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Microchromosome Organization in Birds

Subjects: Evolutionary Biology

Contributor: Michael N. Romanov

Interchromosomal rearrangements involving microchromosomes are rare events in birds. To date, they have been found
mostly in Neognathae and Neoaves (e.g., Psittaciformes, Falconiformes, and Cuculiformes), although only a few orders
have been analyzed. Hence, cytogenomic studies focusing on microchromosomes in species belonging to different bird
orders are essential to shed more light on the avian chromosome and karyotype evolution. Relevant hypothetical
Neognathae, Neoaves and other ancestral karyotypes can be reconstructed to trace these rearrangements. In a more
recent study, a comparative chromosome mapping for chicken microchromosomes 10 to 28 was performed using
interspecies BAC-based FISH hybridization in five species, representing four Neoaves orders (Caprimulgiformes,
Piciformes, Suliformes, and Trogoniformes). These results suggest that the ancestral microchromosomal syntenies are
conserved in Pteroglossus inscriptus (Piciformes), Ramphastos tucanus tucanus (Piciformes), and Trogon surrucura
surrucura (Trogoniformes). On the other hand, chromosome reorganization in Phalacrocorax brasilianus (Suliformes) and
Hydropsalis torquata (Caprimulgiformes) included fusions involving both macro- and microchromosomes. Fissions in
macrochromosomes were observed in P. brasilianus and H. torquata. No interchromosomal rearrangement involving
microchromosomes were found to be shared between avian orders where rearrangements were detected. These findings
suggest that convergent evolution involving microchromosomal change is a rare event in birds and may be appropriate in
cytotaxonomic inferences in orders where these rearrangements occurred.

Keywords: avian cytogenomics ; microchromosomes ; evolution ; genome organization ; FISH ; chromosomal
rearrangements

| 1. Avian Karyotypes: Macro- and Microchromosomes

Birds (class Aves) are the most diverse lineage of extant tetrapod vertebrates, comprising 10,806 extant species, divided
into 40 extant avian orders . A comprehensive avian phylogeny was described by Prum et al. 4. Despite the
extraordinary diversity in morphology, ecology and behavior &, a high proportion of species analyzed so far showed
karyotypes composed of about 80 chromosomes, consisting of a few large macrochromosomes (~10) and numerous
microchromosomes (~30) BIBIE] The [atter are known to belie analysis by cytogenetic means 4.

The above cytogenomic structure is mostly conserved since the Archelosaur common ancestor and is thought to be a
feature of non-avian dinosaurs [, Some exceptions to the typical avian karyotype are seen within the superorder
Neoaves from the infraclass Neognathae, including the orders Falconiformes 1 psittaciformes 19, and Ciconiiformes 1,
which have reduced diploid numbers, and Piciformes having higher diploid numbers 2213l The decrease or increase of
chromosome number can result from fusion and fission events, respectively 24!, According to Imai et al. 12 and their
“minimum-interaction hypothesis”, the karyotype evolution tends to increase the diploid number and the number of
acrocentric chromosomes by centric fissions, minimizing the risk of deleterious rearrangements. In addition, these authors
suggested that the relative probability of reciprocal translocations (i.e., centric fusion) declines with increases in
chromosome number and in nuclear volume.

A lower number of microchromosomes in avian species with reduced diploid numbers is the most prominent karyotypic
difference as compared to species with greater diploid numbers [, Although the analyses of nucleotide substitution
patterns in two representatives of the order Galliformes from the superorder Galloanserae, chicken (Gallus gallus, GGA)
and turkey (Meleagris gallopavo) 18 have revealed a higher rate of sequence evolution on microchromosomes as
compared to macrochromosomes, these tiny elements appear to be highly conserved syntenically and not prone to
breakage 14. On the other hand, using cross-species fluorescent in situ hybridization (FISH), chromosome fissions have
been reported for almost all the avian macrochromosomes (except GGA8 and 10) MIEIBI18 most of them in the first five
autosomal pairs (GGA1-5) B8l The breakpoint regions involved in these chromosomal rearrangements are usually
associated with genomic features, including transposable elements and conserved noncoding elements. It has been



suggested that they are reused in avian chromosome evolution 2229, Overall, chromosomal rearrangements play a key
role in genome evolution, fertility and genetic disease and, thus, tools for the macro- and microchromosomes are essential
to analyze such phenomena in birds 1.

| 2. Methods to Study Macro- and Microchromosomes
2.1. Diploid Number and Karyotype Description by Giemsa Staining

To determine the diploid chromosome number and chromosomal morphologies for avian species, metaphase spreads are
conventionally stained (Giemsa 5%) and analyzed. Chromosomes are numbered consecutively based on their size and
centromere position 21, Examples of a detailed karyotype description are shown in Figure 1.
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Figure 1. Examples of complete Giemsa-stained karyotypes [22: neotropic cormorant (Phalacrocorax brasilianus,
Suliformes) (a), scissor-tailed nightjar (Hydropsalis torquata, Caprimulgiformes) (b), lettered aracari (Pteroglossus
inscriptus, Piciformes) (c), red-billed toucan (Ramphastos tucanus tucanus, Piciformes) (d), and surucua trogon (Trogon

surrucura surrucura, Trogoniformes) (e).
2.2. Whole Chromosome Painting

Also, avian karyotypes have been investigated over the last decades by whole chromosome painting using different
probes sets B, These analyses have been an important tool to detect chromosomal similarities and differences between
species and changes in each lineage since they diverged from common ancestors, which can also be virtually
reconstructed using software algorithms (e.g., [BlI231241[25][26][27]) ' However, this approach has been applied to less than 1%
of species, and so many avian orders have no information concerning chromosomal homology based on molecular
cytogenetics BBl Hence, our knowledge about chromosome organization in birds remains somewhat patchy, especially
because most of the studies have included only probes corresponding to ancestral macrochromosomes (homology to
GGA 1-9) [Al5],

2.3. BAC-based FISH

Libraries of large-insert genomic clones, e.g., bacterial artificial chromosome (BAC) clones, are well-known tools for
molecular cytogenetic analysis of avian genomes [28. Lithgow et al. ! reported the development of chicken
microchromosomal paint pools, generation of pairs of specific microchromosome BAC clones in chicken, and tools for in-
silico genomic comparison of microchromosomes. Recently, BAC probes from the genomic libraries of chicken and zebra
finch (Taeniopygia guttata, Passeriformes, Neoaves) have been applied successfully for performing FISH across multiple
avian species totaling chromosome maps for 36 species from 12 different orders LZL8I291[30][31](32](33](34][35]  Examples of
FISH mapping are presented in Figure 2. Results from these studies suggested evolutionary stability in avian




microchromosome organization, except in Falconiformes, Psittaciformes, and Cuculiformes species, in which
microchromosomal fusions were found AR8I2AB0E2E3] Jemonstrating the usefulness of microchromosome BAC probes
to provide a more extensive analysis of chromosomal evolution in birds.
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Figure 2. Examples of fluorescent in situ hybridization (FISH) experiments using chicken or zebra finch bacterial artificial
chromosome (BAC) probes in the neotropic cormorant (Phalacrocorax brasilianus, Suliformes) [22: (A) chicken
macrochromosome 5 CH261-49B22 FITC and CH261-78F13 Texas red; (B) chicken macrochromosome 6 TGMCBA-
382J4 FITC and CH261-49F3 Texas red; (C) chicken macrochromosome 9 CH261-183N19 FITC and chicken
macrochromosome 10 CH261-115G24 Texas red; and (D) chicken microchromosome 11 CH261-154H1 FITC and
chicken microchromosome 13 TGMCBA-321B13 Texas red.

| 3. Reconstruction of Ancestral Karyotypes

To trace chromosomal changes in the evolutionary lineages of birds, presumed Neognathae, Neoaves and other ancestral
karyotypes can be reconstructed in silico. Datasets resulted from cross-species FISH-based mapping are used as input
files for the software-assisted reconstruction of the hypothetical ancestral karyotypes using, for example, the maximum-
likelihood algorithm. For this purpose, the Maximum Likelihood for Gene Order Analysis (MLGO) webserver B8 can be
employed. The MLGO reconstruction algorithm built up a Neoaves ancestor (NAA) using the maximume-likelihood scenario
for a certain number of common BACs among a selected number of avian species studied plus the chicken reference
karyotype. Being quite flexible, the algorithm can handle mixed datasets with missing/failed hybridization information for
chromosome location of a particular BAC in a single species. For macrochromosome datasets in chicken and other birds,
information about physical positions/orders of BACs relative to each other, p/g arms and centromeres is taken into
account, enabling to reconstruct ancestral macrochromosomes in more detail.

Figure 3 demonstrated an example of ancestral karyotype reconstruction 22 where the obtained interspecies FISH
hybridization datasets for five Neoaves species were amended with information available from other relevant studies for
six more species, including five other Neognathae/Neoaves representatives: smooth-billed ani (Crotophaga ani,
Cuculiformes) B2, budgerigar (Melopsittacus undulatus, Psittaciformes) (18], saker falcon (Falco cherrug, Falconiformes)
(18] peregrine falcon (Falco peregrinus, Falconiformes) 182Y  pigeon (Columba livia, Columbiformes) 24E7, and one
Palaeognathae species, ostrich (Struthio camelus, Struthioniformes) X8, This expanded dataset for 12 birds was
employed for reconstructing in silico the Neognathae/Neoaves ancestral karyotypes using information about
positions/orders of BACs on macrochromosomes, as well . As established in the relevant reconstruction studies [El231124]
(271 MLGO outputs were, by inference and manually, curated and adjusted further to interpret and correct software-
assisted reconstruction results using the most parsimonious explanation of the available data.
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Figure 3. Ideogram of Neognathae ancestor (NGA) karyotype (NGA1 to NGA28) 22, The NGA ancestral karyotype is
likely to have the same homology with chicken (Gallus gallus; GGA), except GGA4 split into two separated chromosomes.
Each GGA chromosome is illustrated with a different color. The white color indicates the probable homology with GGA16.

As can be seen in Figure 3, Kretschmer et al. 28] were able to perform an overall estimation of the hypothetical
Neognathae ancestor (NGA) using the web-based MLGO tool, the relevant input files for BAC order/orientation maps in
the whole set of 12 species, and the relevant input phylogenetic tree [, This was also possible thanks to the chromosome
maps for the ostrich (infraclass Palaeognathae) available from the O’Connor et al. 18 study and used as an outgroup. In
the case of macrochromosomes, the orientation of each BAC relative to its neighbors on a particular chicken chromosome
and relative to p/q arms was an additional advantage for the reconstruction of bird ancestors.

As a result of the above ancestral karyotype reconstruction 22, a similar pattern of chromosome organization in the
presumable NGA and Neoaves ancestor (NAA) was observed. Overall, according to this gross estimate and using
datasets for the 12 species produced in this and few other published studies, NGA and NAA are likely to have 29
chromosomes (autosomes), including 10 macrochromosomes (i.e., autosomes 1-9 + 4A) and 19 microchromosomes (i.e.,
autosomes 10-28). Compared to the chicken karyotype, the only difference between these two karyotypes and the
chicken one was that chromosome GGA4 was split into two separate chromosomes (4 and 4A) in NGA and NAA.
Considering that the infraclasses Palaeognathae (ratites and tinamous) and Neognathae (superorders Galloanserae and
Neoaves) diverged about 100 million years ago (Mya) and the Neognathae diverged into the evolutionary lineages of
Galloanserae and Neoaves about 88 Mya 28], the most ancestral NGA karyotype can be used to compare with the FISH
results.

| 4. Comparison of Microchromosome Organization in Birds

Kretschmer et al. 22 combined the data available in the literature about chromosomal rearrangements in 18
microchromosomes in birds. In a total of 34 avian species, nine presented interchromosomal rearrangements (Table 1).
The average frequency of species with interchromosomal rearrangements along the 18 microchromosomes was 10.3%,
but significant heterogeneity was found among chromosomes (x2 = 40.927, df = 17, p = 0.001). The frequency was higher
in NGA10 (26%, p = 0.001), NGA13 (21%, p = 0.042) and NGA14 (23%, p = 0.009) (Table 1). No interchromosomal
rearrangements were observed in microchromosomes NGA22, NGA24, NGA26 and NGA27 (all at p < 0.05). However,
when adjusting for the number of tests performed, only in NGA10 the excess of species with rearrangements reached
statistical significance (p = 0.025) (Table 1).

Table 1. Number of avian species with and without interchromosomal rearrangements in 18 microchromosomes,

considering 34 avian species, which had been already studied with BAC probes for microchromosomes (as summarized
in [221
in £<)),

Interchromosomal Residual
Rearrangement With Analysis P Adjusted P

% Values Values

With Without With Without

Microchromosome



NGA10 9 25 26.5 3.19 -3.19 0.0014 0.0252

NGA11 5 29 14.7 0.87 -0.87 0.384 0.6912
NGA12 6 28 17.6 1.45 -1.45 0.147 0.2940
NGA13 7 27 20.6 2.03 -2.03 0.042 0.1080
NGA14 8 26 23.5 2.61 -2.61 0.009 0.0810
NGA15 4 30 11.8 0.29 -0.29 0.772 0.7720
NGA17 4 30 11.8 0.29 -0.29 0.772 0.7720
NGA18 3 31 8.8 -0.29 0.29 0.772 0.7720
NGA19 3 31 8.8 -0.29 0.29 0.772 0.7720
NGA20 4 30 11.8 0.29 -0.29 0.772 0.7720
NGA21 3 31 8.8 -0.29 0.29 0.772 0.7720
NGA22 0 34 0.0 -2.03 2.03 0.042 0.1080
NGA23 3 31 8.8 -0.29 0.29 0.772 0.7720
NGA24 0 34 0.0 -2.03 2.03 0.042 0.1080
NGA25 1 33 2.9 -1.45 1.45 0.147 0.2940
NGA26 0 34 0.0 -2.03 2.03 0.042 0.1080
NGA27 0 34 0.0 -2.03 2.03 0.042 0.1080
NGA28 3 31 8.8 -0.29 0.29 0.772 0.7720

| 5. Cytogenomics in Individual Neoaves Birds

In previous studies, BAC probes have been used for inter-cross FISH mapping to comprehend the structure and
organization of the chromosomes in species from 12 orders, and interchromosomal rearrangements were reported only in
Falconiformes, Psittaciformes and Cuculiformes species WALEIR9SAISLEBABRI]  Kretschmer et al. 22 cytogenomically

analyzed five species from four more Neoaves orders (Caprimulgiformes, Piciformes, Suliformes, and Trogoniformes),
expanding the results to a total of 16 orders. Overall, the results demonstrated that interchromosomal rearrangements
involving macro- and microchromosomes had an important role in the karyotype evolution of species of Caprimulgiformes
and Suliformes, while the microchromosomes remained highly conserved in Piciformes and Trogoniformes. These results
suggest that the microchromosomes NGA10, NGA13 and NGA14 are involved in multiple rearrangements. However, only
in NGA10, the frequency of rearrangements was supported statistically. Karyotype information for individual Neoaves
species according to 22 is provided below.



5.1. Karyotype of P. brasilianus (Suliformes)

The karyotype of P. brasilianus (Suliformes) comprises 74 chromosomes and was reported 22 for the first time. Although
this diploid number is slightly lower than the “typical” avian karyotype (2n = 80), Kretschmer et al. 22 detected fissions of
chromosomes homologous to ancestral pairs 5 and 6 (NGA5 and NGA6). Chromosome fissions involving the homologous
chromosome to NGA5 are frequent in birds and have been reported in species from the following Neoaves orders:
Accipitriformes, Charadriiformes, Eurypygiformes, Falconiformes, Gruiformes, Passeriformes, Trogoniformes, Piciformes,

and Strigiformes [2IESIBAA0IAL[42][43] \whijle fissions in GGA6 have been detected previously only in Psittaciformes species
(33]1441145] and in Crotophaga ani, a Cuculiformes species 4. In addition, four chromosomal associations were detected in
P. brasilianus, including associations between macrochromosomes (NGA5/7), macrochromosomes and
microchromosomes (NGA8/12 and NGA9/10) and between microchromosomes (NGA11/13). Considering that the
karyotype of P. brasilianus is similar to other Suliformes species, especially Phalacrocorax bransfieldensis, which shares
the same diploid number 8 it is likely that microchromosome fusions are not exclusive to P. brasilianus in the order
Suliformes.

5.2. Karyotype of H. torquata (Caprimulgiformes)

Fusion and fission events were also observed in H. torquata (Caprimulgiformes) (2n = 74). Chromosomal fissions were
found in ancestral chromosome pairs 1, 2 and 5 (NGA1, 2 and 5). The breakpoints involved in these fissions are probably
reused in bird chromosome evolution since fissions in these chromosomes were reported in several orders of birds (28]
(18] However, the use of a higher number of BACs probes covering these chromosomes is necessary to confirm this
hypothesis. In H. torquata, Kretschmer et al. 22 found fusions between macrochromosomes (NGA6/10) and between
macrochromosomes and microchromosomes (NGA9/13 and NGA8/14). Based on the fact that conventional cytogenetic
analyses in Caprimulgiformes species revealed an interesting range of diploid number, from 2n = 68 in Chordeiles
pusillus ¥4 to 2n = 86 in Nyctibius griseus 48 it is plausible to infer that fusions involving microchromosomes and
macrochromosomes appear to have played an important role in the chromosome evolution of this group.

5.3. Karyotype of T. s. surrucura (Trogoniformes)

Chromosomal analysis of Trogoniformes species is still rare and is based only on the karyotype description and
chromosome painting in 7. s. surrucura, with 2n = 82 19 Although a microchromosome fusion was proposed in this
species based on chicken macrochromosome painting 42, Kretschmer et al. 22 did not find any evidence of this
rearrangement. However, given that there are no probes available for chicken chromosomes 16 and 29-38, the
occurrence of microchromosome fusions cannot be entirely discard.

5.4. Karyotype of P. inscriptus and R. t. tucanus (Piciformes)

The diploid numbers found in P. inscriptus and R. t. tucanus, 2n = 112 in both species, raise questions concerning the
rearrangements that may have led to this high diploid number. Comparative chromosome painting with chicken
macrochromosome probes (GGA1-10, homologous to NGA1-10) has been performed, and extensive chromosomal
fissions were found in the first five ancestral chromosome pairs (NGA1-5) 3. However, the results presented in 22
demonstrate the conservation of the ancestral patterns of microchromosomes in both species, suggesting that the fission
events exclusively involved macrochromosomes. This finding suggests that the high diploid number observed in
Ramphastidae species is a result of macrochromosomal fission only. Another interesting feature observed in Piciformes
species is that the Z sex chromosome is the largest element of the karyotype 23159, Kretschmer et al. 22 excluded the
possibility that a fusion event took place between the Z chromosome and any of the microchromosomes tested,
corroborating a previous hypothesis that fissions of the macrochromosomes and the accumulation of repetitive sequences
are the most likely mechanism responsible for the appearance of this enlarged sex chromosome in Piciformes species 131,

6. Overview of Interchromosomal Rearrangements Involving
Microchromosomes in Birds

So far, no patterns of interchromosomal rearrangement have been reported as being shared among the species that
exhibit rearrangements involving microchromosomes, e.g., from Cuculiformes B2l Psittaciformes X8, Falconiformes 7
(89 caprimulgiformes, and Suliformes. However, while microchromosomal fusions were shared by three Falconiformes
species B9 each of the four Psittaciformes species studied exhibited a different pattern of microchromosomal fusions
(17, This would suggest that the convergent evolution of microchromosomal rearrangements seems to be a rare event in
birds and may be an appropriate tool for phylogenetic analyses in the taxa where these rearrangements are present.



While it is evident that there are karyotypes highly rearranged and interchromosomal rearrangements involving
microchromosomes were expected in Cuculiformes, Psittaciformes and Falconiformes [I8ISAS2ASS] - gy ch
rearrangements were not evident in the Giemsa-staining karyotypes of P. brasilianus and H. torquata, despite the fact that
their diploid numbers are slightly lower than the putative avian ancestral karyotype (2n = 80) (22, Hence, even in species
with conserved karyotypes at first glance, microchromosomal fusions may have played an important role in their karyotype
evolution.

Some microchromosome syntenies are involved in multiple rearrangements; for example, the frequency of species with
interchromosomal rearrangements was higher in three syntenic groups, homologous to microchromosomes NGAL10,
NGA13 and NGA14 22 However, only in NGA10, the frequency of rearrangements was statistically higher than the
average. Why this microchromosome is more prone to interchromosomal rearrangement than others remains unclear and
deserves futures studies. Kretschmer et al. (22 did not observe rearrangements in pairs NGA22, 24, 26 and 27, but this
result was not supported by the statistical analysis. A possible explanation could be the small sample size studied (34
species), but the real stability of these microchromosomes to rearrangements cannot be ruled out until new studies are
done.

The above results 22 corroborate the recent suggestion that microchromosomes are not prone to breakage 12 since no
fissions in these elements were observed to date. However, it is unclear why interchromosomal rearrangements involving
microchromosomes are quite common in some orders (e.g., Falconiformes, Psittaciformes, Caprimulgiformes,
Cuculiformes, and Suliformes), while in most other avian orders, they have remained largely unchanged 7.
Nevertheless, as more chromosome mapping of BAC probes is performed, the list of orders with microchromosome
fusions is likely to increase, with some species-specific rearrangements being detected. Future cytogenomic studies using
this approach will provide greater clarity on why microchromosomes remain conserved as discrete units in some species
while they are prone to interchromosomal rearrangement in others.

Concluding, in this cross-species FISH mapping study, Kretschmer et al. 22 reported and characterized the organization
of microchromosomes in species from four different Neoaves orders. The results have further contributed to avian
cytogenomics, revealing that microchromosome fusions are not exclusive to the orders Cuculiformes, Falconiformes and
Psittaciformes but are also inherent in representatives of the orders Caprimulgiformes and Suliformes. Additionally, these
findings suggested that some microchromosomes are more likely to undergo interchromosomal rearrangements than
others and that convergent evolution of microchromosomal rearrangements is a rare event in birds.
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