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Simple Summary: The Passeriformes order (songbirds) is incredibly diverse in terms of number
of species and morphological and ecological diversification, comprising around 60% of all bird
species. Despite considerable diversity, the genome organizational structure (i.e., the number and
pattern of chromosomes) within Passeriformes is highly conserved, with a chromosome number that
remains close to 80 in nearly all species studied. These characteristics raise interesting questions
and stimulate curiosity about the genome evolution of this group. Therefore, this study aimed to
analyze the organization of the smallest chromosomes (microchromosomes) in four Passeriformes
species to understand whether they were rearranged during evolution. This has only recently become
possible using fluorescent probes called bacterial artificial chromosomes (BACs) and a technique
called fluorescence in situ hybridization (FISH). Our results confirm that the songbirds studied did
not rearrange their microchromosomes to any great extent, and this may have contributed to their
overall evolutionary success.

Abstract: Passeriformes birds are widely recognized for their remarkable diversity, with over
5700 species described so far. Like most bird species, they possess a karyotype characteristic of
modern birds, which includes a bimodal karyotype consisting of a few pairs of macrochromosomes
and many pairs of microchromosomes. Although the karyotype is typically 2n = 80, the diploid
number can atypically vary greatly, ranging from 56 to approximately 100 chromosomes. In this
study, we aimed to understand the extent of conservation of the karyotype’s organizational structure
within four species of this group using Bacterial Artificial Chromosomes via Fluorescence In Situ
Hybridization (BAC-FISH) with microchromosome probes from Chicken (Gallus gallus) or Zebra
Finch (Taeniopygia guttata) per microchromosomes (GGA10-28, except GGA16). By examining the
chromosome complement of four passerine species—the Streaked Flycatcher (Myiodynastes maculatus),
Shiny Cowbird (Molothrus bonariensis), Southern House Wren (Troglodytes aedon), and Double-collared
Seedeater (Sporophila caerulescens)—we discovered a new chromosome number for Southern House
Wren. Through FISH experiments, we were able to observe the same pattern of microchromosome
organization as in the common ancestor of birds. As a result, we propose a new diploid number for
Southern House Wren and confirm the conservation status of microchromosome organization, which

may confer evolutionary advantages to this group.
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1. Introduction

Passeriformes, also known as songbirds, passerine, or perching birds, are the largest
Neornithes (modern bird) order among birds and are renowned for their remarkable
phenotypic diversity. This clade comprises two groups, Suboscines (Tyranni; Old World and
New World Lineages) and Passeri (Oscine; Songbird), and accounts for approximately 60%
of all existing bird species, with an estimated 5700 living species [1,2]. The Passeriformes
karyotype shares the same classical pattern as most birds, with a diploid number (2n)
ranging around 78-80 chromosomes. However, the bimodal karyotypic organization makes
it difficult to characterize the several pairs of microchromosomes using classical cytogenetic
approaches [3,4]. Despite this challenge, the variation in diploid number within the group
ranges from 2n = 56 for Red-winged Pytilia (Pytilia phoenicoptera) [5] to 2n = 96-100 for the
Amethyst Sunbird (Chalcomitra amethystina) [6-9]. As in all birds, female Passeriformes are
heterogametic, possessing a pair of distinct sex chromosomes (ZW), while males are of the
homogametic sex (ZZ). The Z chromosome is typically conserved in size, usually located
between the third and fourth pairs, but its morphology can be variable.

The bimodal karyotype, which comprises macrochromosomes and microchromo-
somes, is a typical characteristic of birds. This karyotype was established mostly before
the divergence of birds and turtles and has been present in its current form in the lin-
eage of Theropod dinosaurs for 240-250 million years; some of the microchromosomes
however originated in the karyotype of ancestral vertebrates around 400 million years
ago [3,10]. The reconstructed genome organization of the vertebrate ancestor demonstrated
that bird microchromosomes correspond directly to the protochromosomes of the ancestors
of gnathostomata [11], suggesting that they remained considerably stable throughout avian
evolution. Comparative chromosome painting experiments using Chicken (Gallus gallus,
GGA) probes in fluorescence in situ hybridization (FISH) experiments allowed for the iden-
tification of homologous synthetic blocks (HSBs) conserved in bird karyotypes, indicating
high conservation and low rates of interchromosomal rearrangements compared to the
Putative Ancestral Karyotype (PAK) of birds, even when very distant species are compared
phylogenetically [12]. Regarding the PAK of birds, Passeriformes exhibit a fission of the
first ancestral chromosomal pair (GGA1) [13-21]. Although the use of GGA probes has
proven to be efficient in detecting interchromosomal rearrangements, it is limited in most
cases to the macrochromosomes.

While interchromosomal rearrangements involving microchromosomes are relatively
uncommon in birds, certain orders, such as Psittaciformes, Falconiformes, and Cuculi-
formes, have been found to exhibit this type of rearrangement more frequently than oth-
ers [3,22]. However, despite detailed analysis of multiple bird orders, no interchromosomal
rearrangements involving microchromosomes have been detected and shared among the
analyzed orders, not even among closely related species [22,23]. These findings suggest
that convergent evolution involving microchromosome rearrangements is an exceedingly
rare occurrence in the class Aves.

The goal of this study was to review the karyotype and diploid number of four
Passeriformes bird species. Additionally, the study aimed to analyze the organizational
structure of microchromosomes from these species through BAC-FISH experiments. The
study also examined how these characteristics impact the evolution of chromosomes in this
group. By comparing the microchromosomes of different species, this study has shed light
on the chromosome evolution of Passeriformes birds.

2. Materials and Methods
2.1. Species, Chromosome Preparation and Karyotype Description

According to SISBIO 61047-4 ICMBio, animals were collected in their natural envi-
ronment (Table 1) and the samples were obtained with the approval of the Universidade
Federal do Pampa’s ethics committee (CEUA 019/2020). The sex was determined via
cytogenetics. Skin biopsies or feather pulp samples were taken from each individual to
establish fibroblast cell cultures and to obtain chromosome preparations. Cells were cul-
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tured in flasks (25 cm?) filled with Dulbecco’s Modified Eagle’s Medium (DMEM-GIBCO,
Grand Island, NY, USA) supplemented with 15% fetal bovine serum (FBS, GIBCO/Thermo
Fisher Scientific, Burlington, MA, USA) and 1% penicillin (10,000 units/mL)/streptomycin
(10,000 pg/mL) (GIBCO/Thermo Fisher Scientific, Burlington, MA, USA) and incubated at
37 °C [24]. When the cells formed a subconfluent monolayer, the medium was removed,
followed by two washes with 1xPBS (Sigma-Aldrich, St. Louis, MO, USA), then 1 mL of
trypsin 0.25% EDTA (Sigma-Aldrich, St. Louis, MO, USA) was added, and finally incuba-
tion at 37 °C for 1 min. Once the cells were released from the flask, a cell culture medium
with FBS was added to stop the effect of trypsin. Metaphase chromosomes were obtained
according to standard procedures involving colchicine exposure (1 h, 37 °C), hypotonic
treatment (0.075 M KCl, 15 min, 37 °C), and methanol/acetic acid (3:1) fixation.

Table 1. Passeriformes species description list. The column N refers to the specimen quantities
sampled and the specimen sex. RS = Rio Grande do Sul State.

Common Name Scientific Name Family Suborder N and Sex Locality in Brazil
Streaked Flycatcher Myiodynastes maculatus ~ Tyrannidae Tyranni 29 Porto Vera Cruz-RS
Shiny Cowbird Molothrus bonariensis Icteridae Passeri lcdand 19 Sao Gabriel-RS
Southern House Wren  Troglodytes aedon Troglodytidae  Passeri 1gand 2@ Sao Gabriel-RS
Double-collared Sporophila caerulescens ~ Thraupidae Passeri 24 Sao Gabriel-RS

Seedeater

A direct chromosome preparation method was also used for Double-collared Seedeater
and Southern House Wren, in which embryonic cells were dissociated with 2 mL of trypsin
0.25% EDTA (Sigma-Aldrich, St. Louis, MO, USA) for approximately 10 min; samples were
soon after placed in 10 mL of RPMI 1640 (GIBCO/Thermo Fisher Scientific, Burlington, MA,
USA), pre-warmed to 37 °C, and then 3 drops of 0.05% colchicine were added, followed
by incubation for 1 h at 37 °C before hypotonic treatment for 20 min and fixation with
methanol/acetic acid (3:1) [25].

After harvesting chromosomes, the cell suspension was dropped onto clean glass
slides, air-dried, and stained with 5% Giemsa (Sigma-Aldrich, St. Louis, MO, USA) in a pH
6.8 phosphate-buffered saline. To determine diploid number and chromosome morphology,
we analyzed at least 30 metaphases. Chromosomal morphology and karyotype organization
were determined according to Guerra [26].

2.2. Bacterial Artificial Chromosomes (BACs) FISH Experiments

In this study we used Chicken and Zebra Finch probes (Supplementary Materials
Table S1) because they are model species for several biological studies, including cytoge-
netics [12,27]. Isolation, amplification, labeling, and hybridization of clonal BACs were
performed following the protocol described by O’Connor et al. [28]. Two BAC probes from
the Chicken (CH261) or Zebra Finch (TGMCBA) genomic library per microchromosomes
(GGA10-28 except for GGA16) were applied for FISH cross-mapping. The BACs were
positioned as close as possible to each end (short and long arms) of each microchromosome
tested. The majority of BAC probes utilized in this study were derived from the Chicken.
However, the Chicken BACs were not consistently effective across all bird species for
certain chromosomes [29]. In such instances, BAC probes sourced from the Zebra Finch
were employed. We did not examine the GGA16 or the 29-38 chromosomes because there
are no BAC probes for these chromosomes. The results of the FISH experiments were
confirmed by analyzing at least 10 metaphases per slide. Adobe Photoshop 7.0 software
was used for final image processing.

To detect potential chromosomal rearrangements, we utilized the following criteria
from de Souza et al. [30]: (i) if both BAC probes per microchromosome produce FISH signals
on the same microchromosome with a size consistent with that of a microchromosome,
then no rearrangement has occurred and the state is considered to be conservative; (ii) if
both BAC probes generate positive FISH signals on different microchromosomes, this
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indicates a fission event; and (iii) if a probe designed for a microchromosome hybridizes to
a macrochromosome, this indicates a fusion event.

3. Results
3.1. The Karyotype Description

The karyotype of the Streaked Flycatcher has 80 chromosomes: 9 pairs of macrochro-
mosomes and 31 pairs of microchromosomes (Figure 1a). All remaining autosomes are
telocentric or punctiform with unidentifiable morphology, except for the second, fifth,
and sixth pairs, which have acrocentric morphology. The Z chromosome has metacentric
morphology, and the W is telocentric, like the majority of autosomes. The species Shiny
Cowbird has 2n = 80 with 9 pairs of macrochromosomes and 31 pairs of microchromo-
somes (Figure 1b). The first pair is submetacentric; from the second to eighth pairs, the
morphology is acrocentric; and from the ninth pair onward, the chromosomes present
telocentric or punctiform morphology. The Z and W sex chromosomes are also telocentric.
The Southern House Wren karyotype has 76 chromosomes: 9 pairs of macrochromosomes
and 29 pairs of microchromosomes (Figure 1c). The first and fifth pairs are submetacentric;
the second, third, fourth, and sixth are acrocentric, and the remaining autosomes are te-
locentric or punctiform. The Z chromosome has submetacentric morphology, and the W
chromosome has metacentric morphology. The karyotype of Double-collared Seedeater
has 78 chromosomes: 9 pairs of macrochromosomes and 30 pairs of microchromosomes
(Figure 1d). The first pair is submetacentric, the second and third pairs are acrocentric, and
from the fourth pair on, macro- and microchromosomes are telocentric or have punctiform
morphology. The Z chromosome from this species is metacentric.
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Figure 1. Chromosomic complement organized into complete karyotypes: (a) Streaked Flycatcher
(2n = 80), (b) Shiny Cowbird (2n = 80), (c) Southern House Wren (2n = 76), and (d) Double-collared
Seedeater (2n = 78). Scale bar, 5 um.

3.2. Bacterial Artificial Chromosomes Fluorescence In Situ Hybridization (BAC-FISH) Experiments

For each microchromosome tested (GGA 10-28, except 16), no hybridization signals
were found on different microchromosomes, which would indicate fission-type rearrange-
ments (Figure 2a—-d). Additionally, no positive hybridization signals were detected on
macrochromosomes, which would indicate fusion-type rearrangements (Figure 2a—d).
Therefore, our BAC-FISH analysis revealed that the microchromosome organization pat-
tern in the species studied is highly conserved, with no evidence of interchromosomal
rearrangements involving the microchromosomes tested. While the diploid numbers of the
Double-collared Seedeater and Southern House Wren were found to be lower than that of
the common ancestor, no fusions involving microchromosomes were observed.
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Figure 2. Examples of FISH experiments using Chicken (CH261) or Zebra Finch (TGMCBA) bacterial
artificial chromosome (BAC) probes in Passeriformes. FISH results for the Streaked Flycatcher:
(a) chromosome 13 TGMCBA-266G23 (red) and CH261-115I12 (green). FISH results for the Shiny
Cowbird: (b) chromosome 20 TGMCBA-250E3 (red) and TGMCBA-37515 (green). FISH results for
the Southern House Wren: (c) chromosome 26 CH261-186M13 (red) and CH261-170L23 (green). FISH
results for the Double-collared Seedeater: (d) chromosome 24 CH261-103F4 (red) and CH261-6504
(green). Scale bar, 5 um.

4. Discussion

The results presented in this study reveal a remarkable level of conserved microchro-
mosomal organization across four species of Passeriformes birds. Our findings support
previous studies [4,31,32] regarding the karyotype descriptions of the Streaked Flycatcher,
Shiny Cowbird, and Double-collared Seedeater. However, we discovered a new diploid
number for the Southern House Wren; while de Lucca and Waldrigues [33] first described
its diploid number as 2n = 68, our results show it as 2n = 76. It is noteworthy that our find-
ings indicate that the examined species possess typical bird diploid numbers, considering
that most birds (around 61%) have diploid numbers between 76 and 82 [34].

The diploid number (2n) is a fundamental piece of information in the fields of ge-
netics and cytogenetics, providing insight into the genome organization of all eukaryotic
organisms. Nevertheless, describing this information in the case of birds poses distinct
challenges due to their unique characteristics [35]. Birds typically have a high 2n count and
a large number of microchromosomes, many of which have indistinguishable morphology
(appearing as small dots (punctiform) under a microscope). As a result, accurate determi-
nation of bird karyotypes requires the analysis of many metaphase cells with high-quality
preparation. Fortunately, advancements in microscopy and imaging technology have im-
proved visualization, allowing for more accurate identification of the diploid number in
bird species that have already been karyotyped. For instance, the karyotype of the Southern
House Wren has been reviewed here, leading to a proposal of a new diploid number.

Our molecular cytogenetic characterization, which utilized BAC FISH microchromo-
somes probes from Chicken and Zebra Finch, demonstrated that all the microchromosomes
tested in four Passeriformes species are conserved as complete units. This finding reinforces
previous research indicating a high degree of conservation of microchromosomes in Passer-
iformes as well as in most avian species [23,28,36,37]. According to Burt [10], the distinct
genomic characteristics exhibited by microchromosomes, including elevated GC content;
reduced repeats; and increased gene density play a significant role in preserving these
chromosomes as whole units in avian karyotypes. Among the Passeriformes, an exception
to this pattern is observed in the Yellow-olive Flycatcher (Tolmomyias sulphurescens, 2n = 60),
which underwent significant karyotypic reorganization involving both the macrochromo-
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somes and microchromosomes [37]. However, we cannot entirely rule out the possibility
of microchromosome fusions occurring in the species investigated, as we were not able to
analyze microchromosomes 16 and 29-38 due to a lack of probes for these chromosomes.
Considering that the putative ancestral karyotype (PAK) of birds is characterized by a 2n of
80, it seems plausible that fusion events have been responsible for the decrease in diploid
numbers observed in the Southern House Wren (2n = 76) and Double-collared Seedeater
(2n = 78). Specifically, it is possible that two fusions were involved in the reduction in
diploid numbers in the Southern House Wren, while one fusion event was involved in
the Double-collared Seedeater. Recently, Chicken probes for chromosomes 16 and 29-38
have been published [38,39], and future studies will provide additional insight about the
evolution of these chromosomes in birds.

Previous studies on Passeriformes demonstrated a high degree of conservation in
their macrochromosomes [28,36,37]. This is illustrated in Figure 3, which highlights that
fusion events have only been observed in a limited number of species. However, research
conducted through in situ [18,19,40,41] and in silico [42] studies revealed that intrachro-
mosomal rearrangements occur frequently in Passeriformes. Hence, we propose that the
karyotypes of Passeriformes have evolved primarily through intrachromosomal rearrange-
ments, while macro and microchromosomes remain highly conserved. Thus, the absence of
interchromosomal rearrangements observed in the majority of the analyzed Passeriformes
species may be linked to the evolutionary success of this group, which represents one of
the most diverse and highly derived clades within Aves [36,43].

Ancestral pattern C Ostrich 2n = 80

Fusions

Budgerigar 2n = 62
Southern House Wren 2n =76

Blackbird 2n = 80
SaffronFinch 2n = 80

Double-collared Seedeater 2n = 78
ZebraFinch 2n = 80
Ancestral pattern Shiny Cowbird 2n = 80
I_+ C Canary 2n = 80
Fusions Yellow-olive Fly her 2n = 60

| I Streaked Flycatcher 2n = 80
Great Kiskadee 2n = 80
Ancestral pattern Chicken 2n =78

Ages
Epochs
Periods  Geologic Timescale

22—

2 16 S L Ty
Figure 3. Chromosomal rearrangements in Passeriformes and the outgroups Struthioniformes (Com-
mon Ostrich, Struthio camelus), Galliformes (Chicken, Gallus gallus), and Psittaciformes (Budgerigar,
Melopsittacus undulatus) were analyzed with BACs clones corresponding to the ancestral microchro-
mosomes 11-28, except 16. The diploid numbers were sourced from avian chromosome databases [34].
The phylogenetic tree was sourced from TimeTree databases (http://www.timetree.org, accessed on
5 March 2023) [44].

5. Conclusions

In our study, we reviewed the diploid number and analyzed the microchromosome
organization in four Passeriformes bird species. Our findings confirm previous studies, but
we also discovered a new diploid number for the Southern House Wren (2n = 76), empha-
sizing the importance of analyze a large number of high-quality chromosome preparation
to accurately determine diploid number in birds. Our BAC-FISH experiments revealed
that all tested microchromosomes are conserved as whole units in the analyzed species,
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supporting the literature’s findings on the high degree of conservation of these structures
in Passeriformes. However, we cannot entirely exclude the possibility of microchromosome
fusions, and comparative analysis with avian PAK suggests that fusions may have reduced
the diploid numbers of the Southern House Wren and Double-collared Seedeater. Passeri-
formes karyotypes have mainly evolved through intrachromosomal rearrangements, which
appear to be much more frequent than interchromosomal rearrangements, maintaining the
organizational structure of microchromosomes and the 2n highly conserved in these species.
The absence of observable interchromosomal rearrangements may have contributed to the
evolutionary success of this feature in Passeriformes, contributing to making them one of
the most diverse tetrapod groups on the planet in terms of number of species.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/birds4020020/s1, Table S1: List of BACs applied to Streaked
Flycatcher, Shiny Cowbird, Southern House Wren, and Double-collared Seedeater.
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