
frequently in this genus (Fedorov, 1974; Kumar and 
Subramanian, 1979; Cao and Long, 2004; Huang et al., 
2012). Moreover, the presence of euploid and aneuploid 
cytotypes in different species represents inconstancy 
in the basic chromosome number. The reported basic 
chromosome numbers are x=13, 14, 19, present in 2x, 
3x, and 4x cytotypes (Wang et al., 2017). Previous studies 
concerning genus Colocasia showed that x=14 should 
be considered as ancestral basic chromosome number 
(Yang et al., 2003; Wang et al., 2017). In two varieties of 
C. oresbia of the present study, the basic chromosome 
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number is x=13. Other previously reported basic 
chromosome numbers of x=13 and x=19 indicate that 
these two basic numbers probably originated from x=14 
by secondary modifications (Leong-Škorničková et al., 
2007).

Both varieties of C. oresbia display relatively 
homogeneous karyotype arrangement with metacentric 
and submetacentric chromosomes with a KF of 
20m+6sm, and have one pair of satellites in chromosome 
pair III (Figure 1G, H). However, these two varieties show 
differences in other karyotype parameters. Colocasia 
oresbia var. oresbia and C. oresbia var. stolonifera has TCL 
of 144.18±2.45 µm and 133.02±2.75 µm, respectively 
(Table 1). The ACL is lower in C. oresbia var. stolonifera 
(5.12 µm) than C. oresbia var. oresbia (5.55 µm). The RCL 
is 4.23-7.02 µm in C. oresbia var. oresbia and 4.05-6.75 

Figure 1. Metaphase chromosomes and idiograms of two Colocasia oresbia varieties. A. Orcein-
stained mitotic metaphase of C. oresbia var. oresbia, B. Orcein-stained mitotic metaphase of C. 
oresbia var. stolonifera, C. CMA-stained mitotic metaphase of C. oresbia var. oresbia, D. CMA-
stained mitotic metaphase of C. oresbia var. stolonifera, E. DAPI-stained mitotic metaphase of C. 
oresbia var. oresbia, F. DAPI-stained mitotic metaphase of C. oresbia var. stolonifera, G. Idiogram 
of C. oresbia var. oresbia, H. Idiogram of C. oresbia var. stolonifera. Arrows indicate satellites. 
Bars=10 µm.

µm in C. oresbia var. stolonifera. The RL is 2.93-4.87% in 
C. oresbia var. oresbia whereas 3.04-5.07% in C. oresbia 
var. stolonifera.

When evolutionary positions are taken into 
consideration in relation to the karyotypic nature, 
symmetric karyotypes are usually regarded as primitive 
and asymmetrical as advanced, since karyotype 
asymmetry can be considered to be the dynamic force 
behind speciation (Stebbins, 1971). Furthermore, a 
higher AI value represents more asymmetric karyotypes 
(Paszko, 2006). The studied asymmetry index of 
karyotype reveals that the karyotype of C. oresbia var. 
oresbia is more asymmetric than the karyotype of C. 
oresbia var. stolonifera. Thus, C. oresbia var. oresbia is 
more advanced from an evolutionary point of view. 
Chromosome number and size along with karyotypic 
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features are subjected to evolutionary change (Lavia 
et al., 2009). Chromosome evolution can take place 
either by increasing or decreasing chromosomal 
length (Brandham and Doherty, 1998; Martel et al., 
2004). In this case, the total length of the chromosome 
complements increase in the course of evolution, since 
both varieties have similar 2n numbers and karyotype 
formula. Colocasia oresbia var. oresbia and C. oresbia 
var. stolonifera have 2A and 1A karyotypes, respectively, 
which also correlate with the asymmetric index (Table 1).

Fluorescent banding

Each variety exhibited distinct CMA-banding pattern 
(Figure 1C, H; Table 1). Six and eight CMA-bands 
were found in C. oresbia var. oresbia and C. oresbia var. 
stolonifera, respectively, with 5.31% GC-rich repeats in C. 
oresbia var. oresbia and 6.79% in C. oresbia var. stolonifera. 
Six chromosomes (pairs VII, X and XII) of C. oresbia var. 
oresbia and four chromosomes (pairs II and VI) of C. 
oresbia var. stolonifera exhibited terminal CMA-bands. 
In addition, two chromosomes (pair I) of C. oresbia var. 
stolonifera had a peculiar CMA-banding pattern. In this 

variety, two chromosomes possess a pair of interstitial 
bands that may be used as chromosome markers. Four 
and six DAPI-bands were observed in C. oresbia var. 
oresbia and C. oresbia var. stolonifera, respectively. The 
DAPI-banded regions are 3.12% and 5.41% of the total 
chromosome complements in C. oresbia var. oresbia and 
C. oresbia var. stolonifera, respectively. Four terminal 
DAPI-bands (pairs VI and XI) in C. oresbia var. oresbia 
and two terminal DAPI-bands (pair VIII) in C. oresbia 
var. stolonifera were found. In addition, two centromeric 
(pair IX) and two intercalary DAPI-bands (pair VII) were 
also observed in C. oresbia var. stolonifera (Figure 1G, 
H). The mentioned findings suggest that each variety 
has a characteristic CMA and DAPI banded pattern with 
different number, location, total banded regions and 
percentage of GC- and AT-rich segments. Most of the 
bands are present at the terminal regions of the short 
arms of the respective chromosomes (Figure 1C, H). 
The presence of terminal bands indicated the tendency 
of accumulating GC- and AT-rich repetitive sequences 
at the chromosomal ends. Even though both varieties 
have the same chromosome number, diversification in 
karyotypic features and reshuffling of GC- and AT-rich 

Features         

Orcein staining 
2n 26 26 
No. of satellites 2 2 
KF  20m+6sm 20m+6sm 
TCL (µm) 144.18±2.45 133.02±2.75 
RCL (µm) 4.23−7.02 4.05−6.75 
RL (%) 2.93−4.87 3.04−5.07 
ACL (µm) 5.55 5.12 
AI 1.65 1.20 
Karyotype category 2A 1A 
CMA 
No. of bands 6 8 
Total banded region (µm) 7.65±0.53 9.03±0.74 
Banded region (%) 5.31 6.79 
DAPI 
No. of bands 4 6 
Total banded region (µm) 4.50±0.78 7.20±0.68 
Banded region (%) 3.12 5.41 

C. oresbia var. oresbia C. oresbia var. stolonifera 

Table 1. Comparative cytogenetical analysis of two Colocasia oresbia varieties.

2n=Somatic chromosome number; KF=Karyotypic formula; TCL=Total chromosome length; RCL=Range of chromosomal length; RL=Relative 
length of chromosome; ACL=Average chromosome length; AI=Asymmetry index of karyotype.
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banded regions were observed. The variation in karyotype 
indices and fluorescence banding patterns may be the 
result of inversions, deletions or unequal translocations, 
among other chromosomal aberrations. The diversity in 
karyotypes of these two varieties may have arisen due to 
the exposure to different environmental conditions.

This research is the first cytogenetical report for 
C. oresbia. The findings of the present study would be 
useful for future breeding programs and a contribution 
to the systematics of the species.
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SEQUENCE ANALYSIS SUGGESTS POSITIVE SELECTION ON THE 
BOVINE PRODYNORPHIN GENE

ANÁLISIS DE SECUENCIAS GENÓMICAS SUGIEREN QUE EL GEN DE LA 
PRODINORFINA ESTÁ BAJO SELECCIÓN POSITIVA EN BOVINOS
Suqueli García M.F.1, Castellote M.A.2, Corva P.M.1

Vol XXXI (2): 13-25; December 2020 Journal of the 
Argentine Society  
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A B S T R A C T

Dynorphin A is an endogenous opioid peptide that is part of the KNDy system in the 
hypothalamus of mammals. This peptide acts as an inhibitor of the GnRH pulse generation, 
thus regulating the onset of puberty and reproductive cycles. The PDYN gene encodes the 
propeptide Prodynorphin, the precursor of Dynorphin A. Despite its physiological relevance, 
PDYN has not emerged as a candidate gene associated with puberty in genomic association 
studies conducted in cattle. The present work aimed to search for signatures of selection on 
the PDYN gene among cattle breeds. To this, the whole genome sequences from 57 samples 
of ten cattle breeds were used. The samples were grouped based on breed selection history 
and their productive differences, particularly in terms of sexual precocity. The population 
structure was analyzed using Principal Component Analyses. To evidence recent selection 
processes, neutrality tests, such as Tajima’s D and Fu & Li’s F* and D* were performed in 
defined functional regions of PDYN. The putative promoter of PDYN showed a population 
structure that is in agreement with the criteria considered to make the groups. In that 
region, neutrality tests were consistently negative and resulted in statistically significant 
for the dairy breeds. Also, these breeds exhibited less variability in the haplotype analyses 
than the others. The results presented here suggest that regulatory regions of PDYN could be 
under positive selection, particularly in dairy breeds.

Key words: reproduction; KNDy neurons; Dynorphin; signatures of selection.

R E S U M E N

Dinorfina A es un péptido opioide endógeno que forma parte del sistema KNDy en el 
hipotálamo de mamíferos. Este péptido actúa como inhibidor de la generación de los pulsos de 
GnRH, regulando así el inicio de la pubertad y los ciclos reproductivos. El gen PDYN codifica el 
propéptido Prodinorfina, precursor de Dinorfina A. A pesar de su relevancia fisiológica, PDYN 
no ha surgido como gen candidato asociado a pubertad en estudios de asociación genómicos 
en bovinos. El presente trabajo tuvo como objetivo buscar huellas de selección en el gen 
PDYN entre diferentes razas bovinas. Para alcanzarlo se utilizaron secuencias genómicas de 
57 muestras de diez razas bovinas. Las muestras fueron agrupadas considerando la historia 
de selección y las diferencias productivas entre razas, particularmente en términos de 
precocidad sexual. La estructura poblacional fue analizada usando análisis de componentes 
principales. Para evidenciar procesos de selección recientes se realizaron pruebas de 
neutralidad, tales como D de Tajima y F* y D* de Fu & Li, en diferentes regiones funcionales 
de PDYN. El promotor putativo de PDYN mostró una estructura poblacional que es consistente 
con los criterios usados para agrupar las razas. En esa región, las pruebas de neutralidad 
fueron consistentemente negativas y estadísticamente significativas en las razas lecheras. 
Además, estas razas también exhibieron menor variabilidad en los análisis de haplotipos 
que las demás razas. Los resultados presentados aquí sugieren que regiones regulatorias de 
PDYN estarían bajo selección positiva, particularmente en razas bovinas lecheras.

Palabras clave: reproducción; neuronas KNDy; Dinorfina; huellas de selección.

1 Facultad de Ciencias Agrarias, 
Universidad Nacional de Mar del 
Plata, Unidad Integrada Balcarce, 
C.C. 276, 7620 Balcarce, Argentina.

2 Laboratorio de Agrobiotecnología, 
EEA Balcarce. Instituto Nacional de 
Tecnología Agropecuaria, Unidad 
Integrada Balcarce, C.C. 276, 7620 
Balcarce, Argentina.

Corresponding author: 
Pablo Marcelo Corva 
corva.pablo@inta.gob.ar 

         ORCID 0000-0002-0660-3115

Received: 05/05/2020
Revised version received: 07/15/2020
Accepted: 07/24/2020

General Editor: Elsa Camadro
 
DOI: 10.35407/bag.2020.31.02.02 

ISSN online version: 1852-6233 

ARTICLE 2 - RESEARCH 13

Available online at
www.sag.org.ar/jbag

Cite this article as: 
Suqueli García M.F., Castellote M.A., 
Corva P.M. 2020. SEQUENCE ANALYSIS 
SUGGESTS POSITIVE SELECTION ON 
THE BOVINE PRODYNORPHIN GENE. 
BAG. Journal of Basic and Applied 
Genetics XXXI (2): 13-25.

https://sag.org.ar/
mailto:corva.pablo@inta.gob.ar
https://orcid.org/0000-0002-0660-3115
https://www.sag.org.ar/jbag
https://www.sag.org.ar/jbag
https://orcid.org/0000-0002-0660-3115


PRODYNORPHIN GENE IS UNDER SELECTION IN CATTLE

ARTICLE 2 - RESEARCH14

I N T R O D U C T I O N

Reproductive efficiency is one of the most valued aspects 
of animal production. In the particular case of beef and 
dairy cattle, reproduction-associated traits, especially 
of females, are included in the selection objective of 
the most modern breeds and they have received much 
attention in genetic and genomic studies.

Starting with puberty and then cyclically repeated 
along productive life, the reproductive process in females 
requires the release of the gonadotropin-releasing 
hormone (GnRH) from the hypothalamus, which in turn 
is needed for the secretion of gonadotropins from the 
anterior pituitary gland (Amstalden and Williams, 2015; 
Atkins et al., 2013). Research devoted to understanding 
the mechanisms underlying the onset of puberty and 
the regulation of subsequent reproductive cycles in 
different mammal species contributed to building the 
“KNDy hypothesis” (Smith et al., 2014). According to 
this hypothesis three peptides, Kisspeptin, Neurokinin 
B, and Dynorphin A, are co-expressed in the same group 
of neurons in specific regions of the hypothalamus 
(Goodman et al., 2007). These peptides would have the 
role of a “pulse generator” that drives GnRH secretion. 
Neurokinin B and Dynorphin A have stimulatory and 
inhibitory effects on Kisspeptin expression, respectively. 
Moreover, these neurons also express the Neurokinin 
B receptor and the Dynorphin A receptor, but not the 
Kisspeptin receptor that is expressed in GnRH neurons 
(Weems et al., 2018). The regulatory system involving 
the KNDy neurons would be sensitive to sex steroid 
feedback and different regulatory cues (e.g. energy 
balance, lactation, photoperiod, stress) but the specific 
mechanisms involved are not clear (Lehman et al., 2010).

The role of Dynorphin A in the KNDy neurons is 
consistent with previous evidence showing an inhibitory 
effect of endogenous opioid peptides on reproduction 
(Malven, 1986). Suckling increases levels of endogenous 
opioid peptides in the brain, making the hypothalamus 
more sensitive to the negative feedback from estrogen 
and decreasing the production of GnRH (Squires, 2010).

Despite the role of Kisspeptin, Neurokinin B and 
Dynorphin A in the regulation of the reproductive cycle, 
the corresponding genes (KISS1, TAC3, and PDYN) and 
their receptors (KISS1R, TACR3, and OPRK1) have not been 
analyzed as functional or positional candidates in cattle. 
The only known exception is the Dynorphin receptor 
(OPRK1), proposed as a candidate gene associated with 
sexual precocity in a GWAS for sexual precocity in 
Nellore cattle from Brazil (Irano et al., 2016).

From the standpoint of animal breeding, the 
dissection of genetic variation at the level of the KNDy 
system could be of help to understand differences in 
reproductive performance among cattle breeds, and in 
turn, to improve management strategies. As an example, 
we have evaluated the reproductive efficiency of Angus 

and Argentinean Creole females (Corva et al., 1995). 
The Creole is a local beef breed that has been much 
less selected than Angus, but it is appreciated due to its 
rusticity and some other favorable traits such as calving 
ease. The superiority of Angus over Creole in reproductive 
performance was noticed starting with age at puberty 
(Pardo et al., 2018) and other differences between the two 
breeds were detected in subsequent reproductive cycles 
(Corva et al., 1995). While body weight change during the 
breeding season was a key factor defining pregnancy rate 
in Angus females, lactation and the interaction with the 
offspring was the most limiting factor in Creole females. 
The marked difference between European (Bos taurus) 
and Indicine (Bos indicus) breeds in sexual precocity is 
another well-known example of genetic variation in 
reproductive performance (Freetly et al., 2011; Laster et 
al., 1979) even when were evaluated in similar restrictive 
environmental conditions (Meirelles et al., 1994; Ferraz 
Jr. et al., 2018).

Taking together the evidences about the inhibitory 
effect of endogenous opioid peptides on reproduction 
and the recently proposed role of Dynorphin A in KNDy 
neurons, we hypothesized that PDYN, the gene that 
codes for the propeptide Prodynorphin, which is cleaved 
to produce several opioid peptides including Dynorphin 
A (Day et al., 1998, Figure 1), could be under selection 
in cattle. This selection probably resulting in the 
relaxation of the effects of different cues that convey to 
the hypothalamus to regulate the onset of reproductive 
activity. To test this hypothesis, we compared the 
sequence of the PDYN gene from different cattle breeds, 
taking advantage of the availability of whole genome 
sequences.

M A T E R I A L S  A N D  M E T H O D S

Retrieval and processing of PDYN genomic sequences

The genomic sequence of the Bovine Reference 
Genome (ARS-UCD1.2) corresponding to a region of 
BTA13 spanning the PDYN gene (GenBank accession: 
NC_037340.1: 53,130,235 - 53,148,819 bp) was 
downloaded from the NCBI site (http://www.ncbi.nlm.
nih.gov). This DNA sequence was used as a reference 
to retrieve the corresponding genomic sequence of Bos 
indicus (GenBank accession: NC_032662.1: 53,688,047 
- 53,707,634 bp) and also the genomic sequences of 
a panel of individuals from selected bovine breeds 
as it is described below. The sequenced genomes of 
selected animals had already been aligned to the Bovine 
Reference Genome UMD 3.1.1 (Merchant et al., 2014; 
Zimin et al., 2009). Sequence alignment confirmed that 
apart from a change in relative coordinates, the region 
of interest resulted in identical between UMD 3.1.1 and 
ARS-UCD1.2, the latest version of the Bovine Reference 
Genome (wwww.bovinegenome.org).
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The whole panel of genomic sequences used for the 
analyses included: The reference Bos taurus and Bos indicus 
genomes, corresponding to the Hereford and Nellore 
breeds respectively; one individual representing extinct 
wild cattle (Auroch, Bos primigenius, Park et al., 2015) 
and individuals from the “1000 Bull Genomes Project” 
(http://www.1000bullgenomes.com/) or the U.S. Meat 
Animal Research Center (USMARC) Beef Cattle Diversity 
Panel 2.9 (MBCDPv2.9, Heaton et al., 2016). Selected 
breeds were: Holstein (n=13), Jersey (n=11), Angus 
(n=10), Limousine (n=6), Corriente (n=4), Longhorn 
(n=3) and Brahman (n=7). In the first experiment, the 
average sequencing depth was 8.3X (Daetwyler et al., 
2014) while in the experiment of Heaton et al. (2016) it 
was 14.8X. Aligned genomic sequences (in bam format) 
were downloaded from the Sequence Read Archive (SRA) 
division of NCBI (http://www.ncbi.nlm.nih.gov/sra) and 
the USMARC website (https://www.ars.usda.gov/plains-
area/clay-center-ne/marc/wgs/bovref/), respectively. 
A detailed list of these genomic sequences is presented 
in Table 1. Based on breed selection history and well 

known productive differences among bovine biotypes 
(particularly in terms of sexual precocity; Diskin and 
Kenny, 2014; Sartori et al., 2016) four contrasting groups 
were defined: highly selected Bos taurus dairy (Holstein, 
Jersey, n=24) and beef breeds (Angus, Limousine, 
Hereford, n=17); less selected -hardy- Bos taurus breeds 
(Corriente, Longhorn, Auroch, n=8) and zebu breeds 
(Brahman, Nellore, n=8). These groups are hereinafter 
identified as “Dairy”, “Beef”, “Less selected” and 
“Zebu”, respectively.

Each genomic sequence in bam format was searched 
for variant sites using BCFtools software v1.5 (Li, 2011) 
with the command: “bcftools mpileup -f sequence.fasta 
input.bam | bcftools call -m -Ob | tabix | bcftools query 
-f ‘%POS\t%QUAL\t%ALT[\t%IUPACGT]\n’ –o output.
txt” where “sequence.fasta” was the sequence of the 
Bovine Reference Genome UMD 3.1.1 used as a reference 
in the original alignment. Variants with a Phred quality 
score below 20 (base call accuracy above 99%) were 
manually discarded and a consensus sequence was 
obtained for each sample in fasta format using UNIX 

PDYN

Figure 1. Structure of the bovine PDYN gene (Top), the corresponding transcript (Genbank sequence: NM_174139.3) (Middle) and the translated 
propeptide (Bottom). The different functional peptides resulting from proteolytic cleavage by the enzyme Prohormone convertase 2 are also 
indicated in the figure.
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Table 1. Genomic sequences used to characterize the bovine Prodynorphin gene. Each retrieved sequence was aligned to the region of BTA13 
spanning the PDYN gene (Bovine Reference Genome ARS-UCD1.2, GenBank accession: NC_037340.1: 53,129,235-53,148,819).

NC_037340.1 Beef Hereford1   

SRR1262614 Beef Angus2 10.0X 6.7X 

SRR1262615 Beef Angus2 10.0X 7.5X 

SRR1262616 Beef Angus2 9.5X 6.6X 

SRR1262617 Beef Angus2 9.8X 6.9X 

SRR1262618 Beef Angus2 10.0X 7.3X 

SRR1262619 Beef Angus2 10.0X 7.0X 

SRR1262620 Beef Angus2 11.0X 7.5X 

SRR1262621 Beef Angus2 6.7X 4.7X 

SRR1262622 Beef Angus2 8.0X 5.4X 

SRR1262623 Beef Angus2 8.5X 6.5X 

19989863 Beef Limousine3 10.7X 12.8X 

19999833 Beef Limousine3 11.9X 12.9X 

19999834 Beef Limousine3 10.6X 10.9X 

19999835 Beef Limousine3 11.5X 10.5X 

19999837 Beef Limousine3 11.2X 8.7X 

19999838 Beef Limousine3 10.4X 8.8X 

SRR1262783 Dairy 5.7X 3.6X 

SRR1188706 Dairy Holstein2 16.0X 12.8X 

SRR1262533 Dairy Holstein2 6.6X 3.4X 

SRR1262536 Dairy Holstein2 6.4X 4.5X 

SRR1262538 Dairy Holstein2 6.3X 4.6X 

SRR1262539 Dairy Holstein2 6.1X 3.2X 

SRR1262660 Dairy Holstein2 5.6X 4.1X 

SRR1262661 Dairy Holstein2 13.0X 12.5X 

SRR1262662 Dairy Holstein2 5.7X 5.24X 

SRR1262663 Dairy Holstein2 10.0X 8.1X 

SRR1262664 Dairy Holstein2 14X 10.7X 

SRR1262782 Dairy Holstein2 12.0X 9.3X 

SRR1262785 Dairy Holstein2 15.0X 12.4X 

 

ID Group Breed Whole genome coverage PDYN region coverage

Holstein2 

ID: File identification in the original database. Dairy: Highly selected dairy breeds (Bos taurus); Beef: Highly selected beef breeds (Bos taurus); Less selected: less selected breeds 
(Bos taurus), includes the Auroch (Bos primigenius); Zebu: zebu breeds (Bos indicus). All samples were aligned to the genomic region of BTA13 spanning the PDYN gene and 
only this region of each sample was used for the analyses. 1Bovine Reference Genome ARS-UCD1.2, GenBank accession: NC_037340.1: 53,130,235-53,148,819). 2“1000 Bull Genome 
Project” Run 2, (http://www.1000bullgenomes.com/). 3U.S. Meat Animal Research Center (USMARC) Beef Cattle Diversity Panel 2.9 (MBCDPv2.9, Heaton et al., 2016). 4Bos primigenius 
archeological sample (Park et al., 2015). 5Bos indicus Reference Genome Bos_indicus_1.0 (GenBank accession: NC_032662.1). *Average depth of coverage obtained from their 
respective original database. #Average depth of coverage calculated by using Mosdepth software v 0.2.9 (Pedersen and Quinlan, 2018).
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ID Group Breed Whole genome coverage* PDYN region coverage#

SRR1262789 Dairy Jersey2 8.8X 6.0X 

SRR1262790 Dairy Jersey2 8.3X 6.2X 

SRR1262791 Dairy Jersey2 9.3X 7.0X 

SRR1262792 Dairy Jersey2 6.9X 5.4X 

SRR1262793 Dairy Jersey2 14.0X 10.7X 

SRR1262794 Dairy Jersey2 6.4X 5.1X 

SRR1262795 Dairy Jersey2 7.1X 6.5X 

SRR1262796 Dairy Jersey2 6.1X 3.7X 

SRR1262797 Dairy Jersey2 11.0X 8.9X 

SRR1262798 Dairy Jersey2 13.0X 11.3X 

SRR1262803 Dairy Jersey2 12.0X 12.0X 

SRR2465682 Less selected Auroch4 8.8X 6.9X 

19202900 Less selected Corriente3 11.3X 10.1X 

19202901 Less selected Corriente3 10.1X 10.1X 

19202902 Less selected Corriente3 12.9X 11.9X 

19202903 Less selected Corriente3 10.5X 11.2X 

19999870 Less selected Longhorn3 10.5X 10.1X 

19999871 Less selected Longhorn3 10.2X 11.1X 

19999872 Less selected Longhorn3 10.0X 9.2X 

NC_032662.1 Zebu Nellore5   

19919842 Zebu Brahman3 19.6X 21.5X 

19999811 Zebu Brahman3 19.6X 21.5X 

19999812 Zebu Brahman3 10.0X 10.2X 

19999813 Zebu Brahman3 12.6X 9.3X 

19999819 Zebu Brahman3 12.1X 12.3X 

SRR3659494 Zebu Brahman3 6.0X 4.2X 

SRR3659495 Zebu Brahman3 5.3X 3.9X 

Table 1. (cont.) Genomic sequences used to characterize the bovine Prodynorphin gene. Each retrieved sequence was aligned to the region of BTA13 
spanning the PDYN gene (Bovine Reference Genome ARS-UCD1.2, GenBank accession: NC_037340.1: 53,129,235-53,148,819).

ID: File identification in the original database. Dairy: Highly selected dairy breeds (Bos taurus); Beef: Highly selected beef breeds (Bos taurus); Less selected: less selected breeds 
(Bos taurus), includes the Auroch (Bos primigenius); Zebu: zebu breeds (Bos indicus). All samples were aligned to the genomic region of BTA13 spanning the PDYN gene and 
only this region of each sample was used for the analyses. 1Bovine Reference Genome ARS-UCD1.2, GenBank accession: NC_037340.1: 53,130,235-53,148,819). 2“1000 Bull Genome 
Project” Run 2, (http://www.1000bullgenomes.com/). 3U.S. Meat Animal Research Center (USMARC) Beef Cattle Diversity Panel 2.9 (MBCDPv2.9, Heaton et al., 2016). 4Bos primigenius 
archeological sample (Park et al., 2015). 5Bos indicus Reference Genome Bos_indicus_1.0 (GenBank accession: NC_032662.1). *Average depth of coverage obtained from their 
respective original database. #Average depth of coverage calculated by using Mosdepth software v 0.2.9 (Pedersen and Quinlan, 2018).
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commands. The average depth of coverage of each 
sample for the whole genome sequence was retrieved 
from the original database. On the other hand, the 
average depth of coverage of each sample for the PDYN 
gene region was calculated using Mosdepth software v 
0.2.9 (Pedersen and Quinlan, 2018) (Table 1).

Haplotype reconstruction

The Prodynorphin cDNA was cloned by Jiang et al. (1997); 
Genbank accession U58500.1. This sequence agrees 
with accession NM_174139.3 from the annotation of 
the last version of the Bovine Reference Genome (ARS-
UCD1.2), and therefore it was used in the present work 
as a reference of gene organization. In the comparative 
sequence analyses, the whole sequence and four 
functional regions of the mRNA were considered: a 1,000 
bp fragment spanning the putative proximal promoter; 
the 5’ untranslated region (5’UTR, 174 bp); the coding 
sequence (CDS, 777 bp); and the 3’ untranslated region 
(3’UTR, 1,588 bp) (Figure 1).

The sequences of the breed panel were aligned online 
with the MAFFT software version 7 (https://mafft.cbrc.
jp/alignment/server/) and the resulting alignment was 
manually edited using the Aliview software version 1.23 
(Larsson, 2014). Then, haplotype phases from sequences 
with heterozygous sites were reconstructed with DnaSP 
version 6.10.03 (Rozas et al., 2017) using the option 
fastPHASE (Scheet and Stephens, 2006) with default 
parameters. Haplotypes were reconstructed for the 
whole sequence and then trimmed into the functional 
regions as defined above.

The phylogenetic relationships among the haplotypes 
identified in the putative proximal promoter (1,000 bp) 
and in the coding sequence (CDS) of the PDYN gene, were 
inferred through a median-joining network analysis 
(Bandelt et al., 1999) using the PopART software version 
1.7 (Leigh and Bryant, 2015).

Principal component analyses (PCA)

To evaluate population structure and the genetic 
relationships among the four breed groups (“Dairy”, 
“Beef”, “Less selected” and “Zebu”), principal 
component analyses (PCA) were computed on haplotype 
frequencies of both, the putative proximal promoter 
region (1,000 bp) and the cDNA (complementary 
DNA, 2,539 bp), of PDYN using the ‘prcomp’ function 
of Rstudio v.3.4.4 (R Development Core Team, 2018). 
PCA results were plotted using the R package ‘ggplot2’ 
(Wickham, 2016).

Signatures of selection

To detect departures from the expectations of the neutral 
theory of evolution (Kimura, 1968) the neutrality tests 
Tajima’s D (Tajima, 1989) and Fu & Li’s F* and D* (Fu 
and Li, 1993) were conducted. Tajima’s D compares the 

estimate of DNA sequence variation based on the average 
pairwise distance between all sequences in the sample 
(φ), to the estimate of DNA sequence variation based on 
the observed number of segregating sites and the number 
of chromosomes in a sample (θ). Under neutrality, the 
means θ and φ should be approximately equal to each 
other. Therefore, the expected value of Tajima’s D for 
populations conforming to a standard neutral model is 
zero. Significant deviations from zero indicate a skew 
in the allele frequency distribution relative to neutral 
expectations. Positive values of Tajima’s D arise from 
an excess of intermediate frequency alleles and can 
result from population bottlenecks, structure and/
or balancing selection. Negative values of Tajima’s 
D indicate an excess of low frequency alleles and can 
result from population expansions or positive selection 
(Tajima, 1989; Biswas and Akey, 2006). On the other 
hand, Fu & Li´s test makes the distinction between old 
and recent mutations as determined by where they occur 
on the branches of genealogies. The D* and F* statistics 
compare an estimate of the population mutation rate 
based on the number of derived variants seen only 
once in a sample (referred to as singletons) with φ or 
θ, respectively. Fu & Li´s F* and D* values are negative 
when there is an excess of recent mutations and will be 
taken as evidence against the neutrality of mutations (Fu 
and Li, 1993; Biswas and Akey, 2006). These tests were 
conducted in the four defined cattle groups for the whole 
PDYN gene and also for each functional region defined 
above, using DnaSP version 6.10.03 (Rozas et al., 2017). 

R E S U L T S

Principal component analyses

The PCA conducted on the haplotype frequencies of the 
cDNA and the putative promoter of PDYN are presented 
in Figure 2. It can be seen that the distribution of the 
breed groups does not agree between both gene regions. 
In the case of the promoter, PC1 alone explains 79.7% 
of the variability. Breeds are distributed along this 
axis, in agreement with the criteria that were originally 
considered to make the groups (selection history and, 
particularly, sexual precocity) suggesting a population 
structure defined not only by breed isolation and genetic 
drift but probably also by selection. On the contrary, 
when haplotype frequencies of the cDNA are considered, 
PC1 and PC2 explain 37.1% and 32.4% of the variation, 
respectively, and breed distribution do not match 
grouping criteria.

Signatures of selection

Departures from neutral theory expectations were 
analyzed on each of the four defined breed groups 
(“Dairy”, “Beef”, “Less selected” and “Zebu”) (Table 
4).  In the “Dairy” cattle group, these tests were 
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consistently negative and resulted to be statistically 
significant for the Genomic sequence as well as for 
the putative promoter region (Table 2). These results 
suggest that this gene and particularly the promoter 
region could be under positive selection. Moreover, 
these results pointed to a potential effect on regulatory 
features of PDYN gene expression in Dairy cattle. 
The other groups, on the contrary, had much higher 
nucleotide and haplotype diversity in the promoter and 
CDS than the Dairy breeds, and none of their neutrality 
tests were statistically significant (Table 2).

Haplotype description

Table 3 shows the mutations identified in the promoter 
region of the PDYN gene that had evidence of positive 
selection according to the neutrality tests, and in the 
CDS. These mutations define the haplotypes reported in 
Table 4.

The combination of 14 SNPs defined the haplotypes 
of the promoter region (1,000 bp) (Table 4). In this 
region, a total of 32 haplotypes were found among the 
114 chromosomes (57 samples by 2 chromosomes each) 
analyzed. Sixteen of them were found in at least two 
chromosomes and were represented by 98 chromosomes 
(Table 4). The most abundant haplotype (p-Hap_1, ref; 
n=56) was found in the Bovine Reference Genome ARS-
UCD1.2 but it was absent in the “Zebu” cattle group. In 
the CDS (777 bp), a total of 28 haplotypes defined by 10 
SNPs were found among the 114 chromosomes analyzed. 
Twelve of them were found in at least two chromosomes 
and were represented by 98 chromosomes (Table 3). In 
this region, the haplotype found in the Bovine Reference 
Genome ARS-UCD1.2 (c-Hap_1, ref; n=15) was not the 
most abundant and was the only one with the “A” allele 

in the SNP rs42388967 (SNP 3 in the CDS, Table 4). 
Although “Beef” and “Dairy” groups shared their most 
frequent haplotype (p-Hap_9) in the promoter that 
was not the case for the CDS (c-Hap_9 and c-Hap_1 for 
“Dairy” and “Beef” groups, respectively).

The promoter of PDYN had five different haplotypes in 
dairy breeds but with little variability, given that 34 out of 
40 chromosomes shared p-Hap_1. This same haplotype 
was present in 20 out of 33 chromosomes of selected 
beef breeds, but the rest of the chromosomes of this 
group had seven different haplotypes in low frequencies 
each (Table 4). Moreover, in the group of dairy breeds, 
40 out of 44 haplotypes of de CDS share the same six 
alleles in their 5’ end. This same trend was detected in 
the promoter, where 37 out of 40 haplotypes share the 
same seven alleles in their 3’ end. This pattern is not 
seen in any other breed group (Table 4). Zebu breeds 
had four haplotypes with a predominance of p-Hap_11 
in the promoter region and showed little coincidence 
in haplotype distribution with the other breed groups 
(Table 4). Interestingly, differences between breed 
groups were smoothed when the CDS was considered and 
even the “Zebu” group showed more coincidence with 
the other Bos taurus groups. Nevertheless, for the CDS 
the “Dairy” group showed again the lowest variability 
(30 out of 44 chromosomes had Hap_9; Table 4).

The “Median Joining” network constructed using the 
haplotypes identified in the promoter region suggested 
the existence of two clades separated by three mutational 
steps (Figure 3A). In this network, the haplotypes found 
in the “Dairy” cattle group could be differentiated 
from those of the “Zebu” cattle group. Noteworthy, 
the “Dairy” group exhibited few haplotypes and they 
formed a star-like configuration with the reference 
haplotype (p-Hap_1) as central haplotype in the clade 

Figure 2. Bidimensional plot illustrating the results of the Principal Component Analysis performed on haplotype frequencies of the putative proximal 
promoter (left) and the cDNA (NM_174139.3) (right) of the bovine PDYN gene. The percentages of total variability explained by each PC are included 
between brackets. Dairy: Highly selected dairy breeds (Bos taurus); Beef: Highly selected beef breeds (Bos taurus); Less selected: Less selected 
breeds (Bos taurus), included the Auroch (Bos primigenius); Zebu: Zebu breeds (Bos indicus).
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(Figure 3A). In contrast, the haplotypes from the other 
groups were sparsely distributed. On the other hand, 
the “Median Joining” network constructed using the 
haplotypes identified in the CDS did not exhibit a clear 
pattern of variation and contrary to what happened in 
the promoter region, the haplotypes found in the CDS 
in the different cattle groups were not separated in this 
network (Figure 3B).

The 28 haplotypes identified in the CDS (Table 4) could 
be translated into six propeptide sequences, which had 

no more than four changes compared to the translated 
reference sequence. The four breed groups coincidentally 
had the same translated sequence (translated 
sequence of c-Hap_9) as the most abundant (Table 
4). Interestingly, none of the aminoacid substitutions 
affected the sequence of the functional peptides that 
are processed from the translated propeptide (Table 3, 
Figure 1).

Table 2. Diversity measures and neutrality tests. Results corresponding to the whole genomic sequence of PDYN and each of the different functional 
regions of transcript NM_174139.3 are presented for each group of breeds.

Region Group n h Hd S π θ Tajima's D Fu and Li's 
D*

Fu and Li's 
F*

PDYN

Genomic 
sequence

Dairy 48 45 0.997 ± 0.004 188 0.00107 0.00216   -1.83842 *   -4.69877 **   -4.33775 **

Beef 34 31 0.989 ± 0.012 142 0.00172 0.00177 -0.12272 0.48822 0.32942

Less 
selected

16 16 1.000 ± 0.022 225 0.00282 0.00346 -0.81225 -0.90965 -1.02013

Zebu 16 16 1.000 ± 0.022 270 0.00381 0.00381 -0.36633 -0.14531 -0.24128

PDYN 
mRNA 
(NM_1741
39.3)

Promoter Dairy 48 11 0.469 ± 0.090 13 0.00070 0.00293   -2.30211 **   -4.04418 **   -4.09018 **
(1,000bp) Beef 34 7 0.608 ± 0.092 6 0.00143 0.00147 -0.08484 1.20449 0.94936

Less 
selected

16 9 0.900 ± 0.050 9 0.00249 0.00272 -0.31003 -1.01097 -0.94107

Zebu 16 7 0.750 ± 0.107 10 0.00158 0.00302   -1.78041 # -1.66704 -1.95299

Dairy 48 2 0.042 ± 0.039 1 0.00024 0.00129 -1.10686 -1.82907 -1.87498

5’UTR Beef 34 2 0.337 ± 0.083 1 0.00194 0.00141 0.56557 0.58040 0.66397

Less 
selected

16 2 0.500 ± 0.074 1 0.00287 0.00173 1.30896 0.68829 0.96505

Zebu 16 2 0.125 ± 0.106 1 0.00072 0.00173 -1.16221 -1.45287 -1.56820

CDS

Dairy 48 10 0.598 ± 0.079 9 0.00157 0.00261 -1.12637 -1.91413   -1.95186 #

Beef 34 15 0.836 ± 0.056 8 0.00296 0.00252 0.52289 1.31840 1.25513

Less 
selected

16 11 0.950 ± 0.036 9 0.00326 0.00349 -0.24232 0.42855 0.28108

Zebu 16 10 0.942 ± 0.036 7 0.00347 0.00272 0.98621 1.31791 1.40942

3’UTR

Dairy 48 26 0.926 ± 0.028 35 0.00472 0.00497 -0.17413 -1.84513 -1.48846

Beef 34 16 0.775 ± 0.074 18 0.00292 0.00278 0.16929 0.90055 0.78173

Less 
selected

16 15 0.992 ± 0.025 22 0.00539 0.00477 0.28355 0.46251 0.75674

Zebu 16 14 0.975 ± 0.035 18 0.00491 0.00342 1.73346 1.01041 1.39731

n: number of chromosomes; h: number of haplotypes; Hd: haplotype diversity; S: number of segregating sites; π: nucleotide diversity (per site); θ= 4Nμ (N and μ are the effective 
population size, and the mutation rate per DNA sequence per generation, respectively); Dairy: Highly selected dairy breeds (Bos taurus); Beef: Highly selected beef breeds (Bos 
taurus); Less selected: less selected breeds (Bos taurus), includes the Auroch (Bos primigenius); Zebu: zebu breeds (Bos indicus). #0.1>p>0.05; *p<0.05; **p<0.01. A region of the 
gene was considered under selection when both Tajima’s and Fu & Li’s neutrality tests produced significant results. These regions are shown in bold. 5’UTR and 3’UTR: untranslated 
regions; CDS: coding sequence.
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Region Position ID Mutation aa position aa substitution
Coordinates

(ARS-UCD 1.2)

PDYN mRNA promoter (1,000 bp)

1 rs483143590 C>T 53,133,835

2 rs133702134 C>T 53,133,850

3 T>C 53,133,873

4 ->T 53,133,905

5 G>A 53,133,933

6 C>G 53,133,938

7 G>T 53,133,945

8 T>- 53,134,299

9 C>- 53,134,300

10 C>T 53,134,467

11 rs480238520 C>A 53,134,474

12 rs445119268 ->C 53,134,494

13 A>C 53,134,596

14 T>G 53,134,604

CDS (777 bp)

1 rs518871097 C>T 15 53,146,628

2 rs211042415 T>C 52 53,146,739

3 rs42388967 A>G 75 R>G 53,146,806

4 rs1116570653 C>A 76 L>I 53,146,809

5 rs473280776 A>G 114 N>S 53,146,924

6 rs718114917 C>T 127 A>V 53,146,963

7 rs132886325 G>A 127 53,146,964

8 rs524857811 C>T 154 53,147,045

9 rs134167025 G>A 160 A>T 53,147,061

10 rs42388969 A>C 177 53,147,114

Table 3. List of mutations identified in two regions of the PDYN gene (promoter and coding sequence, CDS).

The “Position” column indicates the position in the corresponding haplotypes described in Table 4.

D I S C U S S I O N

The involvement of Endogenous Opioid Peptides (EOP) 
as negative regulators of the reproductive cycle has 
been known for a long time, but their role has not been 
completely elucidated. In cattle, EOP received attention 
as factors consistently involved in the inhibitory effects 
of suckling on reproductive activity (Malven et al., 1986). 
Frequent suckling or milking increases levels of EOP in 
the brain, which in turn increases the sensitivity of the 
hypothalamus to the negative feedback from estrogen 
(Squires, 2010). This experimental evidence confirms the 
role of Dynorphin A and EOP in general, as inhibitors of 
reproductive activity in mammals, and justify the search 
of selection signatures conducted in the present work 
to explain the well-known variability in reproductive 

performance among cattle breeds, that is noticeable 
since the onset of puberty (Diskin and Kenny, 2014).

In the present experiment, we analyzed an annotated 
sequence of PDYN, which encoded, among others, the 
endogenous opioid peptide Dynorphin A (Figure 1), 
from the last version of the Bovine Reference Genome 
(Genbank accession NM_174139.3). This sequence 
has a genomic organization that is consistent with the 
cDNA originally cloned by Jiang et al. (1997); Genbank 
accession U58500.1).

The dataset analyzed here included the only available 
sample from the Auroch (Bos primigenius, Park et al., 
2015) that were grouped with less selected breeds. This 
sample did not show marked differences with other 
groups. However, it must be noted that a single sample 
is not enough to identify signatures of selection. Thus, 
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Table 4. List of haplotypes. List of haplotypes defined by mutations identified in the coding sequence (CDS) and in the promoter region of the PDYN. 
Only haplotypes found in at least two chromosomes are shown.

The total number of identified chromosomes (n) are discriminated by breed group. Dairy: Highly selected dairy breeds (Bos taurus); Beef: Highly selected beef breeds (Bos 
taurus); Less selected: less selected breeds (Bos taurus), includes the Auroch (Bos primigenius); Zebu: zebu breeds (Bos indicus). n changes: number of changes respect to the 
bovine reference genome ARS-UCD1.2. Differences respect to the reference genome are shown in bold. The positions of SNPs that generate aa substitutions in the CDS are in bold 
italic font.

more genomes from this group should be sequenced to 
be more conclusive about the effects of domestication 
(Orlando, 2015).

The PCA results presented in Figure 2, showing sample 
substructure differed depending in the analyzed regions 
of PDYN (promoter and cDNA) indicates that the observed 
differences are not only justified by the well-known 
genetic distance between Bos indicus and Bos taurus breeds, 
product of sub-speciation, and justify the definition of 
four separated groups used in the other analyses. The 
comparison of haplotype frequencies among breed 
groups for both genomic regions (Table 4, Figure 3) 
also supports the existence of directional selection on 
regulatory regions of the gene and not only random 
genetic drift associated with the breed or subspecies 
formation in the definition of sequence variation.

It could be argued that low genetic variability is the 
result of reduced effective population size (Ne), a feature 
common to selected populations in most livestock 
species (Taylor et al., 2016). In this case, the group of 
dairy breeds was integrated by two different breeds, 
Holstein and Jersey that share many selection objectives 
and also a common production system. Also, this group 
had the largest sample size.

The methods that were used in the present work 
are appropriate to identify recent selection (Biswas 
and Akey, 2006). Indeed, the results of the Tajima’s D 
(Tajima, 1989) and Fu & Li D* and F* (Fu and Li, 1993) 
exhibited statistically significant negative values in the 
“Dairy” group (Table 2) which pointed out to a recent 
selection process in modern, highly specialized breeds. 
This evidence of recent selection is consistent with the 
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(A) (B)

Figure 3. Median Joining network constructed with the haplotypes corresponding to (A) the putative proximal promoter (1,000 bp) and (B) the coding 
sequence (CDS) of PDYN gene. The size of each circle is proportional to the corresponding chromosome frequency. Slashes represent the number of 
mutations separating each haplotype. In each network Hap_1 (box) corresponds to the Bovine Reference Genome ARS-UCD1.2. Dairy: Highly selected 
dairy breeds (Bos taurus); Beef: Highly selected beef breeds (Bos taurus); Less selected: Less selected breeds (Bos taurus), included the Auroch (Bos 
primigenius); Zebu: Zebu breeds (Bos indicus).

emphasis of intense artificial selection on production 
traits, particularly those related to reproductive 
efficiency. A compelling argument in favor of positive 
selection on a gene such as PDYN comes from the 
intrinsic characteristics of different livestock production 
systems. Under extensive conditions, the cow not only 
nurses but also protects the progeny, and the maternal 
bond exerts a strong inhibiting effect on reproductive 
activity (Williams, 1990). In more intensified systems 
such as those for dairy production the calf is separated 
from the mother hours after parturition. Moreover, 
dairy cows are usually expected to get pregnant under 
a strongly negative energy balance (Butler and Smith, 
1989; Beam and Butler, 1999; Vercouteren et al., 2015). 
Clearly, in these extreme cases, the physiological and 
environmental cues that have to be processed at the 
hypothalamic level to regulate reproductive cycles 
are very different. It could be hypothesized that in 
females from more intensified production systems, 
the effects of some inhibitory mechanisms acting on 
the regulation of reproduction are relaxed, favoring 
the selection response for reproductive efficiency. The 
results reported here showed that the “Dairy” group 
presented fewer haplotypes than the other cattle groups 

in the promoter region and that these haplotypes exhibit 
low differences among them (Table 4, Figure 3A). A 
detailed description on the epigenetic regulation of the 
expression on KISS1 and TAC3 by implementing histone 
modifications was recently made by Toro et al. (2018). 
However, it does not seem to be the case of PDYN gene, 
the third member of the triad of the “KNDy hypothesis” 
(Smith et al., 2014). The results presented here warrants 
further investigation on the mechanisms underlying the 
PDYN transcriptional regulation.

The results presented here suggest that there 
is selection pressure acting on putative regulatory 
regions on the proximal promoter of PDYN (Table 2), 
which seems to be a common feature of selection for 
quantitative or complex traits. Modifications of the 
coding sequence are more common in the case of genes 
underlying mendelian traits, in which the mutation has 
a strong effect on the phenotype (Boyle et al., 2017). 
Although aminoacid substitutions on the propeptide 
were detected in the present analysis, they do not seem 
to affect the sequence of functional peptides, stressing 
their biological importance (Table 3, Figure 1). Also, a 
not clear pattern of differentiation was observed among 
the haplotypes of the four cattle groups in the coding 
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sequence (Figure 3B). Selection on regulatory regions 
of PDYN would affect the expression of all the different 
peptides coded by the gene. Given the physiological role 
of Dynorphin A, the interest to improve reproductive 
efficiency in highly specialized cattle breeds provides a 
very reasonable explanation to justify selection on PDYN. 
Nevertheless, at this point, the relevance of the other 
peptides cannot be ruled out. Further research should 
clarify the role of EOP, particularly Dynorphin A, in the 
regulation of reproduction both within and between 
cattle breeds.

The usefulness of QTN identification (Quantitative 
Trait Nucleotides underlying Quantitative Trait Loci) in 
animal breeding is a matter of debate. Present genomic 
selection in cattle is mostly based on dense arrays of 
anonymous markers; however, methods are being 
developed to include QTN information to improve 
prediction accuracy (Fragomeni et al., 2017). Besides, 
there are initiatives to enhance progress in animal 
selection trough the combination of conventional 
breeding and gene editing (e.g.: Promotion of Alleles 
by Genome Editing; Jenko et al., 2015). However, there 
are doubts about the efficacy of this approach due to 
the intrinsic polygenic basis of quantitative variation 
(Simianer, 2018). Independently of potential direct 
applications of the knowledge about PDYN variation 
among cattle breeds, the present work contributed with 
elements for a deeper understanding of the complex 
interaction among genetic variation, artificial selection, 
and environmental effects.
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A B S T R A C T

An analysis was made of the correspondence between species diversity and chromosome 
number (CN) diversity across 13 Protected Wild Areas (PWA) in the Araucanía Region of 
southern Chile, encompassing 84 plant species with available cytogenetic data. Our aim 
was to establish whether higher species diversity within a PWA entails higher CN variation 
as based on the index of chromosome number heterogeneity (ICNH). The CN data were 
extracted from databases for Chilean plants, and the ICNH for the flora of each PWA was 
calculated. Results showed that in nine PWA the species diversity clearly correlates with CN 
diversity. However, four PWA do not fit this trend. The percentage of species with CN data 
varied between 9.6% and 24.5% among PWA, with 11 PWA presenting percentages higher 
than 11%. A 27.3% of the Chilean vascular plant species with available cytogenetic data 
were studied here for the 13 PWA. The results obtained by studying one part of the flora with 
available CN data suggest that the PWA could be an important reservoir of genetic diversity 
at a chromosome level, thus justifying the protective role of the PWA as biodiversity 
conservation sites.

Key words: Chromosome number heterogeneity; floristic diversity; Chilean flora.

R E S U M E N

Se realizó un análisis de la correspondencia entre la diversidad de especies y la diversidad 
de números cromosómicos (CN) en 13 Áreas Silvestres Protegidas (PWA) en la Región de 
La Araucanía en el sur de Chile, incluyendo 84 especies de plantas con datos citogenéticos 
disponibles. El objetivo fue establecer si una mayor diversidad de especies dentro de un 
PWA implica una mayor diversidad en CN expresado en base al Índice de Heterogeneidad 
Cromosómica (ICNH). Los CN de cada especie se extrajeron de bases de datos para plantas 
chilenas y se calculó el ICNH para la flora de cada PWA. Los resultados mostraron que en 
nueve PWA la diversidad de especies se correlaciona claramente con la diversidad de CN. Sin 
embargo, cuatro PWA no se ajustan a esta tendencia. El porcentaje de especies con datos de 
CN varió entre 9,6% y 24,5% entre PWA, con 11 PWA presentando porcentajes superiores 
al 11%. Un 27,3% de las especies de plantas vasculares chilenas con datos citogenéticos 
disponibles fueron estudiadas para las 13 PWA. Los resultados obtenidos al estudiar parte de 
la flora sugieren que las PWA serían un reservorio importante de diversidad genética a nivel 
cromosómico como se muestra aquí, justificando así el papel protector de las PWA como 
sitios de conservación de la biodiversidad.

Palabras clave: Heterogeneidad del número cromosómico; diversidad florística; flora chilena.
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I N T R O D U C T I O N

The Chilean Protected Wild Areas (PWA) system 
started up  in 1984 as a dependent institution of 
SNASPE (National System of State Protected Wild 
Areas) (Pauchard and Villarroel, 2002) encompassing 
105 terrestrial PWA throughout Chile which are 
currently managed by the National Forest Corporation 
(Corporación Nacional Forestal-CONAF). Since their 
inception the PWA have been understood to be high 
biodiversity sites along the length of the Chilean 
territory and many of them are relics of extensive old 
forests, including taxa from multiple geographical 
origins (Troncoso et al., 1980; van der Hammen and 
Cleef, 1983; Villagrán and Hinojosa, 1997; Moreira 
Muñoz, 2011; Armesto et al., 2010; Scherson et al., 
2017). The vascular flora of the PWA is known to be 
one of the most visible forms of life in the forests that 
contain them and plant species are vertically organised 
as herbaceous, shrub and arboreal strata (Smith, 1973; 
Ramírez et al., 1990), giving rise to environments that 
harbour an important diversity of organisms belonging 
to different kingdoms (Smith Ramírez et al., 2007; 
Marín et al., 2017).

The genetic diversity of the Chilean flora is a heritage 
that is important to conserve, and for this reason its 
study requires the use of multiple tools to facilitate its 
description (Jara Seguel and Urrutia, 2012). The genetic 
diversity of Chilean plants was initially analysed using 
isozyme electrophoresis and later on, with the advent of 
DNA technologies, fingerprint profiling was conducted 
in populations of single species (Premoli, 1997; Premoli 
et al., 2000; 2012; Torres Díaz et al., 2007; Premoli and 
Mathiasen, 2011; García Gonzales et al., 2008; Martin et 
al., 2014; Bastías et al., 2016). Other studies have used 
DNA sequences focused on performing phylogenetic 
reconstructions including species of various families 
and orders (Aagesen and Sanso, 2003; Davis et al., 2004; 
Chacon et al., 2012a; 2012b; Delaveau et al., 2013; Jara 
Arancio et al., 2013; Givnish et al., 2016). In this context, 
comprehensive work was carried out reconstructing 
a spatial phylogenetic tree that included 756 native 
genera of vascular plants (ca. 87% of the total in Chile) 
thus evaluating both the phylogenetic diversity and 
endemism of Chilean flora (Scherson et al., 2017). 
The Scherson study on Chilean flora does not specify 
whether the sampled specimens were taken within the 
PWA mentioned as such by us. However, the geographic 
coordinates of various sites that they describe coincide 
with the PWA located in the Andean range, Central 
valley and Nahuelbuta range (see appendix A with 
supplementary material in Scherson et al., 2017). An 
additional organisational level to analyse genetic 
diversity is the chromosomal (Stebbins, 1971; Levin, 
2002; Windham and Yatzkievych, 2003; Severns and 
Liston, 2008; Peruzzi et al., 2012; Morero et al., 2015). 

The chromosome set represented by the CN accounts 
for the complete genome in addition to the chromosome 
morphology, thus determining a nuclear architecture 
that is unique to each species. This nuclei ordering is 
key to understand the organisation and functionality 
of the plant genomes both in interphase processes 
and in cell division (Schneider and Grosscheldl, 2007; 
Heslop Harrison and Schwarzacher, 2011). Specifically, 
gene expression depends on the ordering of multiple 
chromosome domains within the nucleus (Fernández 
Donoso and Berríos, 1985; Gregory, 2001). For decades 
many studies described the CN independently of the 
chromosome morphology, using it as a basic genetic 
character to analyse similarity or variation between 
species (Peruzzi et al., 2012; 2014). Currently CN data 
are available for ca. 307 species of Chilean vascular 
plants, which represent 135 genera and 60 families 
(ca. 6.6% of the total; Jara Seguel and Urrutia Estrada, 
2020) many of them inhabiting in PWA throughout the 
continental territory. Based on these data, a high CN 
variation is observed within Chilean vascular plants 
along the continent and in insular areas.

The CN could be a good marker to evaluate genetic 
variation in the flora of the PWA as a whole and not just 
based on single species, making it possible to overlay 
the species diversity. Thus, two matrices analysing 
diversity –the floristic and the chromosomal– can 
be superimposed. Quantitative analyses based on the 
index of chromosome number heterogeneity (ICNH) 
have been recently proposed to compare CN variation 
among different plant or animal taxa (Peruzzi et al., 
2014), which could be used to determine quantitative 
CN diversity in areas harbouring different species of 
native plants such as occurs in the PWA.

In the Araucanía Region of southern Chile (from 37º to 
39º S) there are 13 terrestrial PWA. Ten PWA are located 
in the Andean range forming the Araucarias Biosphere 
Reserve, whereas one PWA is located in the Central 
valley and two PWA are located in the Nahuelbuta range 
near the Pacific coast (CONAF, 2013). A recent cadastre 
carried out only for the 10 PWA of the Biosphere Reserve 
(Natural Reserve (RN) Malleco, RN Las Nalcas, RN 
Malalcahuello, RN Alto Biobío, RN China Muerta, RN 
Villarrica, National Park (PN) Tolhuaca, PN Conguillío, 
PN Villarrica and PN Huerquehue) recognised 829 
species present in these areas (Hauenstein and 
Saavedra, 2019). Nevertheless, the PWA located in 
the Central valley [Natural Monument (MN) Cerro 
Ñielol] and Nahuelbuta range (PN Nahuelbuta and 
MN Contulmo) (Baeza et al., 1999; Arriagada, 2002; 
Saavedra and Morales, 2008), have been described as 
presenting high floristic diversity but it have not yet 
been considered a biosphere reserve. In this context, 
the high species diversity could be correlated with high 
genetic diversity, such as was discussed theoretically 
by Vellend (2005), by simulating correlation models 
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between both levels, and could also correspond to a CN 
variation as a genetic character in PWA. At present, no 
accurate cadastre of number of species with CN data 
has been published for the 13 PWA from the Araucanía 
Region in Chile, although information is available 
in electronic databases as well as in various printed 
sources. However, the species diversity for these areas 
represented by the number of species is well known and 
has been documented in several cadastres, leading us 
to query: i) does higher species diversity within a PWA 
entail higher CN diversity? and ii) are there appreciable 
differences in mean CN between PWA? In this study, 
we supply evidence based on the index of chromosome 
number heterogeneity (ICNH) calculations to provide 
a partial answer to these questions, using the CN data 
available for species inhabiting these PWA. 

M A T E R I A L S  A N D  M E T H O D S

Study areas

In this study, we evaluated the 13 PWA present in the 
Araucanía Region of southern Chile. The Araucanía 
Region is located between 37° 35´ and 39° 37´ S and from 
70° 50´ W to the coast of the Pacific Ocean. Boundaries 
for each PWA are given here only as a reference since 
they depend on government definitions rather than 
geographical vegetation units (Table 1).

Floristic and cytogenetic data

Plant species in each PWA were obtained from floristic 
cadastres (e.g., Baeza et al., 1999; Finckh et al., 1995; 
Arriagada, 2002; Sepúlveda, 2004; Cortés, 2005; 
CONAF, 2009; Saavedra and Morales, 2008; Saavedra, 
2009a; 2009b; 2009c; Saavedra and Hauenstein, 2010a; 
2010b; Hauenstein, 2011a; 2011b). So for each PWA the 
species were listed and their respective CN were looked 
up in the CPCD (Chilean Plants Cytogenetic Database; 
Jara Seguel and Urrutia Estrada, 2020, with cytogenetic 
data for 402 species). Data on the geographical location 
(Region and Province) of each species were also 
obtained from CPCD, as well as the original source 
where cytogenetic data were published. As a criterion 
to determine high or low floristic diversity in each PWA 
we calculated the mean species diversity (+SD) for all 
13 PWA. Thus, values ​​that are above the mean will have 
high floristic diversity, and values ​​under the mean will 
have low floristic diversity.

Chromosome number variation

To quantify the CN variation of the species within the 
PWA we followed all the steps proposed by Peruzzi et al. 
(2014). We calculated mean CN, standard deviation (SD) 
and frequency of B and Odd chromosomes. To quantify 
the variation of CN we calculated the square root of the 

 

Area
Number  

PWA  Surface
(Km2)  

TFD  NSC  CSS
(%)

 
 

Mean
CN  

SD
CN

 
 

f B+ f OCN  ICNH  

1 RN Las Nalcas  175.3 137 22 16.0 46.7 50.3 0 30.7 

2 RN China Muerta  111.7 102 25 24.5 44.6 47.4 0 30.2 

3 PN Villarrica  610.0 199 31 15.5 45.2 43.3 0.03 29.1 

4 RN Malalcahuello 127.9 283 35 12.3 56.4 69.6 0 41.2 

5 PN Tolhuaca 633.7 324 41 12.6 50.6 47.2 0.02 32.1 

6 PN Conguillío 608.0 359 44 12.2 53.6 62.8 0 38.1 

7 PN Huerquehue 125.0 245 29 11.8 55.4 54.2 0 36.0 

8 RN Malleco 166.2 289 35 12.1 48.2 45.0 0.03 30.8 

9 PN Nahuelbuta 68.3 311 31 9.96 41.5 40.0 0.03 26.8 

10 RN Villarrica  613.5 96 16 16.6 42.8 31.0 0 24.0 

11 MN Contulmo 820.0 239 33 13.8 51.7 46.9 0.03 32.4 

12 MN Cerro Ñielol 844.0 165 34 20.6 55.7 61.6 0.03 38.5 

13 RN Alto Biobío  330.0 119 14 11.7 33.1 38.3 0 23.4 

Table 1. Parameters studied for each PWA from the Araucanía Region, Southern Chile. TFD, total floristic diversity (number of species); NSC, number 
of species with CN data; CSS, cytogenetically studied species (%); ICNH, index of chromosome number heterogeneity (ICNH values are scored as low 
<30, high >30, and very high >40 as per Peruzzi et al. 2014). PN, National Park; RN, Natural Reserve; MN, Natural Monument. 
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area of the ideal triangle built in a three-variable radar 
plot, where the vertices of the triangle are defined by 
mean CN, SD, and % (fB + fOCN). The triangle gives a 
graphic representation of CN variation in a group (PWA 
in our study) and its area can be easily seen as the sum 
of the three areas subtended by the smaller triangles set 
along the plot axes. We defined this value as the Index 
of Chromosome Number Heterogeneity (ICNH), which 
was calculated according to the formula:

where a is the mean chromosome number (CN), b 
is the standard deviation (SD) of CN, and c is % (fB 
chromosomes + fOdd CN). The resulting value can vary 
from 0, if no variation occurs in a group, to +∞, although 
very high values can only be reached theoretically.

The mean CN+SD calculated for each PWA were then 
statistically compared between areas. Statistical pre-
tests based on Kolmogorov-Smirnov and Shapiro-
Wilk (using the same dataset) suggest the use of 
non-parametric analyses, given that the chromosome 
numbers showed an abnormal distribution (p>0.05). 
Thus, mean CN across PWA were compared using the 
Kruskal-Wallis test.

Correlation coefficients were calculated for mean CN 
and SD and for fB and fOdd CN, and grouped in three 
levels; weak (up to 0.3), moderate (0.4-0.7), and strong 
(>0.7) (Peruzzi et al., 2014).

To determine the floristic similarity among the 
different PWA, a cluster analysis was carried out using 
SIMPROF (Similarity Profile) (p<0.05). This analysis is 
based on the conformation of a matrix consisting of the 
presence or absence of species, for which the Jaccard 
similarity index was calculated (Pielou, 1975).

Spatial analysis

The identification of geographic locations among 
the 13 PWA was carried out through spatial analysis 
while ArcGIS 10.3, Datum WGS 84, and Time Zone 18 S 
were used for the cartographic analysis. PWA species 
information was supplied by the Chilean National 
Forest Corporation (CONAF). The resulting cartography 
was contrasted with base lines, floristic cadastres, 
and available literature regarding PWA in order to 
determine the floristic diversity and relationship with 
the CN variation of the species obtained from the 
Chilean Plants Cytogenetic Database and other articles 
as cited above.

R E S U L T S

The ICNH values and other quantitative parameters for 
PWA are shown in Table 1. In Figure 1 plots are shown 

with the respective triangle of three PWA with higher 
ICNH and three PWA with lower ICNH. In total, we found 
CN data for 84 plant species present in the 13 PWA, 
encompassing 57 genera and 36 families belonging 
to Pteridophytes, Gymnosperms, and Angiosperms 
(Appendix 1 includes a list of studied species with CN 
and the PWA where each species occur). The number 
of species analysed here represent 27.3% of the total 
Chilean flora with available CN data (ca. 307 species 
studied to date), covering 12.3% of the total terrestrial 
PWA established in Chile. In addition, depending on 
the PWA, different percentages of species have been 
studied, ranging from 9.9% in PN Nahuelbuta to 24.5% 
in RN China Muerta.

According to floristic cadastres, PN Conguillío 
showed the highest floristic diversity among PWA with 
359 species, while RN Villarrica was among the lowest 
with only 96 species. With regard to the number of 
species with cytogenetic data, the more extreme values 
were found in PN Conguillío with 44 species and RN Alto 
Biobío with only 14 species. The percentage of species 
with CN data (NSC – number of species with CN data) 
varied between 9.6% (PN Nahuelbuta) and 24.5% (RN 
China Muerta), although 11 PWA showed percentages 
higher than 11%. The mean species diversity estimated 
here for the 13 PWA was 220.6±90.3 species. Thus, 
seven PWA were higher than this mean value and six 
PWA were lower.

Only RN Malalcahuello presented very high ICNH 
(>40) and eight PWA presented high ICNH (>30). In 
turn, four PWA displayed low ICNH (<30). The coverage 
of the triangles shows clear differences between the 
higher and lower ICNH values obtained according to 
the score. The correlation found between mean CN 
and SD for the overall dataset was strong and positive 
(r=0.80), while the correlation between fB and fOCN 
was not estimated since fOCN was zero in all 13 PWA. 
Mean CN did not show significant differences between 
the 13 PWA when compared by means of the Kruskall-
Wallis test (with significance at a 0.8011 level).

The floristic similarity cluster presented four 
significantly different groups with a resemblance higher 
than 60%: i) RN Alto Biobío, ii) MN Contulmo and MN 
Cerro Ñielol, iii) RN Villarrica, and iv) the remaining 
nine PWA (Figure 2A). Thus, the more related PWA 
groups shared a higher number of species among them. 
As a reference, only one species (Nothofagus dombeyi) is 
shared by all 13 PWA, whereas 24 species are shared by 
seven PWA, i.e. around 50% of the total PWA analysed 
here.

It is worth noting that, within our dataset, the diploid 
CN 16, 18, 22, 26, and 28 were observed in all studied 
PWA, whereas the polyploid CN shared among some 
PWA were 28, 116, 144, 164, 216, and 328, depending on 
the species. In total, 28 different CN were found across 
all 13 PWA, including the 84 species. Additionally, the 
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modal CN for 12 PWA was 26, with the exception of MN 
Contulmo, which presented a modal number of 22.

D I S C U S S I O N

Correlation analyses between species diversity and 
genetic diversity as a whole (as a community) have not 
been previously reported for Chilean plants. We studied 
the correspondence between both levels -species 
diversity and genetic diversity- but using the CN 
diversity as a genetic character with data available up 
to date in Chilean plants.

Chromosome number diversity

The analyses carried out in this study showed that six 
PWA with high species diversity (>220 species) have a 
clear correlation with very high (>40) and high (>30) 
ICNH values, according to the scores obtained herein. 
In turn, three PWA with low species diversity (<220 
species) also have a clear correlation with low ICNH 
values (<30) (See Table 1 and Figure 1 showing PWA 
with higher and lower ICNH). However, some PWA 
do not fit into this trend: for example, PN Nahuelbuta 
has high species diversity (311 species) but low ICNH 
(value of 26.8), whereas all three, MN Cerro Ñielol, 

     

      

      

BA

DC

FE

Figure 1. Comparison of three-variable (mean CN, ƒB+ƒOCN, and SD) radar plots between PWA with very high 
(> 40), high (>30) and low (<30) ICNH values. Note triangle coverage differences between PWA. Very high ICNH: 
RN Malalcahuello (A); high ICNH: MN Cerro Ñielol (B), and PN Conguillío (C); and low ICNH: PN Nahuelbuta (D), RN 
Villarrica (E) and RN Alto Biobío (F). ICNH values of each PWA are shown in Table 1.
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RN Las Nalcas and RN China Muerta, have low species 
diversity (165 species, 137 species, and 102 species 
respectively) but high ICNH (value of 38.5, 30.7 and 30.2 
respectively). It is important to remark that the flora of 
MN Cerro Ñielol, a PWA located within the urban radius, 
is made up mainly of native species remaining from 
the original forest, but a high number of native species 
have also been introduced from other nearby areas as a 
conservation tool (Saavedra and Morales, 2008). Many 
of these species have CN data available in the databases 
(Jara Seguel and Urrutia, 2020), thus increasing the CN 
diversity of the MN Cerro Ñielol flora.

The very high and high ICNH values observed in six 
PWA is indicative of high CN diversity among them. 
Nevertheless, all 13 PWA studied here showed higher 
ICNH than was previously estimated for 243 Chilean 
species of vascular plants with an ICNH of 22.4 (Peruzzi 
et al., 2014), but until that date, the databases did not 
include several polyploid species of pteridophytes 
which were added in our study. The ICNH for the 
six PWA mentioned above could be explained by the 
presence of polyploid species -25 in total- representing 
four genera of ferns and 12 genera of angiosperms with 
variable CN, ranging from 28 to 328, many of them 
being tetraploid, hexaploid or octoploid (Jara Seguel 
et al., 2006; Jara Seguel and Urrutia, 2012; Jara Seguel 
and Urrutia Estrada, 2018; Morero et al., 2015) (Figure 
1A, B, and C). It is worth noting that diploid angiosperm 
species are the predominant plant group within the 
dataset (49 species in total), although they present a 
lower CN ranging from 8 to 32 as compared to polyploid 
taxa. An explanation for all ICNH >30 found in nine PWA 
(independent of the floristic diversity) may be related 

Figure 2. Cluster of floristic similarity for all 13 PWA (A). Coloured lines indicate groups without significant differences. PN, National Park; RN, National 
Reserve; MN, Natural Monument. Cartography showing the location of 13 PWA analysed in this study (B). Numbers represent each PWA as described in 
Table 1.

to the growth form of the plants. This is so because 
chromosome evolution proceeds much faster in herbs 
than in angiosperm shrubs and trees, as well as in 
conifers, as discussed by Levin and Wilson (1996), who 
described a net increase in the diversity of chromosome 
numbers and species numbers over time. A similar 
relationship may have occurred during the evolution 
of the flora in Chilean forests. As shown in our results, 
RN Malalcahuello, MN Cerro Ñielol, and PN Conguillio 
with higher ICNH (>30) present a high percentage of 
herbs (between 70% and 85% of herbs including ferns) 
vis-à-vis shrubs and trees (including conifers) within 
their flora with available CN data (NSC). In contrast, 
PN Nahuelbuta, RN Villarrica and RN Alto Biobio with 
lower ICNH have percentages of herbs lower than 
67% (between 43% and 67%). All remaining PWA not 
mentioned above with ICNH >30 have a percentage 
of herbs of between 62% and 78%. Thus our findings 
show a clear relationship between high number of herb 
species and CN diversity.

All these aspects related to genetic variation are 
decisive for conservation biology (Severns and Liston, 
2008) and represent a primary objective pursued by the 
PWA system. However, the presence of scant polyploid 
species with known CN data within the chromosome 
dataset from PN Nahuelbuta, RN Villarrica, RN Alto 
Biobío, and PN Villarrica could explain their lower ICNH 
(Figure 2D, E, and F). In these PWA only a few genera 
of pteridophytes and angiosperms with polyploidy 
records are present (Arriagada, 2002; CONAF, 2009) 
but unfortunately no chromosome counts are available 
for the species that inhabit these areas.

Other relevant observations are related to the 
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geographical location of the PWA along three 
separate longitudinal strips represented by the 
Andean mountain range, the Central valley, and the 
Nahuelbuta mountain range. None of these strips show 
a clear correspondence with high or low ICNH values, 
despite the differences in their climatic, geographic 
and geological conditions, which undoubtedly affect 
the flora (Montgomery et al., 2001; Moreira Muñoz, 
2011). As discussed by Levin and Wilson (1996), rates of 
evolution at both the karyotypic and organismal levels 
are related to the breeding structure of species and to 
environmental predictability. Using this reasoning to 
understand the cytoevolutionary process in PWA, it 
is remarkable to observe that different environments 
exist along their expanse. As such, small populations 
in variable habitats experiencing fluctuations in 
habitat hospitality are the most conducive to the 
fixation of chromosomal novelties (changes in CN).   
On the contrary, large continuous populations -where 
climatic and biotic pressures are stable over time- are 
likely to be more conservative in terms of chromosomal 
structure (stable CN). These cytogenetic aspects have 
not been studied for a large part of continental Chilean 
plants and cytoevolutionary mechanisms have only 
been described in some detail for some genera of 
herbaceous species (e.g., Chaetanthera, Alstroemeria; 
Baeza et al., 2009; 2015; 2018).

With regard to fB chromosomes, their occurrence in 
Chilean plants is very low (Jara Seguel and Urrutia, 2012) 
and their contribution to the ICNH values is negligible. 
Only one species within the studied dataset (Lapageria 
rosea) has been described as having B chromosomes 
(Jara Seguel and Zúñiga, 2004) in six PWA. Moreover, 
values of fOCN=0 were obtained in all PWA, since there 
were no species with an odd number of chromosomes 
across the dataset.

We also observed that various PWA share several 
species and therefore their respective CN. This may 
explain the non-significant differences in mean CN 
observed among PWA despite the CN heterogeneity 
described when estimating the correlation between 
mean CN and standard deviation. For example, seven 
PWA -ca. 50% of the total areas studied here share the 
presence of 25 species. The CN shared among PWA were 
16, 18, 22, 26, 28, 116, 144, 164, 216 and 328 of a total 
of 28 different numbers. Similarity analysis showing 
the relation among PWA support this observation, 
where areas forming the same group share a higher 
number of species and therefore their respective 
CN (Figure 2A). Other PWA share a lower number of 
species both with other areas and when separated as 
a single branch in the analysis (RN Alto Biobío and RN 
Villarrica). In addition, a few species of different genera 
(taxonomically unrelated) or divisions present in 
various PWA share the same CN which may additionally 
support the non-significant differences observed in 

mean CN. For example, a modal CN of 26 was found in 
12 PWA, appearing in three genera of three different 
divisions within the dataset [e.g., the angiosperm 
genus Nothofagus (N. alpina, N. antarctica, N. dombeyi, 
N. obliqua and N. pumilio), the gymnosperm Araucaria 
araucana, and the pteridophyta Hymenophyllum 
dentatum and H. tunbrigense (Jara Seguel and Urrutia 
Estrada, 2020)]. An exception was PN Contulmo (group 
two in Figure 2A), presenting a high ICNH (>30) with a 
modal CN of 22, which was predominant over species 
with 26 chromosomes. The taxonomic composition in 
PN Contulmo showed a predominance of species with 
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Galium, Podanthus, and Chaetanthera genera; Jara 
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genera shared among the PWA have a Gondwanean 
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species present in the 13 PWA studied here have available 
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i.e. between 75% and 90%, depending on the PWA (CSS 
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here. In this way, previous studies of the vascular flora 
of Chile studied as a community, e.g. Scherson et al. 
(2017), based on DNA sequences and the present work 
based on CN diversity, provide a robust framework to 
continue studying the correlation between floristic 
diversity and genetic diversity at various levels, thus 
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flora and also justifying its protection where PWA have 
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Appendix 1. Total species analysed in 13 PWA from Araucanía Region, Southern Chile (84 species). CN, chromosome number (2n). Numbers represent 
each PWA as described in Table 1.

 

 
Family Species CN   

Alstroemeriaceae Alstroemeria aurea 16 1-2-3-4-5-6-7-8-9-10 

 Alstroemeria ligtu 16 6-11 

 Alstroemeria patagonica 16 4 

 Alstroemeria pulchra  16 12 

 Bomarea salsilla 18 11-12 

 Luzuriaga radicans 20 5-6-7-8-9-11-12 
Amaryllidaceae Phycella ignea 16 9 

 Rhodophiala advena 18 4-8 

 Rhodophiala andicola 16 1-2-3-4-6-13 

 Rhodophiala montana 18 2-13 
Araucariaceae Araucaria araucana 26 1-2-3-4-5-6-7-8-9-10-12-13 
Aspleniaceae Asplenium dareoides 144 1-2-3-4-5-6-7-8-10-11 
Asteraceae Baccharis patagonica 18 4-5-6-7-9 

 Chaetanthera chilensis 22 1-4-5 

 Chaetanthera elegans 22 11 

 Erigeron andicola 36 5-13 

 Gnaphalium viravira 28 6 

 Haplopappus glutinosus 10 6-7 

 Haplopappus grindelioides 10 4 

 Hypochaeris acaulis 8 1-4-13 

 Hypochaeris tenuifolia 8 3-4-6 

 Lagenophora hariotii 18 2-7 

 Podanthus ovatifolius  22 11 

 Senecio subumbellatus 80 4 
Berberidaceae Berberis empetrifolia 14 1-2-3-4-5-6-10-13 

 Berberis ilicifolia 28 8 

 Berberis microphylla 28 1-2-3-4-5-6-7-8-9-10-12-13 
Berberidopsidaceae Berberidopsis corallina 42 11 
Blechnaceae Blechnum chilense 66 4-5-6-7-8-9-10-12 

 Blechnum hastatum 66 1-2-3-4-5-6-7-8-9-10-11-12 

 Blechnum mochaenum 66 5-6-11-12 

 Blechnum penna-marina 66 1-2-3-4-5-6-7-8-9-12 
Celastraceae Azara serrata 18 9 
Cupressaceae Austrocedrus chilensis 22 2-5-6-8-13 
Dryopteridaceae Megalastrum spectabile 82 6-7-9-11-12 

 Polystichum andinum 164 13 

 Polystichum chilense 164 3-4-5-6-7-8-11 

 Polystichum plicatum 164 3-4-5-6-7 

 Polystichum subintegerrimum 328 4-6-12 

PWA where each species occur

 

  
 

Equisetaceae Equisetum bogotense 216 1-2-4-5-6-7-8-9-11-12 
Eremolepidaceae Lepidoceras chilense 72 5-6-7 
Fabaceae Adesmia boronioides 20 5 
Grossulariaceae Ribes magellanicum 32 1-2-3-4-5-6-8-9-13 
Hymenophyllaceae Hymenoglossum cruentum  72 11-12 

 Hymenophyllum caudiculatum 72 6-7-12 

 Hymenophyllum dentatum 26 3-6-11-12 

 Hymenophyllum ferrugineum 72 5 

 Hymenophyllum tunbrigense  26 11 
Iridaceae Herbertia lahue 42 11-12 

 Libertia chilensis 72 5-6-8-9-11-12 
Lardizabalaceae Lardizabala biternata 28 3-8-12 
Lauraceae Persea lingue 24 3-4-5-7-9-12 
Lentibulariaceae Pinguicula antarctica 16 9 
Loasaceae Loasa acanthifolia 38 2-3-5-6-8-11-12 
Loranthaceae Desmaria mutabilis 32 5-6-8-9 

 Notanthera heterophylla 24 12 

 Tristerix corymbosus 24 2-5-6-8-9-12 
Monimiaceae Peumus boldus 78 3-11-12 
Myrtaceae Luma apiculata 22 3-4-5-6-7-8-9-11-12 

 Myrteola nummularia 44 5-6 

 Ugni molinae 22 3-8-11-12 
Nothofagaceae Nothofagus alpina 26 1-2-3-4-5-6-7-8-9-10-11-12 

 Nothofagus antarctica 26 1-2-3-4-5-6-7-8-9-10-13 

 Nothofagus dombeyi 26 1-2-3-4-5-6-7-8-9-10-11-12-13 

 Nothofagus obliqua 26 1-2-3-4-5-6-8-9-10-11-12 

 Nothofagus pumilio 26 1-2-3-4-5-6-7-8-9-10-13 
Onagraceae Fuchsia magellanica 44 1-2-3-4-5-6-8-9-10-12 
Philesiaceae Lapageria rosea  3-5-8-9-11-12 

 Philesia magellanica 30 8 
Plantaginaceae Ourisia coccinea 16 3-6-7 
Poaceae Danthonia araucana 24 9 

 Danthonia malacantha 48 11 

 Festuca gracillima 42 10 
Proteaceae Orites myrtoidea 28 4-5 
Pteridaceae Adiantum chilense 116 1-2-3-4-5-6-7-8-9-11-12 
Rubiaceae Galium araucanum  22 11 

 Galium hypocarpium 22 1-2-3-5-6-7-8-9-11-12-13 

 Nertera granadensis 44 1-2-3-4-5-6-7-8-9-10-11-12 
    Rutaceae Pitavia punctata 36 8 
Solanaceae Solanum crispum 24 8-10-11 

 Solanum etuberosum 24 5 

 Solanum tuberosum 24 4-6 
Tecophilaeaceae Conanthera bifolia 28 11 
Verbenaceae Rhaphithamnus spinosus 18 1-3-4-5-6-7-8-9-11-12 
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Appendix 1. Continuation. Total species analysed in 13 PWA from Araucanía Region, Southern Chile (84 species). CN, chromosome number (2n). 
Numbers represent each PWA as described in Table 1.
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 Chaetanthera elegans 22 11 

 Erigeron andicola 36 5-13 

 Gnaphalium viravira 28 6 
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Appendix 1. Continuation. Total species analysed in 13 PWA from Araucanía Region, Southern Chile (84 species). CN, chromosome number (2n). 
Numbers represent each PWA as described in Table 1.
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 Blechnum penna-marina 66 1-2-3-4-5-6-7-8-9-12 
Celastraceae Azara serrata 18 9 
Cupressaceae Austrocedrus chilensis 22 2-5-6-8-13 
Dryopteridaceae Megalastrum spectabile 82 6-7-9-11-12 

 Polystichum andinum 164 13 

 Polystichum chilense 164 3-4-5-6-7-8-11 

 Polystichum plicatum 164 3-4-5-6-7 

 Polystichum subintegerrimum 328 4-6-12 

PWA where each species occur

 

  
 

Equisetaceae Equisetum bogotense 216 1-2-4-5-6-7-8-9-11-12 
Eremolepidaceae Lepidoceras chilense 72 5-6-7 
Fabaceae Adesmia boronioides 20 5 
Grossulariaceae Ribes magellanicum 32 1-2-3-4-5-6-8-9-13 
Hymenophyllaceae Hymenoglossum cruentum  72 11-12 

 Hymenophyllum caudiculatum 72 6-7-12 

 Hymenophyllum dentatum 26 3-6-11-12 

 Hymenophyllum ferrugineum 72 5 

 Hymenophyllum tunbrigense  26 11 
Iridaceae Herbertia lahue 42 11-12 

 Libertia chilensis 72 5-6-8-9-11-12 
Lardizabalaceae Lardizabala biternata 28 3-8-12 
Lauraceae Persea lingue 24 3-4-5-7-9-12 
Lentibulariaceae Pinguicula antarctica 16 9 
Loasaceae Loasa acanthifolia 38 2-3-5-6-8-11-12 
Loranthaceae Desmaria mutabilis 32 5-6-8-9 

 Notanthera heterophylla 24 12 

 Tristerix corymbosus 24 2-5-6-8-9-12 
Monimiaceae Peumus boldus 78 3-11-12 
Myrtaceae Luma apiculata 22 3-4-5-6-7-8-9-11-12 

 Myrteola nummularia 44 5-6 

 Ugni molinae 22 3-8-11-12 
Nothofagaceae Nothofagus alpina 26 1-2-3-4-5-6-7-8-9-10-11-12 

 Nothofagus antarctica 26 1-2-3-4-5-6-7-8-9-10-13 

 Nothofagus dombeyi 26 1-2-3-4-5-6-7-8-9-10-11-12-13 

 Nothofagus obliqua 26 1-2-3-4-5-6-8-9-10-11-12 

 Nothofagus pumilio 26 1-2-3-4-5-6-7-8-9-10-13 
Onagraceae Fuchsia magellanica 44 1-2-3-4-5-6-8-9-10-12 
Philesiaceae Lapageria rosea  3-5-8-9-11-12 

 Philesia magellanica 30 8 
Plantaginaceae Ourisia coccinea 16 3-6-7 
Poaceae Danthonia araucana 24 9 

 Danthonia malacantha 48 11 

 Festuca gracillima 42 10 
Proteaceae Orites myrtoidea 28 4-5 
Pteridaceae Adiantum chilense 116 1-2-3-4-5-6-7-8-9-11-12 
Rubiaceae Galium araucanum  22 11 

 Galium hypocarpium 22 1-2-3-5-6-7-8-9-11-12-13 

 Nertera granadensis 44 1-2-3-4-5-6-7-8-9-10-11-12 
    Rutaceae Pitavia punctata 36 8 
Solanaceae Solanum crispum 24 8-10-11 

 Solanum etuberosum 24 5 

 Solanum tuberosum 24 4-6 
Tecophilaeaceae Conanthera bifolia 28 11 
Verbenaceae Rhaphithamnus spinosus 18 1-3-4-5-6-7-8-9-11-12 
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A B S T R A C T

The cystic hygroma is the malformation of the lymphatic system that is most frequently 
observed in the prenatal period and is located mainly in the neck and/or the nape of the 
neck. Its detection rate has increased since the implementation of fetal nuchal translucency 
(NT) in the first trimester of pregnancy and its presence has been associated with congenital 
abnormalities, aneuploidies, pregnancy loss, and developmental disorders. The aim of 
this case is to highlight the importance of antenatal diagnosis of cystic hygroma in order 
to perform early intervention and avoid fetal death. It is received, for anatomopathological 
study, a fetus of undetermined sex product of the first pregnancy of a 19 year-old mother 
without previous prenatal controls, with the presence of a large cystic mass that extends 
from the face to the neck. The histological study confirms the diagnosis of cystic hygroma. 
As there was no karyotype analysis, it was not possible to establish the preexistence 
of any genetic abnormality. Also known as cystic lymphangioma, is a benign vascular 
tumor whose antenatal diagnosis by ultrasonography is essential in the evolution and 
prognosis of the disease. Unfortunately in our case, the lack of prenatal controls and the 
absence of ultrasonographic studies that would allow knowing the characteristics of this 
lymphangioma, could significantly impact in the fatal outcome.

Key words: lymphangioma; prenatal diagnosis; fetal nuchal translucency.

R E S U M E N

El higroma quístico es la malformación del sistema linfático que más frecuentemente se 
observa en el período prenatal y que se ubica principalmente en el cuello y/o la nuca. Su 
tasa de detección ha aumentado desde la implementación de la translucencia nucal fetal 
(TN) en el primer trimestre de embarazo, y su presencia se ha relacionado con anomalías 
congénitas, aneuploidías, pérdida del embarazo y trastornos en el desarrollo. El objetivo de 
la presentación de este caso es resaltar la importancia del diagnóstico antenatal del higroma 
quístico, con el fin de realizar una intervención precoz y evitar la muerte fetal. Se recibe para 
estudio anatomopatológico, feto de sexo indeterminado producto del primer embarazo de 
una madre de 19 años de edad sin previos controles prenatales, con presencia de una gran 
masa quística que se extiende desde el rostro hasta la nuca. Mediante el estudio histológico 
se confirma el diagnóstico de higroma quístico. Al carecer de análisis de cariotipo no fue 
posible establecer la preexistencia de alguna anomalía genética. El también conocido como 
linfangioma quístico, es un tumor vascular benigno cuyo diagnóstico antenatal mediante 
la ultrasonografía resulta fundamental en la evolución y pronóstico de la enfermedad. 
Desafortunadamente en nuestro caso, la falta de controles prenatales y la ausencia de 
estudios ultrasonográficos que permitieran conocer las características de este linfangioma, 
pudo impactar significativamente en el desenlace fatal.

Palabras clave: linfangioma; diagnóstico prenatal; translucencia nucal fetal.
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I N T R O D U C C I Ó N

El higroma quístico es una malformación del sistema 
linfático que se origina desde el desarrollo embrionario 
(Aymelek et al., 2019), pudiendo ser de carácter 
transitoria o persistente (Özcan et al., 2019). La ubicación 
más frecuente es a nivel cervical y se puede asociar a 
síndromes genéticos y anormalidades cromosómicas 
(Schreurs et al., 2018). El diagnóstico del higroma 
quístico se hace a través de la ultrasonografía midiendo 
la translucencia nucal fetal en el primer trimestre del 
embarazo (Cicatiello et al., 2019). Como exámenes 
complementarios, tenemos el análisis de cariotipo y el 
microarray cromosómico para confirmar la presencia o 
ausencia de aneuploidías (Schreurs et al., 2018; Cicatiello 
et al., 2019). Generalmente este tipo de malformación 
tiene pobre pronóstico, particularmente si se asocia a 
otras condiciones como la hidropesía fetal (Özcan et 
al., 2019). El objetivo de la presentación de este caso es 
resaltar la importancia del diagnóstico antenatal del 
higroma quístico, con el fin de realizar una intervención 
precoz y evitar la muerte fetal.

M A T E R I A L E S  Y  M É T O D O S

Declaración ética, consentimiento y permisos

Este estudio se realizó bajo los lineamientos de la 
Declaración de Helsinki, así como la resolución N° 
8430 de 1993 y N° 2378 de 2008 del Ministerio de 
Salud y Protección Social de Colombia, los cuales 
velan por los intereses de los sujetos estudiados. Se 
brindó la información necesaria a familiares, en este 
caso a los padres por ser los representantes legales, 
se aclararon dudas y posteriormente se firmó el 
consentimiento informado previo al inicio del estudio. 

Metodología

Se recibe al producto del primer embarazo de una 
mujer de 19 años de edad, remitido a la Facultad de 
Medicina de la Universidad de La Sabana, para estudios 
anatomopatólogicos, genéticos e imagenológicos 
complementarios. Posteriormente, se realiza la 
búsqueda de literatura en bases de datos como PubMed, 
Clinicalkey, Science Direct y OMIM para presentar el caso 
clínico reportado y la información disponible actualizada. 

Reporte de caso

Se recibe feto de sexo indeterminado producto de primer 
embarazo de madre de 19 años de edad, sin previos 
controles prenatales, quien al examen macroscópico 
presentaba una longitud cráneo-plantar de 21 
centímetros y 7 centímetros de perímetro cefálico, con 
presencia de una gran masa quística de 7 cm de largo por 

4 cm de ancho, que se extiende desde la región frontal 
hasta la nuca (Figura 1). Al corte impresiona una masa 
quística, unilocular, de superficie lisa y pared menor 
de 0,1 cm ocupada por contenido acuoso, sin conexión 
a meninges ni encéfalo, de aspecto normal y con severa 
autolisis (Figura 2).

Los huesos cráneo-faciales son de características 
usuales (Figura 3A). En cara, los ojos están presentes y 
normalmente localizados, la boca es normal, mientras 
que la piel tanto de la nariz como de la cara están 
severamente edematosas. Los miembros superiores e 
inferiores están presentes y poseen un marcado edema. 
En la descripción interna de los órganos al corte, los 
pulmones se encuentran presentes y atelectásicos. El 
corazón es pequeño, en el hígado hay autolisis y los 
riñones están presentes pero disminuidos en tamaño 
(Figura 3B). A su vez, la placenta presenta focos de 
consistencia firmes y en el cordón umbilical se observan 
dos vasos sanguíneos (Figura 3C).

R E S U L T A D O S

Los cortes histológicos con Hematoxilina Eosina 
mostraron una dilatación de los conductos linfáticos 
asociados a espacios vasculares grandes e irregulares 
revestidos por células epiteliales aplanadas con un 
estroma fibroblástico con linfocitos en su interior, 
hallazgos que corresponden a un tumor vascular 
benigno de tipo linfangioma quístico (Figura 4). Esta 
malformación corresponde a una anomalía de los vasos 
linfáticos yugulares que impide el correcto drenaje de la 
linfa (Noia et al., 2019). Un fallo en el canal comunicante o 
su bloqueo, permite la formación de quistes de retención 
en región cervical (Schreurs et al., 2018). Asimismo, se 
asocia a anomalías cromosómicas tales como: Síndrome 
de Turner, Síndrome de Klinefelter y trisomías 13, 18 
y 21 (Özcan et al., 2019). Lamentablemente en este 
caso, la madre sufre la pérdida gestacional antes de la 
realización del análisis de cariotipo, además durante el 
examen postmortem, se tomaron muestras en sangre 
periférica y bazo buscando obtener células viables 
pero fue imposible puesto que la toma de muestra para 
cariotipo se realizó 48 horas posteriores al aborto. Por 
lo anterior, no se pudo establecer una asociación directa 
entre el higroma quístico y la presencia de alguna 
alteración cromosómica concomitante que contribuyera 
al desenlace final.

D I S C U S I Ó N

El higroma quístico, también conocido como 
linfangioma quístico, es una malformación vascular/
linfática congénita caracterizada por la dilatación de los 
conductos y los sacos linfáticos debido a un fallo en la 
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Figura 1. Feto de sexo indeterminado con presencia de una gran masa quística que abarca rostro, cuero cabelludo y nuca.

Figura 2. Al corte se observa una gran cavidad quística de aspecto 
normal y contenido acuoso, sin conexión a meninges ni encéfalo. Las 
estructuras óseas son de aspecto usual.

Figura 3. A) Los huesos de la cara son de características usuales; B) Se observa atelectasia pulmonar y disminución del tamaño del corazón y 
ambos riñones, el resto de órganos sin anomalías; C) En el cordón umbilical se observan dos vasos sanguíneos.
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conexión entre el sistema linfático y venoso (Schreurs 
et al., 2018; Noia et al., 2019). Esta malformación 
se encuentra frecuentemente ubicada en cuello/
nuca (75%), axilas (20%), retroperitoneo (5%), 
extremidades (2%) y mediastino (1%) (Chen y Zheng, 
2019; Chen et al., 2017). Los higromas quísticos pueden 
clasificarse según el tamaño en microquísticos (<2 cm), 
macroquísticos (>2 cm) y mixtos (masa compuesta de 
múltiples quistes separados por septos) (Munteanu et 
al., 2016). A su vez, también puede clasificarse en septado 
y no septado. La incidencia del linfangioma quístico se 
estima en 1/1.000-6.000 nacidos vivos y 1/750 abortos 
espontáneos (Yakıştıran et al., 2019). En nuestro caso, 
se trató de un higroma macroquístico septado en nuca, 
que por sus características histopatológicas, prometía 
un final desalentador.

El higroma quístico en nuca se ha asociado desde un 
50% a un 80% a aneuploidías cromosómicas (Yakıştıran 
et al., 2019). Entre las aneuploidías más comúnmente 
observadas tenemos el Síndrome de Turner (60%), 
el Síndrome de Down, el Síndrome de Klinefelter y las 
trisomías 18 y 13 (Aymelek et al., 2019; Kadam et al., 
2017). En un análisis realizado a 116 fetos con Síndrome 
de Turner se observó que las anomalías estructurales 
encontradas fueron, en orden de frecuencia, el higroma 
quístico (59,5%), la hidropesía fetal (19%), anomalías 
cardíacas congénitas (7,8%), defecto pulmonar (3,5%), 
defecto renal (2,6%) y anomalías en el sistema nervioso 
central (1,7%) (Chen et al., 2018). Del mismo modo, este 
tumor puede encontrarse en el 22-32% de los fetos con 
cariotipo normal (Özcan et al., 2019). Sin embargo, en el 
presente estudio, no fue posible la toma de cariotipo por 
lo que no se pudo establecer la preexistencia de alguna 
anomalía genética.

El patrón de oro para el diagnóstico antenatal del 
linfangioma quístico en nuca es la ultrasonografía, 
procedimiento no invasivo y costo-efectivo (Munteanu 
et al., 2016). Al final de la quinta semana de gestación, 
inicia el desarrollo del sistema linfático en el feto 

(Schreurs et al., 2018; Munteanu et al., 2016). Para 
la octava semana del embarazo, ya se encuentran 
desarrollados los primeros seis sacos linfáticos e 
inicia la comunicación entre los conductos linfáticos 
yugulares izquierdos y derechos (Aymelek et al., 2019). 
En el ultrasonido, la imagen del linfangioma quístico 
puede verse como un área de sonolucencia del tejido 
blando que consiste en una cavidad simétrica que puede 
o no estar separada por uno o varios septos (Chen 
et al., 2017). De esta premisa parte la realización del 
examen de translucencia nucal fetal para el diagnóstico 
ultrasonográfico del higroma o linfangioma quístico, el 
cual cobra vital importancia en el momento de hacer una 
intervención precoz en estos pacientes y evitar la muerte 
fetal. Sin embargo, en el caso anteriormente descrito, la 
falta de controles prenatales no permitió la realización 
de ningún examen de ultrasonido por lo que no se pudo 
realizar el diagnóstico antenatal de dicha condición.

La medición de la translucencia nucal (TN) se ha 
convertido en una herramienta útil en el tamizaje de 
aneuploidías en el primer trimestre de gestación. De 
acuerdo con la Fundación de Medicina Fetal, la edad 
gestacional óptima para medir la TN es desde la semana 
11 a la semana 13,6 del embarazo (Scholl y Chasen, 
2016). Una medida superior al percentil 99 (>3,5 mm) 
se asocia a un riesgo aumentado de padecer más de 50 
condiciones, entre ellas, las anomalías cromosómicas, 
las malformaciones fetales, el daño cardíaco, ciertos 
síndromes genéticos y hasta la muerte fetal (Cicatiello et 
al., 2019). Cuando el higroma quístico es diagnosticado, 
el feto debe someterse a procedimientos más invasivos 
como el análisis de cariotipo (Yakıştıran et al., 2019). 
En los casos donde haya un aumento de la TN con 
un cariotipo normal, se recomienda la realización 
del microarray cromosómico o cariotipo molecular 
(Schreurs et al., 2018). Dicha técnica nos permite 
identificar deleciones o duplicaciones cromosómicas 
no diagnosticadas previamente. En un meta-análisis 
reciente practicado en fetos con aumento de la TN, el 

Figura 4. A) Estroma fibroblástico con linfocitos en su interior; B) Dilatación de los conductos linfáticos (H&E x 100)
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microarray cromosómico detectó un 4% de variaciones 
en el número de copias que no fueron observadas en el 
cariotipo convencional (Cicatiello et al., 2019).

Adicionalmente, existe una relación entre el tipo de 
aneuploidía y la edad gestacional en la que se diagnostica 
por primera vez el linfangioma quístico de nuca. Los 
higromas diagnosticados durante el primer trimestre 
de embarazo tienden a asociarse a las trisomías 21, 18 
y 13 (Gezdirici et al., 2017). Mientras que, en el segundo 
trimestre de embarazo, los higromas quísticos no 
septados se relacionan al Síndrome de Down, y los 
higromas quísticos septados al Síndrome de Turner 
(Orgul et al., 2017). Como la gran mayoría de los higromas 
quísticos son diagnosticados en el primer trimestre de 
embarazo, es de suma importancia realizar un adecuado 
diagnóstico de los síndromes frecuentemente asociados. 
La prueba de ADN de células fetales libres en suero 
materno es un examen no invasivo con una excelente 
sensibilidad y especificidad en el diagnóstico de las 
trisomías 21, 18 y 13 (Cicatiello et al., 2019; Reimers et 
al., 2018). En un análisis reciente, se encontró que esta 
prueba tiene una tasa de detección para la trisomía 21 
del 99% con una tasa de falsos positivos del 0,1%. Sin 
embargo, la prueba de ADN de células fetales libres es 
costosa por lo que aún no puede ser considerada como 
parte del tamizaje rutinario de aneuploidías (Vičić et al., 
2017).

En cuanto al pronóstico, en términos generales, los 
higromas quísticos diagnosticados en fases tempranas 
del embarazo, tienen peor pronóstico que aquellos 
diagnosticados en el tercer trimestre de gestación 
(Schreurs et al., 2018). Otros factores que empeoran el 
pronóstico en pacientes con higroma quístico son: la 
presencia de anomalías cromosómicas, la hidropesía 
fetal, una translucencia nucal mayor a 6 mm, los 
higromas quísticos septados y la asociación con otra 
malformación mayor (Chen et al., 2017). La combinación 
de linfangioma quístico e hidropesía fetal resulta en 
muerte fetal en un 96,5% de los casos (Özcan et al., 
2019). A pesar de lo anterior, se ha descripto que el 42% 
de los higromas quísticos que alcanzan el término del 
embarazo desaparecen al nacimiento (Kadam et al., 
2017). También se ha descripto la resolución espontánea 
del higroma antes de la semana 20 de gestación, lo que 
es considerado factor de buen pronóstico. Sin embargo, 
en estos casos, se recomienda continuar seguimiento 
estricto con ultrasonografía y cariotipo mensual (Özcan 
et al., 2019).

Fetos con aumento de la translucencia nucal y 
cariotipo normal, sin otra anomalía congénita, tienen 
una tasa de mortalidad perinatal del 3,3% al 11,8% 
(Noia et al., 2019). Pero, en caso de presentar un cariotipo 
anormal, la terminación del embarazo debe tomarse en 
consideración dado al pobre pronóstico (Munteanu et al., 
2016). En cuanto al manejo intrauterino, la escleroterapia 
debe considerarse en casos donde exista el diagnóstico 

de higroma quístico en ausencia de hidropesía fetal 
y anomalías cromosómicas y/o estructurales, o 
cuando se trate de un higroma macroquístico bajo las 
mismas condiciones (Waner, 2018). En nuestro caso, 
y suponiendo que el cariotipo era normal por tratarse 
de un higroma macroquístico, existía la posibilidad 
del manejo con agentes esclerosantes. A su vez, el 
manejo quirúrgico debe considerarse en los casos con 
obstrucción de la vía aérea, después de la escleroterapia 
no exitosa y en pacientes con enfermedad microquística 
(García et al., 2018). Cuando el diagnóstico de higroma 
quístico se hace en el tercer trimestre de gestación y/o 
en embarazos a término, no existe un consenso sobre la 
modalidad de parto. Sin embargo, algunos especialistas 
prefieren el parto vaginal sobre la cesárea (Munteanu et 
al., 2016). Debemos tener en cuenta que un gran número 
de higromas quísticos desaparecen al momento del 
nacimiento, mientras que otros persisten y deben ser 
manejados quirúrgicamente a futuro (Waner, 2018).

C O N C L U S I Ó N

El linfangioma quístico es una malformación congénita 
rara de pobre pronóstico; traemos a colación este caso 
para resaltar la importancia del diagnóstico  prenatal 
temprano de las patologías congénitas, por lo que 
resulta fundamental la realización de los controles 
prenatales en todas las gestantes con el fin de identificar 
de manera oportuna alguna malformación que pudiese 
acarrear consigo desenlaces no favorables. La medición 
ultrasonográfica de la translucencia nucal fetal, es de 
gran utilidad en el diagnóstico temprano del higroma 
quístico. En el caso expuesto, al tratarse de una 
madre adolescente con nulos controles prenatales, 
fue imposible anticipar el diagnóstico de dicha 
malformación, lo que no permitió realizar ningún tipo 
de intervención y, desafortunadamente, culminó con la 
pérdida gestacional.
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A B S T R A C T

Mal de Río Cuarto (MRC) is one of the most important viral diseases of maize in Argentina. 
The disease severity index (DSI) allows to combine the incidence and severity of a disease in 
a single metric. The genotypic reaction to MRC has been extensively studied in biparental 
populations. However, this complex trait has not been analyzed by genome-wide association 
studies (GWAS). The aim of this work is to identify new resistance alleles associated with 
DSI of MRC in an exotic germplasm from the International Maize and Wheat Improvement 
Center (CIMMYT). A population of maize lines from CIMMYT was phenotypically 
evaluated in environments in the area where the disease is endemic. The predictors of 
genetic effects (BLUP, best linear unbiased predictor) and 78,376 SNP markers (Single 
Nucleotide Polymorphism) were used to perform the GWAS in 186 maize lines. The values 
of variance components and mean-basis heritability suggest a wide genotypic variability 
in the population. The GWAS allowed to identify 11 putative QTL of resistance to MRC. The 
incorporation of exotic germplasm into local maize breeding programs could contribute 
favorably to the creation of hybrids with a higher level of resistance to MRC. The predictive 
ability of associated markers with MRC resistance indicates that marker-assisted selection 
is an advisable tool for selecting MRC resistant genotypes.

Key words: Disease severity index; genome-wide association study; QTL; SNP.

R E S U M E N

El Mal de Río Cuarto (MRC) es una de las enfermedades virales más importantes del maíz 
en Argentina. El índice de severidad de enfermedad (ISE) permite combinar la incidencia 
y la severidad de una enfermedad en una métrica única. La reacción genotípica a MRC ha 
sido muy estudiada en poblaciones biparentales, sin embargo este carácter complejo no se 
ha analizado mediante estudios de mapeo por asociación. El objetivo del presente trabajo 
es identificar nuevos alelos de resistencia asociados con el ISE de la enfermedad MRC de 
maíz en un germoplasma exótico del Centro Internacional de Mejoramiento de Maíz y Trigo 
(CIMMYT). Una población de líneas de maíz del CIMMYT se evaluó fenotípicamente en 
ambientes donde la enfermedad es endémica. Los predictores del efecto genotípico (BLUP, 
best linear unbiased predictor) del ISE de MRC y 78.376 marcadores SNP (Single Nucleotide 
Polymorphism) se usaron para realizar el mapeo por asociación en 186 líneas de maíz. Los 
componentes de varianza y los valores de heredabilidad sugieren una amplia variabilidad 
genotípica en la población de líneas. El mapeo por asociación permitió identificar 11 posibles 
QTL de resistencia a MRC. La incorporación de germoplasma exótico en los programas de 
mejoramiento de maíz locales podría contribuir favorablemente a la creación de genotipos 
híbridos con mayor nivel de resistencia a MRC. La capacidad predictiva de los marcadores 
asociados con la resistencia a MRC indican que la selección asistida por marcadores es una 
herramienta recomendable para seleccionar genotipos resistentes a MRC.

Palabras clave: índice de severidad de enfermedad; mapeo por asociación; QTL; SNP.
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I N T R O D U C C I Ó N

El maíz (Zea mays L.) es hospedante natural de más 
de 50 virus (Lapierre y Signoret, 2004), y una de las 
enfermedades virales más importantes en Argentina 
es el Mal de Río Cuarto (MRC) (Gimenez Pecci et al., 
2012). El agente causal de la enfermedad MRC es el Mal 
de Río Cuarto virus (MRCV) perteneciente a la familia 
Reoviridae, género Fijivirus (Distéfano et al., 2002). Este 
virus es naturalmente transmitido en forma persistente, 
cíclica y propagativa por medio de insectos, siendo la 
chicharrita Delphacodes kuscheli Fennah el principal 
vector de la enfermedad (Remes Lenicov et al., 1985). La 
forma de transmisión indica que el vector es reservorio 
natural del virus y la población de macrópteros migrantes 
constituye el principal inóculo de la enfermedad 
(Ornaghi et al., 1993).

El principal síntoma de la enfermedad MRC es 
la presencia de enaciones o protuberancias sobre 
las nervaduras en el envés de las hojas. Las plantas 
pueden presentar otros síntomas como resultado de las 
modificaciones en los niveles hormonales endógenos, 
tales como tallos achatados, entrenudos cortos, hojas 
del tercio superior recortadas o reducidas a la vaina 
foliar, panojas atrofiadas de tamaño reducido y espigas 
múltiples con pocos o sin granos (Giménez Pecci et al., 
2012). Las siembras tempranas y el uso de agroquímicos 
son estrategias de manejo agronómico para reducir la 
enfermedad MRC mediante el control del insecto vector, 
pero la siembra de genotipos resistentes es el proceder 
recomendado (Di Renzo et al., 2004).

La reacción a la enfermedad MRC se comporta como 
un carácter cuantitativo (Di Renzo et al., 2002). Estudios 
moleculares de la reacción genotípica a MRC, han 
permitido identificar alelos de resistencia en poblaciones 
biparentales (Di Renzo et al., 2004; Bonamico et al., 
2012; Rossi et al., 2015). Sin embargo, en este tipo de 
mapeo pueden perderse alelos que no segregan entre 
los parentales de la población y alelos asociados a loci 
de efecto menor (Warburton et al., 2015). La creciente 
disponibilidad de datos genómicos polimórficos 
y el potencial para explorar múltiples eventos de 
recombinación ocurridos en la historia evolutiva de un 
germoplasma específico, han convertido a los estudios 
de mapeo por asociación (GWAS, del inglés genome wide 
association studies) en una importante alternativa para 
estudiar caracteres de variación cuantitativa en plantas 
(Hao et al., 2015).

La respuesta de los genotipos a enfermedades virales 
es comúnmente estimada mediante los caracteres 
incidencia y severidad (Rossi et al., 2019b). Sin embargo, 
en MRC existen diversos síntomas que se manifiestan en 
distintos grados de severidad y con distinta incidencia 
en las poblaciones evaluadas. Para contemplar esta 
característica de la enfermedad se han realizado 
estudios donde los caracteres incidencia y severidad se 

han sintetizado o resumido en un índice, como es el caso 
del índice de severidad de enfermedad (ISE) (Shi et al., 
2012; Bonamico et al., 2013; Chen et al., 2015). Este índice 
constituye una media de la severidad de la reacción al 
MRC, ponderada por la incidencia de los distintos grados 
de severidad observada en un conjunto de plantas de 
cada genotipo. Si bien se han realizado análisis de QTL en 
poblaciones biparentales para el ISE de MRC en la zona de 
Argentina donde la enfermedad es endémica (Bonamico 
et al., 2012; Di Renzo et al., 2004), no se ha analizado este 
carácter en el contexto de GWAS, principalmente por 
la falta del fenotipado en poblaciones de gran tamaño 
extensamente genotipadas.

El Centro Internacional de Mejoramiento de Maíz 
y Trigo (CIMMYT) es una importante fuente de 
germoplasma para la incorporación de alelos exóticos 
en los programas de mejoramiento de todo el mundo. 
Las líneas de maíz de CIMMYT han sido extensivamente 
genotipadas mediante marcadores SNPs (Wu et al., 2016) 
y son adecuadas para realizar estudios de mapeo por 
asociación en distintas partes del mundo donde puedan 
ser evaluadas fenotípicamente; algunas de estas líneas ya 
han mostrado buena adaptación en la zona de Argentina 
donde la enfermedad es endémica (Rossi et al., 2019a). 
El objetivo del presente trabajo fue identificar nuevos 
alelos de resistencia asociados al ISE de la enfermedad 
MRC de maíz en un germoplasma exótico de CIMMYT.

M A T E R I A L E S  Y  M É T O D O S

Material vegetal y ensayo de campo

Una población de 210 líneas endocriadas de maíz 
proveniente del CIMMYT se evaluó fenotípicamente 
para la reacción a la enfermedad viral Mal de Río 
Cuarto en la zona donde la enfermedad es endémica. 
La población fue caracterizada por su adaptación a la 
región sur de Córdoba y su diversidad genotípica por 
Rossi et al. (2019a). Los ensayos de campo se realizaron 
en las localidades de Río Cuarto (64° 20′ W, 33° 8′ S) y 
Sampacho (64º 44′ W, 33º 20′ S), Córdoba, Argentina, 
bajo condiciones de transmisión natural. Los ensayos 
se establecieron en los ciclos agrícolas 2018-2019 y 
2019-2020 en Río Cuarto y en el ciclo agrícola 2018-
2019 en Sampacho. Cada combinación año-localidad 
se consideró un ambiente de análisis: Río Cuarto 2018-
2019 (RC-18-19), Río Cuarto 2019-2020 (RC-19-20) 
y Sampacho 2018-2019 (SA-18-19). Cada genotipo se 
sembró en parcelas de un surco de 2,5 m de largo. En cada 
ambiente se utilizó un diseño parcialmente repetido 
(Cullis et al., 2006) donde un 25% de los genotipos se 
repitió tres veces y el 75% de los genotipos restantes se 
sembró en una sola parcela, sin repeticiones. El 25% de 
los genotipos repetidos fue diferente en cada ambiente 
de acuerdo a la disponibilidad de semillas. Las plantas 
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de cada parcela se evaluaron individualmente según el 
grado de severidad propuesto por Ornaghi et al. (1993): 
0=planta sin síntomas; 1=presencia de enaciones; 
2=presencia de enaciones + acortamiento de entrenudos 
+ láminas foliares atrofiadas en el tercio superior; 
3=máximo desarrollo de la enfermedad con enaciones 
+ acortamiento de entrenudos + láminas foliares 
atrofiadas en el tercio superior + espigas pequeñas, 
múltiples y sin granos. Para cada parcela se estimó el 
índice de severidad de enfermedad (ISE) según Di Renzo 
et al. (2002), el cual involucra los caracteres incidencia y 
severidad de MRC. Este índice puede tomar valores de 0 a 
100, donde 0 corresponde a genotipos sin síntomas y 100 
a genotipos severamente afectados.

 

Datos genotípicos

La caracterización molecular de la colección de líneas 
de maíz de CIMMYT fue realizada por Wu et al. (2016). 
Un total de 362.008 marcadores SNP, obtenidos 
mediante genotipado por secuenciación, está disponible 
públicamente en el repositorio de datos de CIMMYT 
(http://data.cimmyt.org/dvn). A partir del total de 
marcadores, se seleccionaron 78.376 SNP con una tasa 
de datos faltantes menor al 35% y una mínima frecuencia 
alélica superior a 0,05.

Análisis estadístico

Los datos fenotípicos multi-ambientales se analizaron 
con la función “mmer” del paquete “sommer” 
(Covarrubias Pazaran, 2016) en el software R (R Core 
Team 2016). Para obtener la mejor predicción lineal 
insesgada (BLUP) (West et al., 2007) de los efectos de 
genotipos a través de ambientes, se ajustó un modelo 
lineal mixto (MLM) multi-ambiental. El modelo lineal 
mixto ajustado incluyó efectos de ambientes fijos, 
efectos de genotipos aleatorios y efectos de interacción 
genotipo-ambiente (GE) aleatorios: 

		  y = Xβ + Z u + ε

donde y es el vector de las observaciones fenotípicas,  
X y Z son las matrices de diseño. El vector β representa 
los efectos ambientales considerados como fijos, u 
representa los efectos aleatorios de genotipo y de la 
interacción GE y ε representa el error aleatorio. Los 
efectos genéticos aleatorios se asumieron normalmente 
distribuidos N (0, ), con la matriz de varianza-
covarianza (G) con estructura diagonal. Los efectos de la 
interacción GE se asumieron normalmente distribuidos 
con media cero y matriz de varianza-covarianza no 
estructurada. Los errores se asumieron normalmente 

distribuidos i.i.d. N (0, ) e independientes del resto de 
efectos aleatorios. Ajustado el modelo se obtuvo el mejor 
predictor lineal insesgado (BLUP) del efecto de genotipo. 
El valor del BLUP para cada genotipo mide el efecto 
genético de la línea, descontando el efecto ambiental y 
la potencial interacción GE, y este valor fue usado como 
variable respuesta en el estudio de mapeo por asociación 
con el perfil molecular.

La heredabilidad del ISE, se estimó a partir de los 
componentes de varianza obtenidos del MLM ajustado 
de acuerdo a Holland et al. (2010).

 
En ambientes individuales:

A través de ambientes:

donde es el componente de varianza genotípica,  
es el componente de varianza de la interacción GE,   es 
la varianza residual, e es el número de ambientes, y p es 
la media ponderada del número de repeticiones de cada 
genotipo a través de ambientes.

Mapeo por asociación

El software TASSEL 5.2.60 (Bradbury et al., 2007) se usó 
para realizar la asociación entre los 78.376 SNPs y los 
BLUPs del ISE a través de ambientes para la población de 
líneas de maíz con información fenotípica y genotípica 
(n=186). Se compararon distintos modelos estadísticos 
de asociación (GWAS) para establecer el de mejor ajuste a 
los datos del estudio: 1) modelo lineal general propuesto 
por Pritchard et al. (2000), con la estructura poblacional 
determinada por la matriz Q con tres grupos (Wu et al., 
2016), como covariable de efecto fijo (modelo Q); 2) 
modelo lineal general propuesto por Price et al. (2006), 
con la estructura poblacional determinada mediante 
análisis de componentes principales, como covariable 
de efecto fijo (modelo PCA); 3) modelo lineal mixto 
propuesto por Parisseaux y Bernardo (2004), con la 
matriz de parentesco relativo entre individuos (Kinship) 
como efecto aleatorio (modelo K); 4) modelo lineal mixto 
con la matriz kinship como efecto aleatorio y la matriz 
Q como covariable de efecto fijo (modelo Q+K) (Yu et 
al., 2006); 5) modelo lineal mixto con la matriz kinship 
como efecto aleatorio y las componentes principales 
como covariable de efecto fijo (modelo PCA+K) (Zhao 
et al., 2007). La comparación entre modelos se realizó 
mediante el gráfico de distribución empírica (Q-Q plot) 
que permite evaluar la desviación de los valores de 
probabilidad (-log10 de valores-P) observados respecto 
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a los esperados bajo la hipótesis de asociación nula entre 
el marcador y la variable respuesta, i.e. el valor BLUP de 
la línea para el carácter ISE. Se utilizó el procedimiento 
propuesto por Li y Ji (2005) para corregir los valores-P 
y evitar el incremento de la tasa de falsos positivos 
debido a la multiplicidad de pruebas de hipótesis que se 
realizan al evaluar la asociación marcador por marcador. 
La significancia estadística, para declarar asociación 
significativa entre un marcador y el ISE, se definió en el 
valor umbral de -log10 (valor-P) >4 (valor P<0.0001). El 
gráfico de distribución empírica (Q-Q plot) y el gráfico 
Manhattan plot, donde se muestran los resultados de 
las pruebas de asociación marcador por marcador, se 
realizaron con el paquete “qqman” (Turner, 2018) del 
software R (R Core Team 2016) usando el modelo de 
asociación seleccionado.

Para predecir el efecto genotípico del ISE de MRC 
se ajustaron dos modelos de predicción genómica 
usando los méritos genéticos de las líneas como 
variable respuesta (i.e. BLUP de los efectos de genotipo 
del ISE). En el primer modelo, se consideraron como 
predictores todos los marcadores SNP utilizados en 
el mapeo por asociación. En el segundo modelo, solo 
se consideraron los marcadores SNP que resultaron 
estadísticamente asociados en el GWAS. El modelo de 
predicción genómica utilizado en ambos casos fue el 
modelo Bayes C propuesto por Habbier et al. (2011). La 
implementación de este modelo se realizó mediante el 
paquete BGLR (Pérez Rodríguez y de los Campos, 2014) 
del software R (R Core Team 2016). La eficiencia de la 
predicción se evaluó mediante validación cruzada. En 
cada repetición de la validación, los datos se dividieron 
aleatoriamente en un conjunto de entrenamiento (70% 
de las observaciones) y el conjunto complementario se 
usó para validar las predicciones del mérito genético, 
realizada a partir de uno u otro conjunto de marcadores 
(30% de las observaciones). La validación se repitió 50 
veces con asignaciones aleatorias independientes de 
las líneas a los conjuntos de datos de entrenamiento 
y validación. La eficiencia de la predicción, con uno u 
otro conjunto de marcadores, se cuantificó utilizando 
la correlación entre los méritos genéticos de cada línea 
y los méritos predichos por el modelo de predicción 
genómica. La correlación se calculó en las 50 repeticiones 
aleatorias del proceso.

R E S U L T A D O S

El ISE de MRC de las líneas de maíz, al considerar 
los BLUPs a través de ambientes, sugiere una amplia 
variabilidad genotípica en el grupo de líneas evaluadas 
(Figura 1). La Tabla 1 muestra los valores medios del 
ISE en los tres ambientes de evaluación y a través de 
ambientes. Los tres ambientes de evaluación presentaron 
un adecuado nivel de transmisión natural del virus. 

El ensayo realizado en la localidad de Sampacho en el 
ciclo agrícola 2018-2019 (SA-18-19) fue el que presentó 
el mayor valor medio para el ISE. Los componentes de 
varianza genotípica fueron altamente significativos en 
los tres ambientes individuales y a través de ambientes. 
El componente de varianza de la interacción genotipo × 
ambiente también fue significativo pero pequeño respecto 
de la varianza genotípica a través de ambientes (Tabla 1). 
La heredabilidad osciló entre 0,46 y 0,60 en ambientes 
individuales y fue de 0,70 a través de ambientes.

Figura 1. Frecuencia de distribución relativa para el índice de severidad 
de enfermedad (ISE) de Mal de Río Cuarto a través de ambientes.

Índice de severidad de enfermedad

Los gráficos de distribución empírica (Q-Q plot) 
permitieron comparar entre los distintos modelos 
de mapeo por asociación utilizados. El modelo Q+K 
presentó una distribución sesgada hacia los valores 
significativos. Los modelos K, PCA y PCA+K mostraron 
algunos puntos por debajo de la diagonal, indicando una 
posible sobre-parametrización (datos no mostrados). 
El modelo Q, que considera una estructura genética de 
la población de tres grupos, fue el que mejor ajustó para 
realizar la asociación entre los SNP y los BLUP del ISE 
(Figura 2).

Un total de 14 SNP resultaron estadísticamente 
asociados con el ISE a través de ambientes con un 
valor umbral de -log10 valor P>4,00 (valor P<0,0001) 
(Figura 2, Tabla 2). Según la posición física de los SNP, 
estos se agruparon en 11 posibles QTL de resistencia a 
MRC ubicados en los cromosomas 1, 2, 4, 6, 7, 8 y 9. El 
porcentaje de variación fenotípica explicada en forma 
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individual por cada QTL osciló entre 10 y 16% (Tabla 
1). Los efectos del QTL 2 (bin 1.04) y del QTL 6 (bin 
2.09) resultaron estadísticamente no significativos. 
Los QTL 9, 4 y 11, ubicados en los bin 7.01, 2.02 y 9.04 
respectivamente, fueron los que presentaron mayor 
efecto genético aditivo (Tabla 2).

La eficiencia de la predicción fue en promedio de 
r=0,30 para el modelo donde se incluyeron todos los 
SNPs y aumentó a r=0,60 cuando sólo se incluyeron en 
el modelo el conjunto reducido de SNPs conformado con 
aquellos marcadores estadísticamente asociados al ISE 
de MRC según los resultados del GWAS (Figura 3).

RC-18-19: Río Cuarto 2018-2019; RC-19-20: Río Cuarto 2019-2020; SA-18-19: Sampacho 2018-2019.							     

 componente de varianza genotípica; 							     

 componente de varianza de la interacción genotipo×ambiente.   

*** <0,0001;  

*<0,05. Rango de ISE: 0-100%. 	

Ambiente	 Índice de severidad de enfermedad (ISE)	 					   

		  Media		  Mínimo	 Máximo				    	 H2	

RC-18-19	 34,8		  0,0		  100,0		  429,6***	    -		  0,54	
RC-19-20	 28,8		  0,0		  100,0		  256,7***	    -		  0,46	
SA-18-19	 58,3		  0,0		  100,0		  736,8***	    -		  0,60	
BLUPs		 36,0		  10,0		  80,0		  397,2***	 73,24*		  0,70	

Tabla 1. Medias, mínimo, máximo, componentes de varianza y heredabilidad (H2) del índice de severidad de enfermedad (ISE) de Mal de Río Cuarto 
(MRC) estimados a partir de 210 líneas de maíz en ambientes individuales y a través de ambientes de la zona donde la enfermedad es endémica.

Figura 2. Distribución empírica (Q-Q plot) (arriba) y pruebas de asociación marcador por 
marcador (Manhattan plot) (abajo), de los resultados del mapeo por asociación para el 
índice de severidad de la enfermedad (ISE) de Mal de Río Cuarto a través de ambientes.

Índice de severidad de enfermedad
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QTL	 Marcador	 Cromosoma	 Bin	 Alelos		  Efecto aditivo		 Valor P		 R2

1	 S1_2467319		  1	 1,01	 A/T		  -2,28	 *		  4,75x10-5	 0,12
	 S1_2467320				    T/C					     5,23x10-5	 0,12
2	 S1_56399197		  1	 1,04	 T/C		  -0,61	 ns		  9,90x10-5	 0,13
3	 S2_9278082		  2	 2,02	 G/A		  -2,17	 **		  8,80x10-5	 0,12
4	 S2_12441417		  2	 2,02	 T/A		  -4,07	 ***		  7,22x10-6	 0,15
	 S2_12441430				    A/C					     7,22x10-6	 0,15
5	 S2_211077915		 2	 2,08	 C/T		  -2,78	 **		  8,29x10-6	 0,12
6	 S2_234192035		 2	 2,09	 C/G		  0,44	 ns		  1,57x10-5	 0,16
7	 S4_143512347		 4	 4,05	 T/G		  -2,02	 *		  8,92x10-5	 0,10
8	 S6_158274989		 6	 6,06	 G/C		  1,76	 *		  6,53x10-5	 0,11
	 S6_158275013				   G/A					     3,02x10-6	 0,16
9	 S7_7160192		  7	 7,01	 A/T		  -6,02	 ***		  7,93x10-5	 0,15
10	 S8_146017787		 8	 8,05	 G/T		  -2,21	 **		  3,70x10-5	 0,12
11	 S9_102698811		 9	 9,04	 C/T		  -3,87	 *		  9,56x10-5	 0,13

R2: variación fenotípica explicada por cada marcador. La posición física exacta de cada SNP se puede inferir a partir del nombre del marcador, por ejemplo, S9_102698811: 
cromosoma 9; 102.698.811 pb. El alelo subrayado indica el alelo de resistencia para cada marcador.	

Tabla 2. Detalles de los marcadores SNP asociados con el índice de severidad de enfermedad (ISE) de Mal de Río Cuarto.

Figura 3. Distribución de la correlación entre los valores observados de los BLUP del índice de severidad de la enfermedad 
(ISE) Mal de Río Cuarto y los valores predichos por el modelo de predicción construido a partir de los marcadores SNPs 
identificados como significativamente asociados en el mapeo y a partir de todo el conjunto de SNPs disponibles.
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D I S C U S I Ó N

La evaluación fenotípica precisa y confiable es uno 
de los principales requisitos para realizar estudios de 
mapeo por asociación (GWAS) (Yu et al., 2008). En maíz, 
la enfermedad viral MRC es transmitida solamente 
por insectos, siendo el principal vector la chicharrita 
Delphacodes kuscheli, por lo que la evaluación fenotípica 
se debe realizar bajo condiciones de transmisión natural 
de la enfermedad. La variación de los valores extremos 
del ISE de MRC es común entre ambientes de evaluación. 
En el presente estudio, todos los ambientes registraron 
valores extremos del ISE y por lo tanto permitieron 
diferenciar a los genotipos. De todos modos, para evitar 
posibles efectos ambientales, se decidió utilizar los 
BLUP a través de ambientes como variable indicadora 
de la performance de cada línea durante el análisis de 
asociación con el perfil molecular.

Los componentes de varianza genotípica y los 
valores de heredabilidad estimados en el presente 
estudio indican una amplia variabilidad genotípica en 
la población de líneas de maíz proveniente del CIMMYT. 
Los valores de heredabilidad del ISE, estimados en 
ambientes individuales y a través de ambientes, son 
superiores a los reportados por Di Renzo et al. (2002), 
quienes evaluaron una población de familias F2:3 en 
tres ambientes de la zona donde la enfermedad MRC es 
endémica.

En estudios de mapeo por asociación, la elección del 
modelo a utilizar es un paso importante para considerar 
los efectos que pueden tener la estructura poblacional 
presente y las relaciones de parentesco entre los 
genotipos en las asociaciones (Gutiérrez et al., 2011). 
En nuestro trabajo, el modelo que mejor ajustó fue el 
que considera la estructura poblacional determinada 
por la matriz Q como covariable de efecto fijo. En este 
caso la matriz Q incluida se compone de tres grupos de 
acuerdo a la adaptación ambiental de las líneas de maíz. 
Esta estructura de la población fue propuesta por Wu et 
al. (2016), quienes caracterizaron molecularmente la 
colección completa de 538 líneas de maíz de CIMMYT que 
incluye a la población evaluada en el presente estudio.

La integración de datos fenotípicos y genotípicos 
podría aumentar potencialmente la eficiencia del 
mejoramiento de caracteres complejos (Guo et al., 2020) 
como la resistencia a MRC. Si bien las bases genéticas de 
la enfermedad MRC han sido ampliamente estudiadas en 
poblaciones biparentales (Di Renzo et al., 2004; Bonamico 
et al., 2012), la evaluación de poblaciones diversas de 
germoplasma exótico ha sido muy poco explorada. En 
el presente estudio, el mapeo por asociación permitió 
identificar 11 posibles QTL para resistencia a MRC. Al 
comparar los QTL identificados para el ISE con los 
identificados en estudios previos, tanto para el ISE como 
para los caracteres incidencia y severidad, se observan 
coincidencias en las posiciones físicas y en la proporción 

de la variación fenotípica explicada. Por ejemplo, en el 
bin 4.05, donde nosotros identificamos un SNP asociado 
al ISE, Bonamico et al. (2013) identificaron un marcador 
microsatélite (SSR) para el ISE de MRC, al evaluar una 
población de líneas endocriadas recombinantes (RILs). 
En el bin 1.01, Bonamico et al. (2012) identificaron un 
marcador SSR asociado con incidencia y con severidad de 
MRC. En el mismo bin, en nuestro trabajo identificamos 
un SNP asociado al ISE de la enfermedad. Redinbaugh 
et al. (2018) combinaron resultados de estudios donde 
se identificaban QTL para resistencia a enfermedades 
virales en maíz e identificaron nueve regiones del 
genoma donde se agrupaban loci de resistencia (clusters). 
Uno de esos clusters se ubica en el bin 2.08 y reporta QTL 
de resistencia para tres enfermedades virales. En el 
mismo bin y en una posición física (pares de bases) muy 
próxima, identificamos un marcador asociado con el ISE 
de MRC. Los QTL identificados en este estudio, en los 
bin 7.01 y 9.04 podrían considerarse como nuevos alelos 
de resistencia aportados por el germoplasma exótico de 
CIMMYT debido a que en estudios previos no han sido 
reportados QTL para MRC en esas posiciones.

La relación entre incidencia y severidad de 
enfermedades vegetales es epidemiológicamente 
importante (Seem, 1984). Esta relación puede ser 
estudiada según la correlación genética entre ambos 
caracteres como se realizó en el trabajo de Rossi et al. 
(2020). Otra manera de estudiar la relación es a través 
de la estimación del ISE, el cual combina la incidencia y 
la severidad de una enfermedad en un único índice. Esto 
explica que los posibles QTL 1, 4, 8 y 9, identificados en 
este estudio, fueron también identificados por Rossi 
et al. (2020) al evaluar la reacción a MRC mediante los 
caracteres incidencia y severidad individualmente. 
Según Dintinger et al. (2005) los QTL asociados a 
incidencia y severidad podrían involucrar mecanismos 
de resistencia que reducen la evolución de síntomas 
severos en la planta, y mecanismos de resistencia que 
reducen la probabilidad que una planta manifieste 
síntomas.

La validación cruzada del modelo de predicción 
genómica demostró la capacidad predictiva de los 
marcadores asociados al ISE de MRC, identificados en 
el GWAS. La menor capacidad predictiva del modelo que 
incluye todos los marcadores podría estar relacionada 
a correlaciones entre los marcadores y de éstos con 
el efecto ambiente, los cuales podrían enmascarar 
el efecto de otros marcadores. Si bien se requieren 
numerosos estudios para avalar el desempeño de la 
predicción genómica para la resistencia a MRC en 
maíz, los resultados indican que la selección asistida 
por marcadores basada en los SNPs que se encontraron 
asociados al ISE de MRC podría ser una herramienta muy 
útil para la selección. El uso del genotipado mediante 
PCR específica de alelos (KASP, Kompetitive Allele Specific 
PCR), técnica de laboratorio que permite genotipar 
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alelos específicos de unos pocos marcadores, combinado 
con selección asistida por marcadores, representa una 
alternativa más económica y rápida que la selección 
genómica.

Los resultados sugieren que el germoplasma exótico 
de CIMMYT tiene amplia variabilidad genética para la 
resistencia a la enfermedad MRC. La evaluación de un 
germoplasma exótico para la reacción a una enfermedad 
endémica local contribuye a validar regiones genómicas 
identificadas en estudios previos e identificar nuevos 
alelos de resistencia. En la industria semillera argentina, 
la importación de paquetes tecnológicos “cerrados” es 
difícil porque se requiere de adaptación a las condiciones 
agroecológicas de cada región del país. Por lo tanto, la 
incorporación de germoplasma exótico adaptado a las 
condiciones agroecológicas locales, podría favorecer 
la creación de genotipos híbridos con mayor nivel de 
resistencia a MRC en los programas de mejoramiento de 
maíz. La eficiencia predictiva de los marcadores asociados 
con la resistencia a MRC indican que la selección asistida 
por marcadores constituye una herramienta promisoria 
para seleccionar genotipos resistentes a MRC.
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