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Abstract. Physalis peruviana L. often known as goldenberry, has increased its com-
mercial growth in the international market in recent years due to its nutritional value
and antioxidant potential. This situation has enabled countries such as Peru to increase
their production in order to meet the global demand. However, investigations about
the genetic diversity of cultivated and wild populations of goldenberry are still in their
early stages. FISH mapping of 5s and 45s rDNA loci and flow cytometry estimation of
nuclear DNA content were used to assess genetic differences between wild and culti-
vated goldenberry populations from Ayacucho and Cajamarca. The majority of meta-
phases had six 5s rDNA sites for all populations and two and four 45s rDNA sites for
the cultivated and wild populations, respectively. We were able to characterize nine dif-
ferent types of chromosomes based on their morphology, fluorescence, rDNA location,
and conservation across populations by analyzing the chromosomes that contained
rDNA. Furthermore, cultivated populations had more nuclear DNA (13.262+0.087 pg)
than wild populations (12.955+0.086 pg). The results show genetic differences between
wild and cultivated populations of goldenberry at molecular cytogenetic level as well as
in genome size. These findings establish a precedent for future cytogenetic and genom-
ic studies in goldenberry populations, enabling future breeding programs.

Keywords: Goldenberry, FISH, rDNA, chromosomes, flow cytometry.

1. INTRODUCTION

Physalis peruviana L., also known in Latin America as “aguaymanto,”
“uachuva,” or “uvilla,” is a plant in the Solanaceae family that originated as
well as diversified in the Andes Mountains. It produces orange-yellow berry-
shaped fruits covered by a calyx. These fruits are high in vitamin C, carot-
enoids, phenolic compounds with antioxidant precursors, and withanolides,
which have anticancer and antitumor properties (Singh et al. 2019). Because
of these characteristics and the increased international demand for organic
food, the production of Physalis peruviana L. in Peru has quickly grown in
recent years, establishing it as the second-largest producer of goldenberry
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in Latin America. However, the amount of goldenberry
production compared to Colombia, the leading pro-
ducer in Latin America, and other countries outside
the American continent remains limited (Sierra y Selva
Exportadora 2021). To increase commercial competitive-
ness, genetic improvement programs that increase fruit
quality and production must be implemented, and our
understanding of the genetic diversity of Physalis peruvi-
ana L. in cultivated and wild populations will determine
the success of these programs. Cytogenetic studies pro-
vide a foundation for the characterization of germplasm
resources and offer guidance in selecting the parental
cultivars for plant breeding programs (Herrera 2007).
Furthermore, for future complex genomic projects such
as cloning of genes of interest or genome sequencing,
genome size data is essential to design effective projects
(Dolezel et al. 2007). Most cytogenetic studies in Physa-
lis peruviana L. have used classical staining techniques
to determine the chromosome number, where 2n=48
predominates (Rodriguez and Bueno 2006; Sanchez
2014; Liberato et al. 2014; Trevisani et al. 2018), while
other studies report mixoploid plants (Sanchez 2014),
and somatic aneuploidy (Carbajal et al. 2021). Karyo-
typic formulas of some populations have been previously
reported (Azeez and Faluyi 2019; Carbajal et al. 2021).
However, since goldenberry chromosomes are small,
numerous, and have similar morphology, the karyotype
determination and its analysis are considered limited
when classical staining techniques are used.

FISH is a molecular cytogenetic technique for map-
ping specific sequences on chromosomes by hybridizing
probes with their complementary sequences. 5s and 45s
ribosomal DNA (rDNA) probes have been widely used to
perform cytogenetic characterization and to understand
intraspecific and interspecific evolutionary relationships
at chromosomal level by determining the position and
number of signals on metaphase chromosomes, even in
species with numerous and small chromosomes (Her-
rera 2007). This is due to the nature of rDNA sequences,
which are tandemly repeated DNA regions in the genome
with high transcription rates and a predisposition for
unequal recombination, which makes them inherent-
ly unstable and prone to variation in copy number and
location in the genome (Salim and Gerton 2019). Previ-
ously, the number of 5s rDNA signals in two cultivated
populations from the same region has been studied at the
molecular cytogenetic level in Physalis peruviana L. (Siles
et al. 2021). However, no studies have been conducted to
analyze the number and position of the 5s and 45s IDNA
sites to determine if there are any chromosomal differ-
ences between wild and cultivated populations as a con-
sequence of the domestication of the species.
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Plant genome size varies enormously and is consid-
ered a biodiversity trait that provides valuable informa-
tion for systematic and evolutionary studies (Pellicer et
al. 2018). It is also useful for determining the genetic
characterization of germplasm and plant identification
because of these characteristics (Jedrzejczyk and Rewers
2020). Flow cytometry is a quick and easy way to esti-
mate nuclear DNA content, making it a powerful tool
for accelerating selection processes in plant breeding and
providing critical data for sequencing projects (Ciprian-
Salcedo et al. 2020).

Given the foregoing, the goals of this study were to
characterize and analyze the genetic differences between
wild and cultivated populations of Physalis peruviana L.
from the regions of Ayacucho and Cajamarca through
the mapping of 5s and 45s rDNA by FISH, and to esti-
mate the nuclear DNA content using flow cytometry.
These two approaches will set a precedent as potential
tools for programs to improve this genetic resource in
Peru and, as a result, improve the international competi-
tiveness of Peru against other producing countries.

2. METHODS AND MATERIALS

2.1 Plant material and preparation of metaphase chromo-
somes

Seeds were collected from wild and cultivated popu-
lations of ripe goldenberry fruits in the Cajamarca and
Ayacucho regions (Figure 1). Plant material was trans-
ported to the Genetics Laboratory of the Universidad
Nacional Mayor de San Marcos (UNMSM) and correctly
identified as Physalis peruviana L. by the UNMSM Nat-
ural History Museum. (Certificates 224-USM-2015 and
001-USM-NHN -2022).

We modified the protocols described by Aguilera et
al. (2016), Aliyeva-Schnorr et al. (2015), and Carbajal et
al. (2021) in order to obtain mitotic metaphase chromo-
somes. Goldenberry seeds were germinated, and roots
with an approximate size of 4 mm were treated with 0.03
percent colchicine for 80 minutes at room temperature
before being submerged in distilled water for 60 min-
utes at 37 °C and fixed in an ethanol solution: acetic acid
(3:1) at -20 °C for at least one day. Subsequently, the roots
were washed in cold distilled water twice for 5 minutes,
followed by two washes in cold citrate buffer (0.01 M at
pH 4.6) for 5 minutes. They were then macerated in a
2% cellulase solution (from Aspergillus niger, Sigma) and
a 10% liquid pectinase solution (from Aspergillus niger,
Sigma) dissolved in 40% glycerol in 0.01M citrate buffer at
pH 4.6, at 37 °C for 1 hour. Then, they were washed four
times with cold citrate buffer for 5 minutes (0.01 M at pH
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Population: ms.n.m.
® wild Ayacucho 3000
® Wild Cajamarca 2716

Cultivated Ayacucho 3085
® Cultivated Cajamarca 2662

Figure 1. Map of Peru showing sampling locations for wild and cul-
tivated populations of Physalis peruviana L.

4.6) and twice in ethanol 90° for 5 seconds. The apex of
each root was then transferred to a slide, a drop of 45 per-
cent acetic acid was placed on it, and the “squash” tech-
nique was performed. After that, the slide was frozen with
dry ice to remove the coverslip slide, then air-dried and
examined under a phase-contrast microscope to confirm
the presence of cells with properly separated metaphase
chromosomes. Finally, the selected slides were immersed
in absolute ethanol at -20 °C until they were used.

2.2 Amplification of rDNA

Genomic DNA was extracted from seedlings grown
from goldenberry seeds using the GF-1 Plant DNA
extraction kit (Vivantis, Malaysia). To obtain the 5s
rDNA probe, 5s rDNA amplification was performed
using the primers pr5S14 (5-GGCGAGTAGTACTAG-
GATCCGTGAC-3’) and pr5S15 (5-GCTTAACTTCG-
GAGTTCTGATGGGA-3’) reported by Volkov et al.
(2001). Because the 45s rDNA locus is too large to be
completely amplified, it was decided to use the 18s rDNA
gene as a probe. Since 18s rDNA is present within the
gene structure of the 45s rDNA, mapping it would also
show the location of the 45s rDNA locus. The following
primers were used to achieve 18s rDNA amplification:
primers F-566 (5-CAGCAGCCGCGGTAATTCC-3’) and

R-1200 (5-CCCGTGTTGAGTCAAATTAAGC-3’) which
were previously reported by Hadziavdic et al. (2014). The
PCR reaction mixture for both cases had a final volume
of 20 pl containing 1X PCR buffer, 1.5 mM MgCl,, 0.2
uM dNTPs, 0.2 uM of each primer, 1 U of Taq polymer-
ase (abm, Canada), and 30 ng of genomic DNA. The PCR
program for 5s rDNA began with an initial denaturation
at 95 °C for 9 minutes, followed by 45 cycles of 95 °C for
30 seconds, 58 °C for 30 seconds and 72 °C for 45 sec-
onds, and a final extension at 72 °C for 5 minutes. On the
other hand, 18s rDNA involved an initial denaturation at
95 °C for 9 minutes, followed by 42 cycles of 95 °C for 30
seconds, 62 °C for 30 seconds and 72 °C for 60 seconds,
and a final extension at 72 °C for 5 minutes. The ampli-
cons were purified using the GeneJET PCR Purification
kit (Thermo Scientific™) and quantified by spectropho-
tometry.

2.3 Labelling of DNA probes

The 5s rDNA amplicons were labeled with biotin-
14-dATP for 90 minutes using the BioNick Labeling
System commercial kit (Invitrogen, USA), and the 18s
rDNA was labeled for 180 minutes with digoxigenin-
11-dUTP using the DIG-Nick Translation Mix commer-
cial kit (Roche, Switzerland).

2.4. FISH and signal detection

The FISH methodology used was slightly modified
from that provided by Poggio et al. (2000). The slides
with the chromosome preparation were treated with
RNases and 4% (w/v) paraformaldehyde. The hybridiza-
tion solution contained 15 pl of Formamide, 6 pl of 50%
Dextran Sulfate, 3 pl of 20X SSC, 1 pl of Salmon DNA
(10 mg/ml), 1ul of 10% SDS, and 50 ng of each 5s and
45s rDNA probe, with a final volume of 30 ul. This solu-
tion was applied to the chromosome preparations, and
the hybridization program was as follows: 75 °C for 7
minutes, 55 °C for 6 minutes, 45 °C for 5 minutes, and
37 °C for 12 hours inside a hybridizer (Biobase, HS-500).
After the hybridization, the following washes were per-
formed to remove nonspecific binding: 2X SSC at 42 °C
for 5 minutes, 20% formamide in 0.1X SSC at 42 °C for
10 minutes, 0.1X SSC at 42 °C for 5 minutes, 2X SSC for
5 minutes at 42 °C, and finally three washes with 0.2%
(v/v) Tween 20 in 4X SSC for 5 minutes at room tem-
perature. The 5s probe was detected with a Neutravidin-
Oregon-Green 488 conjugate (Thermo Scientific™) while
the 18s probe was detected with Anti-Digoxigenin-Rho-
damine (Roche). The slides were mounted with Slow-
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Fade™ Gold Antifade Mountant (Invitrogen™), which
contained DAPI and an antifade solution.

The slides were observed and photographed under
an epifluorescence microscope (ZEISS Axio Scope.Al).
For DAPI fluorophore, BP 340/30 excitation and BP
510/90 emission filters were used; for Oregon Green 488,
BP 470/40 excitation and BP 540/50 emission filters were
used; and for Rhodamine, BP 560/40 excitation and BP
630/75 emission filters were used. We specifically worked
with cells in metaphase that contained 48 recognizable
chromosomes to avoid variation in the results attributa-
ble to any somatic aneuploidy present in the meristematic
tissue of the root of the species, a phenomenon already
observed in prior studies (Carbajal et al. 2021; Franco et
al. 2021). The following programs were utilized: GIMP
2.10.14 was used for picture overlaying and chromosomal
individualization; IdeoKarl.2 (Mirzaghaderi and Mar-
zangi 2015) for morphological measurements of chromo-
somes and the production of ideograms; and ImageJ for
fluorescence quantification of probe signals. The latter
was achieved in accordance with Fitzpatrick (2021).

2.5 Determination of nuclear DNA content

Each wild and cultivated population had eight plants
evaluated. These were obtained after a three-month seed
culture in pots. Flow cytometry was used to determine the
nuclear genome size of each plant in duplicate using Pisum
sativum cv. ‘Ctirad” (2C = 9.09 pg DNA) as an internal ref-
erence standard. The nuclear suspension preparation pro-
tocol and nuclear DNA content estimation were performed
as described by Dolezel et al. (2007). Young leaves of the
standard and goldenberry were utilized as plant material
in the streamlined two-step process for nuclei suspension
preparation. Furthermore, propidium iodide was employed
as a fluorochrome. The nuclear DNA content was estimat-
ed using an Attune NxT flow cytometer (Thermo Fisher
Scientific) and the following formula:

2Cvalue of the sample (pg de ADNy =

Mean position of the 2C peak of the sample

x9.09
Mean position of the 2C peak of the reference standard pg

3. RESULTS

3.1 Number of 5s and 45s rDNA signals in wild and culti-
vated populations

FISH was used to identify the 5s and 45s rDNA
probe signals in the metaphases of Physalis peruvi-
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ana L. populations (Figure 2). For each population, 25
metaphases with 48 chromosomes were analyzed. After
studying the metaphases of all the populations, a total
of five combinations of the number of 5s and 45s rDNA
sites were identified; three of these combinations were
detected in wild populations (Figure 2A, B, E, F, I, J) and
four combinations in cultivated populations (Figure 2C,
D, E, G, H, K, L). There were no significant variations in
the number of 5s and 45s rDNA sites across wild popu-
lations (p=0.422), nor between cultivated populations
(p=0.085), however, there were significant differences
across populations from the same region (p<0.01). Fur-
thermore, it was discovered that the predominant rDNA
combination in wild populations was six 5s rDNA sites
and four 45s rDNA sites, whereas in cultivated popula-
tions it was six 5s rDNA sites and two 45s rDNA sites
(Figure 3). In general, a higher frequency of six 5s rDNA
sites is observed in all goldenberry populations, while
for 45s rDNA a number of two sites predominates for
cultivated populations and 4 sites for wild populations.

3.2 Characterization of chromosomes with rDNA loci

The 12 best metaphases with clear and distinct
rDNA signals in relation to their chromosomal arms and
fluorescent signals were selected from the 25 metaphases
per population, considering at least one metaphase that
showed each combination of the number of 5s and 45s
rDNA sites from each wild and cultivated population.
The morphological characterization, individualization,
and pairing with their homologous chromosomes that
displayed rDNA signals were performed in each of the
selected metaphases (Figure 4, Figure S1). Based on the
study of the chromosomes that showed rDNA signals in
all populations, nine types of chromosomes were identi-
fied according to their morphological features, the posi-
tion of the 5s or 45s rDNA locus, the fluorescence inten-
sity of the rDNA probe, and their presence in the popu-
lations (Figure 5 and Table 1). The N chromosomes are
those that are found in all populations: NI has a meta-
centric morphology and the 5s rDNA in the p arm; N2
is submetacentric and has the 45s rDNA in the p arm,
and N3 is acrocentric and has the 5s rDNA in the q arm.
The S chromosomes, which stand for wild, are found
specifically in wild populations: SI has a submetacentric
morphology and 45s rDNA in the q arm; S2 is metacen-
tric and has 45s rDNA in the q arm; S3 is metacentric
and has 5s rDNA in the p arm. It should be noted that,
while NI and S3 are described in the same way, the dif-
ference between them is determined by the length of the
chromosome (Table 1). C chromosomes are those found
solely in cultivated populations: CI has a submetacentric
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Figure 2 Fluorescent in situ hybridization signals of the 5s (green) and 45s (red) rDNA probes in Physalis peruviana L. metaphase chromo-
somes. The numbers at the bottom left of each image represent the number of 5s (green) and 45s (red) sites found in the metaphases. Com-
binations of the number of 5s and 45s rDNA sites identified in the population of wild Ayacucho are shown in A, E, and I; wild Cajamarca

is shown in B, F, and J; cultivated Ayacucho is shown in C, G, and K; and Cultivated Cajamarca is shown in D, E, H, and L. The scale bar
measures 10 um.

R

Number of
rDNA sites
5s 45s
Wild A h Wild Caj . ¢ 2
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Cultivated Ayacucho Cultivated Cajamarca

Figure 3 The frequency of 5s and 45s rDNA sites observed in the
25 metaphases of each goldenberry population. Different letters at
the top of each frequency circle show significant differences (Fish-
er’s Exact Test, p<0.05).

Figure 4 Chromosomes that showed hybridization of the 5s and
45s rDNA probes between the best 12 metaphases for each popula-
tion, encompassing at least one metaphase for each of the combi-

morphology and has the 5s rDNA in the q arm, whereas

C2 has a metacentric/submetacentric morphology and
has the 5s rDNA in the q arm, and a lower fluorescence
intensity than CI. The morphology of the C2 chromo-
some is attributable to the fact that only one C2 chromo-

nations of the number of 5s and 45s rDNA sites reported for each
population of goldenberry. m=metacentric, sm=submetacentric,
acro=acrocentric.
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All Populations
N

Wild
Populations
S

Cultivated
Populations ”
C S| sm/m

Cultivated
Cajamarca
cc

Figure 5 Characterization of the nine types of chromosomes that
showed rDNA probe hybridization based on their existence in
populations, morphology, size, presence of the 5s or 45s locus, posi-
tion of the rDNA locus, and rDNA probe fluorescence intensity,
m=metacentric, sm=submetacentric, and acro=acrocentric.

some was observed in each of the cultivated populations,
resulting in a metacentric morphology in Ayacucho and
a submetacentric morphology in Cajamarca (Figure
6). The CC chromosome, found only in the Cultivated
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Cajamarca population, has a submetacentric morphology
and the 45s rDNA in the p arm, similar to N2, although
it differs in terms of chromosome length and rDNA
probe fluorescence intensity (Table 1).

The types of chromosomes that contain rDNA are
conserved among wild populations. However, there is a
difference in the observed frequency of chromosomes SI,
which is higher in Cajamarca, and S2, which is higher
in Ayacucho (Figure 6). Additionally, in Ayacucho, the
45s rDNA locus of SI chromosome is found in the cen-
tromeric position, whereas in Cajamarca, it is found in
the interstitial position. The CC chromosome was found
only in Cajamarca among the cultivated populations,
while the other chromosomes were found in both groups
with no variations in frequency or position of the rDNA
(Figure 6).

3.3 Size of the nuclear genome

All flow cytometric analyses showed high-reso-
lution histograms with a coeflicient of variation (CV)
of the GO/G1 peaks between 1.63% and 2.85% (mean
2.04%). Representative histograms are shown with the
peaks corresponding to the GO/GI nuclei of Physa-
lis peruviana L. and the internal standard Pisum sati-

Ayacucho Cajamarca
N1 -
- s1 N2 52 s3 i Ml s1 oy 58 a2 e
_ B BN BCEE W e
el EEEEESE BEEEE=
m sm sm m m acro m m m acro
100% 16.6% 100% 91.6% 100% 100% 100% 66.6% 100% 100% 8.3% 100%
NI g c2 & i ‘
N2 l N2 cC N3 C2
Emw . B HEemwl =
Cultivated ...-- ...--.
m sm sm acro m m sm sm sm acro sm
100% 100% 100% 83.3% 8.3% 100% 100% 100% 16.6% 91.6% 8.3%
Sum
—_—

Figure 6 The average ideogram of the types of chromosomes that included rDNA. The proportion observed in the total of the meta-
phases analyzed by each population is indicated beneath each chromosome. Equal symbols above the percentages indicate a significant
difference between the observed frequencies of both populations (Fisher’s Exact Test, p<0.05). m=metacentric, sm=submetacentric, and

acro=acrocentric.
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Table 1. Morphometric and fluorescence data of the nine types of chromosomes found in Physalis peruviana L. populations.

Lo
rDNA-bearing N Chromosome Arm ratio (DNA §robe cM Position of rIDNA
chromosome Length fluorescence locus
intensity)

N1 48 3.120 £ 0.416 1.363 £ 0.161 3.943 £ 0.265 m 55 ->p
N2 48 2.436 £ 0.332 2.191 £ 0.265 3.909 + 0.404 sm 45s -> p
N3 45 1.499 + 0.230 3.919 £ 0.641 3.078 £ 0.307 acro 55 ->q
S1 10 2.516 £ 0.341 2.189 £ 0.240 3.383 £0.318 sm 45s -> q
S2 12 2.417 £ 0.216 1.471 +0.112 3.371 £ 0.164 m 45s -> q
S3 24 2.241 £0.287 1.284 + 0.167 3.995 £ 0.319 m 5s->p
C1 24 3.002 + 0.461 2.220 £0.292 3.930 + 0.240 sm 55 ->q
C2 1 2.908 + 0.106 1.951 + 1.238 3.180 £ 0.001 m/sm 5s->q
CcC 2 1.922 + 0.047 2.027 + 0.366 3.212 £ 0.062 sm 45s -> p

« »

The values are expressed as mean =+ standard deviation. The “n” samp

m = metacentric; sm = submetacentric; acro= acrocentric.

le values are per chromosomal pair. CM = chromosome morphology;

508 12 12
A 1000- B

500 1
@ 4
% 4 1: Pisum sativum cv. 'Ctirad’ | 1: Pisum sativum cv. ‘Ctirad’

CV=2.24% CVv=2.02%
E i Mean=11867 Mean=11926
(@]
!6 2: Physalis peruviana (Wild) 500 2 Physalis peruviana (Cultivated)
O 250 CV=2.23% CV=2.45%
E Mean=16934 Mean=17503
3 -
= 4
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Figure 7 Fluorescence histograms of the nuclei of goldenberry and Pisum sativum cv. Ctirad populations (2C = 9.06 pg as internal reference
standard) were analyzed simultaneously. Each peak denoted by the numbers 1 or 2 corresponds to the populations of nuclei in the G0/G1
phase of each species. Each histogram includes the percentage of the coefficient of variation (CV) and average absolute fluorescence for each

of these peaks.

vum cv. Ctirad of the wild and cultivated populations
in Figure 7. The nuclear DNA estimation content based
on the amount of the 2C internal standard (9.09pg of
DNA) displayed a substantial variation between both
groups (Table 2).

4. DISCUSSION

The determination of the number of rDNA sites
and their distribution on chromosomes by FISH has
proven to be a reliable molecular cytogenetic marker
when establishing genetic relationships of plant species
that contain a significant number of small and homog-
enous chromosomes (Su et al. 2020). The current study
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Table 2. Flow cytometry was used to quantify the nuclear DNA
content and genome size of wild and cultivated populations of
Physalis peruviana L. using Pisum sativum cv. Ctirad as the internal
reference standard.

Average Values

Population n(R) Nuclear DNA Genome size CV (%)
content 1C + DE (x 10°
2C + DE (pg) pb)**
wild 12.955 + 0.086*  6.335 + 0.041*  2.124+0.360
Cultivated 13.262 + 0.087*  6.485 + 0.042* 1.960+0.216

The n represents the sample number, while the R represents the
number of repetitions per sample, CV: The coefficient of variation
of GO/G1 peaks in flow cytometry histograms.

* Indicates a significant difference between values of the same col-
umn p < 0.05.

** 1pg DNA equal to 0.978x10° bp, according to Dolezel et al.
(2007).

found a substantial difference in the number of 5s and
45s rDNA sites between wild and cultivated populations
of goldenberry (Figure 3). This is the first mapping of
the 45s rDNA in Physalis peruviana L., where a number
of two, four, and six sites have been reported for all the
populations, prevailing a number of four sites in wild
populations and two sites in cultivated populations. This
intraspecific variation at the species level, as well as its
variability among the populations analyzed, in terms
of the number of 45s rDNA sites, can be explained by
its nature as a fragile location within the plant genome
(Huang et al. 2012). This trait increases the likelihood of
chromosomal breakage in the rDNA region, resulting in
a chromosomal rearrangement. Furthermore, because
of its repetitive nature, it is an unstable genomic region
that promotes homologous recombination (Rosato et al.
2016), resulting in increased variability in the amount
of 45S rDNA sites within the genome. This variabil-
ity has also been observed in other Solanaceae species,
such as Solanum spp., which presents between 2 and 4
sites (Pendinen et al. 2008; Rego et al. 2009; Moyetta et
al. 2017); Capsicum spp., which presents between 2, 4, 6,
8 up to 16, 24, 28, 36 sites (Youn-Kyu et al. 1999; Kwon
and Kim 2009; Romero-da et al. 2017); Nicotiana spp.
likewise shows considerable variety, reporting between
2, 4, 6, and, to a lesser extent, 8 and 10 sites (Lim et
al. 2000; Nakamura et al. 2001; Kitamura et al. 2001;
Matyasek et al. 2003; Kovarik et al. 2004). All of this
suggests that the number of 45s rDNA sites of 2, 4, and
6 reported in the populations studied in this research
is within the predicted range for the Solanaceae fam-
ily. The variation between wild and cultivated popula-
tions was influenced by the unstable character of the 45s
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rDNA region and was favored by the selective breed-
ing process throughout the domestication of the species
(Doebley et al. 2006).

In comparison to the number of 45s rDNA sites,
the number of 5s rDNA sites has been found to remain
reasonably consistent throughout most angiosperm and
gymnosperm taxa (Garcia et al. 2017). This is consist-
ent with the findings of the current study, which found
a predominance of six 5s rDNA sites in all goldenberry
populations, with a small fraction of four and seven sites
in the cultivated populations (Figure 3). Similarly, Siles
et al. (2021) discovered a prevalence of six 5s rDNA sites
in goldenberry cultivated populations. However, other
Solanaceae species have a lower number of 5s rDNA
sites, such as Solanum spp., which has a prevalence of
two 5s rDNA sites and, to a lesser extent, four sites
(Pendinen et al. 2008; Rego et al. 2009; Aguilera et al.
2016; Romero-da et al. 2017), Capsicum spp., which typi-
cally presents two sites (Youn-Kyu et al. 1999; Park et al.
2000; Kwon and Kim 2009; Aguilera et al. 2016; Rome-
ro-da et al. 2017); Nicotiana spp., which generally alter-
nates between two and four sites (Nakamura et al. 2001;
Kitamura et al. 2001; Fulnecek et al. 2002; Matyasek et
al. 2003; Kovarik et al. 2004), and Cestrum spp., which
has two 5s rDNA sites (Fregonezi et al. 2006; Fernandes
et al. 2009; Urdampilleta et al. 2014). These data indicate
that goldenberry populations have more 5s rDNA sites
than other species in the family. However, not enough
studies have been conducted on this clade or the Physa-
lis genus to be conclusive. Furthermore, the presence of
a considerable number of 5s rDNA sites may be due to
ribosomal gene copy number amplification during cross-
ing over or transposition events (Kapitonov and Jurka
2003; Su et al. 2020). In accordance to prior research
(Garcia et al. 2017), the majority of angiosperm spe-
cies have more 45s rDNA sites than 5s rDNA sites; this
is also shown with molecular cytogenetic results in the
Solanaceae family to a higher extent (Vitales et al. 2017).
This contrasts with the findings in the goldenberry
populations analyzed in this study, which revealed six
5s rtDNA sites and two/four 45s rDNA sites (Figure 3).
Therefore, these results will be helpful as precedents for
the molecular cytogenetic characterization of the genus
Physalis and the cytotaxonomic understanding of the
Solanaceae family.

The nine types of chromosomes that contain rDNA
(Figure 5) allowed cytogenetic distinction of wild and
cultivated populations of goldenberries (Figure 6). These
discrepancies are indistinguishable when only the chro-
mosomal number (2n=48) is taken in consideration.
Therefore, FISH significantly reduces the number of
chromosomes that must be studied to determine cytoge-
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netic differences, emphasizing its relevance in the study
of plant species with multiple chromosomes (Su et al.
2020). The existence of different chromosomes in wild
(S1, 82, and S3) and cultivated (CI, C2, and CC) popu-
lations could be attributed to multiple breeding events
that happened throughout the domestication of the spe-
cies, leading to chromosomal rearrangements (Bashir
et al. 2018; Su et al. 2020). There is no variation in the
presence of rDNA-containing chromosomes between the
two wild populations, implying that there is no struc-
ture between these populations. However, discrepancies
in the frequency of chromosomes SI and S2 may imply
a slight genetic distinction between the two wild popula-
tions as a result of their geographical separation (Figure
1). The presence of the CC chromosome in Cajamarca
could be explained by the same trait found in cultivated
populations (Figure 6). The 5s rDNA locus is present in
three different chromosomal sites: telomeric (NI and S3),
interstitial (CI and C2), and centromeric (N3) (Figure
5). The dispersed distribution of 5s rDNA has already
been observed in numerous mappings of plant chromo-
somes (Vitales et al. 2017), which could be linked to the
activity of mobile genetic elements such as transposons,
which have been detected in association with riboso-
mal gene sequences (Kapitonov and Jurka 2003; Raski-
na et al. 2004). The 45s rDNA, on the other hand, has
a more restricted position, with telomeric (N2 and CC)
and interstitial (SI and S2) sites reported (Figure 6). This
more restricted variability is typical of angiosperms, and
it has also been revealed that the 45s rDNA ancestral
location is terminal (Garcia et al. 2017). The 45s rDNA
locus is known to be involved in the creation of nucleoli
during the cell cycle, especially if it is positioned in the
satellite sections of the chromosomes since it correlates
with the existence of nucleolar organizing areas (Long
and Dawid 1980; Lopez et al. 2021). If the species has a
large number of 458 sites, however, not all of them will
be functional (Grabiele et al. 2018; Baez et al. 2020). In
the current investigation, no satellites correlated with
an active 45s rDNA locus were found in the analyzed
chromosomes, however, the N2 chromosome is likely to
contain a functional locus because it is conserved in all
goldenberry populations and is the only type of chromo-
some that has a 45s rDNA locus in the Ayacucho culti-
vated population. Garcia et al. (2017) propose that if a
karyotype has a single 5s or 45s rDNA locus, that locus
must be functional.

The fluorescence intensity of the rDNA probes that
are highlighted in the differentiation of chromosome
types CI and C2, as well as between CC and N2, could
be related to the number of rDNA tandem repeats that
they have between the loci, implying that low fluores-

cence would indicate a comparatively low number of
repeats (Prado et al. 1996). Furthermore, events such as
amplification, deletion, and unequal crossing over are
known to change the number of repeats and result in
variations in fluorescence signals (Su et al. 2020).

Differences in the amount of nuclear DNA between
wild and cultivated populations of goldenberries may
be due to the domestication process of the species, since
artificial selection during domestication affects the evo-
lution of its genome (Diez et al. 2013). The results report-
ed in this study (Table 2) for the wild (12,955 pg) and
cultivated (13,262 pg) populations are higher than those
reported by Liberato et al. (2014) in Colombian acces-
sions (between 5.77 pg and 8.12 pg). The values of the
cultivated populations in this study are remarkably close
to those published by Trevisani et al. (2018) in Colom-
bian (13.29 pg), Brazilian (13.32 pg), and Peruvian popu-
lations (13 pg). It is important to note that all of these
studies report a 2n=48 chromosome number. This could
imply that they are related to the same population of
goldenberries, however, more research into the molecu-
lar cytogenetics of these groups is needed to prove it.
According to the plant genome size database (Pellicer
and Leitch 2020), estimations of the amount of 2C DNA
for the Solanaceae family are 5.68 * 5.27 pg. This would
place the Physalis peruviana L. populations studied
here in the same family as the Solanaceae species with
large genome sizes. Expansion of transposons, particu-
larly retrotransposons with lengthy terminal repeats,
has been identified as one of the main causes of genome
size disparities in plants (Michael 2014), in addition to
genome doubling events during speciation (Wendel et al.
2016). Based on the amount of nuclear DNA content in
the goldenberry, all of our findings would be indicative
of potential biodiversity and should be considered for
future genomic investigations.

This is the first study in Peru to use molecular
cytogenetics and genome size to compare wild and cul-
tivated goldenberry populations. In conclusion, the
molecular cytogenetic technique revealed a genetic vari-
ation in the number of 45s rDNA sites between wild and
cultivated populations, as well as different types of chro-
mosomes containing rDNA. This genetic difference was
also detected when the amount of nuclear DNA in the
populations was compared.

Finally, the findings show no difference between
populations from different places, both for cultivated
and wild, suggesting that they probably originated from
the same population. This study also underlines the util-
ity of these methodologies for analyzing and characteriz-
ing the genetic variability of Physalis peruviana L. popu-
lations, and it will be valuable for future genetic, genom-
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ic, and phylogenetic research on this species, as well as
the design of genetic improvement programs.

GEOLOCATION INFORMATION

The cultivated populations of goldenberry were
collected from the province of Huanta (Department
of Ayacucho) (GPS: 13°01'50.9”S, 74°10° 14.3”W) and
the province of San Pablo (Department of Cajamarca)
(GPS: 7°0543.9”S, 78°49°13.9”W), the wild popula-
tions from the province of Huamanga (Department of
Ayacucho) (GPS: 13°03°53.5”S, 74°09’13.1’W) and San
Marcos (Department of Cajamarca) (GPS: 7°20°47.3”S,
78°06’0.3”W). The research procedure was developed in
the Faculty of Biological Sciences of the UNMSM, Lima
(GPS: 12°0335.1”S, 77°04°55.6”W).
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Figure S1. Chromosomes from the 12 best metaphases among the
populations of goldenberries studied.
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