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The order Siluriformes (catfish) is one of the largest groups of fish. Diversity in the body size among its
species, which range from a few centimeters to 4 meters, makes Siluriformes an interesting group to
investigate the body size evolution. Here, we present the complete mitogenome of Brachyplatystoma
filamentosum (Piraiba), the largest Amazonian catfish, to explore the evolutionary history of
Siluriformes and their body size dynamics. The Piraiba’s mtDNA is 16,566 bp long, with a GC content of
42.21% and a D-loop of 911 bp. Phylogenetic analysis was conducted using protein-coding sequences,
tRNAs, and rRNAs from mtDNA of Piraiba and 137 other Siluriformes species. Time-calibrated
maximum likelihood trees estimated the origin of the order Siluriformes to be ~118.4 Ma, with the
Loricarioidei suborder diversifying first, followed by Diplomystoidei and Siluroidei. The Siluroidei
suborder experienced rapid expansion around 94.1 Ma. Evolutionary dynamics revealed 16 positive and
11 negative directional body size changes in Siluriformes, with no global trend toward larger or smaller
sizes, and with Piraiba showing a significant size increase (5.65 times over 40.8 Ma). We discuss how
biological, ecological and environmental factors could have shaped the evolution of body size in this

group.
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The Siluriformes order, commonly referred to as catfish, constitutes one of the most extensive and diverse natural
groups of freshwater teleost fish!. With a staggering array of more than 3,900 recognized species, Siluriformes
inhabit a wide spectrum of aquatic environments globally. These encompass rivers, lakes, swamps, and certain
species that display an ability to endure salinity levels akin to estuarine or even oceanic conditions?. Manifesting
an extraordinary range of shapes and sizes, the catfish order includes diminutive species measuring just a few
centimeters in length, such as the Corydoras panda (~ 3.8 cm), in stark contrast to the colossal counterparts like
the Brachyplatystoma filamentosum (~ 360 cm)?.

The diversity in the body size found among species from Siluriformes makes them an interesting group
to understand the evolutionary dynamics of this trait. Body size is a trait that affects important aspects of the
organism’s biology, such as fitness, behavior, fecundity, longevity, and susceptibility to diseases, such as cancer”.
Due to its impact on our understanding of life, several efforts were made to uncover general patterns of body size
evolution in different taxonomic groups, including cetaceans™®, carnivores”, mammals in general’, reptiles'®-13,
and insects!®. Some rules that guide the evolution of body size proposed are Cope’s rule!>!®, which describes a
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tendency for body size to increase over evolutionary time, Bergmann’s rule!’, which describes the tendency for
organisms to be larger in colder environments, and the Island Rule, which states the tendency for small species
to become larger and large species smaller, on islands'®!°. Depicting these rules provides us with insight into
how environmental and ecological changes have shaped current biodiversity throughout evolution and helps us
predict how species can adapt (or not) to the rapid environmental changes taking place today.

Few studies have yet addressed the evolutionary dynamics of body size in Siluriformes, so in this work we
aimed to describe the evolutionary dynamics of body size in this group based on mitogenome data. To aid the
analysis, we sequenced and assembled the mitogenome of Brachyplatystoma filamentosum, popularly known as
Piraiba or Filhote, which is a commercially important species of catfish member of the Pimelodidae family and
native to the Amazon basin®. B. filamentosum is the second largest freshwater fish in the Amazon region, second
only to the Pirarucu (Arapaima gigas). Adult B. filamentosum specimens can weigh up to 150 kilograms and
measure about 2 meters. The name Piraiba is commonly used for specimens larger than 1.6 m (about 50 kg),
while Filhote is used for smaller ones?. There is limited information available in the literature on the biology of
B. filamentosum, but evidence suggests that its natural stocks are being overexploited due to commercial fishing
in the Amazon basin?. This largely impacts species conservation, as the minimum population doubling time
of Piraiba is estimated to be over 14 years®. Studies involving sequencing, such as this, provide insights into
the genetic diversity, phylogeography, and evolutionary scenario of the species, aiding the conservation and
sustainable management of Piraiba.

Results

Mitogenomic structure and organization of Piraiba

The genomic data of B. filamentosum were generated from two adult specimens. The sequencing data of one
sample were obtained with the PacBio platform and of the other sample, with the Illumina platform. Despite
the differences in sequencing technologies, the assemblies were highly concordant, with the Illumina assembly
measuring 16,566 bp and the PacBio assembly measuring 16,564 bp. The Illumina assembly exhibited a higher
mean coverage (2,848.33x) compared to PacBio (490.27x), reflecting the larger number of reads (320,974
Mlumina reads vs. 4,052 PacBio reads). This resulted in greater depth and more uniform coverage, with a
minimum coverage of 1,320x and a maximum of 4,171x. Conversely, the PacBio assembly benefited from longer
read lengths (average 3.259.02 bp for PacBio vs. 148.87 bp for Illumina), which facilitated resolution of repetitive
regions and structural variants. Quality metrics also reflected the inherent differences in technology: Illumina
reads had an average base quality of 32.68 and a mapping quality of 59.93, while PacBio reads had no base quality
scores due to the nature of long-read sequencing but maintained a high mapping quality of 57.83. The BLAST
alignment between the two assemblies showed a 99.67% identity over the entire length, with minimal gaps (2
out of 16,566 bp), confirming the high concordance and validating the accuracy of the assemblies. Discrepancies
observed were minor and mainly located in homopolymeric regions, where PacBio reads tend to have a higher
error rate. These were addressed by cross-validating with Illumina data.

The final consensus sequence of the complete circular mitogenome of Piraiba measured 16,566 bp in size and
42,2% in GC content. The mitogenome is composed of 13 protein-coding genes (PCGs), 22 tRNAs, and 2 rRNAs,
of which 28 are accommodated in the H-strand (Heavy strand) (12 PCGs, 2 rRNAs, and 14 tRNAs), while ND6
and 8 tRNAs (tRNA-E, tRNA-P, tRNA-Q, tRNA-A, tRNA-N, tRNA-C, tRNA-Y, and tRNA-S2) were positioned
on the L-strand (Light strand) (Table 1, Fig. 1). The displacement loop (D-loop) was found between tRNA-F and
tRNA-P and was 911 bp in length. The overall AT-skew and GC-skew were 0.128 and — 0.305, respectively. The
start codons of all PCGs were ATG except for COI, which was GTG. Complete stop codon was found in 6 PCGs,
of which 5 were TAA and one was TAG. The other 7 PCGs showed incomplete stop codons, in which 6 of them
missed two nucleotides (T--) and one missed one nucleotide (TA-). The size of the tRNAs ranged from 67 and 75
base pairs. All 22 tRNAs showed the canonical cloverleaf structure except for tRNA-Ser (S1, anticodon: GCT),
which did not show the dihydrouridine (D) arm (Fig. 2).

Time-calibrated phylogenetic tree and body size evolution in Siluriformes

The time-calibrated maximum likelihood (ML) tree generated from the mitogenome data (Fig. 3, Supplementary
Figure 1, Supplementary Figure 2) estimated the origin of the order Siluriformes to be ~ 118.4 Ma (CI 95%
122.6-114.3). In the basal portion of the Siluriformes clade, the clades encompassing the samples of the group
Loricarioidei (genus Corydoras, Hypostomus, Ancistrus, Pterygoplichthys, and Sturisomatichthys) were the firsts to
diversify, followed by the diversification of the clades encompassing the Diplomystoidei and Siluroidei suborders
(~98.5 Ma). The ML tree evidenced paraphyly of the suborder Loricarioidei. However, the tree topology test did
not find a statistical difference between the likelihood of the ML tree and the tree supporting the monophyly of
Loricarioidei. The origin of the Siluroidei suborder was estimated in 94.1 Ma (CI 95% 97.5-90.8) and right after its
diversification, we observed the occurrence of short internal branches with low statistical support, characterizing
a rapid expansion of the group. Nine clades presented high statistical support (> 95%) after the expansion event
in Siluroidei: (1) the clade encompassing the species Rita rita (Ritidae) and Plostosus lineatus (Plotosidae), (2)
Claroidea (Clariidae, and Heteropneustidae), (3) “Big Asia” (families Sisoridae, Amblycipitidae, Bagridae, and
Ailiidae), (4) “Big Africa” (Amphiliidae, Auchenoglanididae, Claroteidae, Schilibidae, Malapteruridae and
Mochokidae), (5) Ictaluroidea (Ictaluridae and Cranoglanididae) + Pangasiidae, (6) Pimelodoidea (Pimelodidae
and Pseudopimelodidae), (7) Aspredinidae+Doradoidea (Doradidae and Auchenipteridae), (8) Arioidea
(Ariidae), and (9) the unresolved family Siluridae. Considerable statistical support (88) was also found in the
clade comprising Arioidea, Ictaluroidea, and Pangasiidae. Pimelodidae, the family to which the Piraiba belongs,
is the sister group to the Pseudopimelodidae family, with an estimated origin at ~ 46.3 Ma (CI 95% 48.6-
44.0). The Piraiba sample is positioned as the sister group to the clade encompassing the samples of the genus
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Genes Start | Stop | Strand | Size (bp) | AntiCodon | Start Codon | Stop Codon
tRNA-Phe (F) |1 68 H 68 GAA

12S rRNA 69 1028 | H 960

tRNA-Val (V) |1029 |1100 |H 72 TAC

16S rRNA 1101 | 2778 | H 1678

tRNA-Leu (L2) | 2779 |2853 |H 75 TAA

ND1 2855 | 3826 |H 972 ATG TAA
tRNA-Ile (I) 3828 [3899 |H 72 GAT

tRNA-GIn (Q) | 3899 |3969 |L 71 TTG

tRNA-Met (M) | 3969 | 4038 | H 70 CAT

ND2 4039 | 5083 |H 1045 ATG T--
tRNA-Trp (W) | 5084 |5154 |H 71 TCA

tRNA-Ala (A) |5171 |5239 |L 69 TGC

tRNA-Asn (N) | 5241 |5313 |L 72 GTT

tRNA-Cys (C) | 5345 |5411 |L 67 GCA

tRNA-Tyr (Y) |5413 |5482 |L 70 GTA

COI 5484 7034 |H 1551 GTG TAA
tRNA-Ser (S2) | 7035 |7105 |L 71 TGA

tRNA-Asp (D) | 7110 |7182 |H 73 GTC

CcoIn 7197 | 7887 | H 691 ATG T--
tRNA-Lys (K) | 7888 |79%1 |H 74 TTT

ATP8 7963 | 8130 | H 168 ATG TAA
ATP6 8121 |8803 |H 683 ATG TA-
COIII 8804 |9587 |H 784 ATG T--
tRNA-Gly (G) | 9588 |9660 |H 73 TCC

ND3 9661 | 10009 | H 349 ATG T--
tRNA-Arg (R) | 10010 | 10079 | H 70 TCG

ND4L 10080 | 10376 | H 297 ATG TAA
ND4 10370 | 11750 | H 1381 ATG T--
tRNA-His (H) | 11751 | 11820 | H 70 GTG

tRNA-Ser (S1) | 11821 | 11887 | H 67 GCT

tRNA-Leu (L1) | 11895 | 11967 | H 73 TAG

ND5 11968 | 13794 | H 1827 ATG TAA
NDé6 13791 | 14306 | L 516 ATG TAG
tRNA-Glu (E) | 14307 | 14375 | L 69 TTC

Cytb 14377 | 15514 | H 1138 ATG T--
tRNA-Thr (T) | 15515 | 15586 | H 72 TGT

tRNA-Pro (P) 15585 | 15654 | L 70 TGG

D-loop 15655 | 16565 | H 911

Table 1. Gene organization of B. filamentosum mitogenome.

Pseudoplatystoma and Sorubim. Considering the samples in the tree, their last divergence occurred at ~ 40.8 Ma
(CI95% 43.1-38.6).

The body size of the Siluriformes species sampled in the tree shows a high degree of variation (Supplementary
Table 1). In general, great variation in the body size can be found in all major groups of Siluriformes, except for
the Loricarioidei, Diplomystoidei, and “Big Asia” groups, in which few samples reach 1 m in length. An extreme
case is found within the Siluridae family, in which we can find specimens that can reach up to 4 m in length
(Silurus soldatovi) and a sample no more than 10 cm long (Kryptopterus vitreolus). A similar scenario can be seen
in the Pimelodidae family, where we could find the B. filamentosum specimen, which can reach 3.6 m, and the
Pimelodus pictus, which reaches around 10 cm.

The evolutionary dynamics of log-transformed body size in the Siluriformes clade found 16 and 11 branches
with significant positive and negative directional changes (8 # 1), respectively, and 4 internal nodes with
evolvability change (v) above 1 (Fig. 3, Supplementary Table 2). In all major clades of Siluriformes, except for
the “Big Africa” group, there was at least one branch with significant directional changes, either positive or
negative, indicating the occurrence of abrupt changes in the body size. Most of the directional changes depicted
occurred at the terminal branches, but we could depict positive directional changes at the basal portion of some
Siluriformes clades, such as Pimelodidae, Siluridae, and the clade comprising Pangasiidae and Ictaluroidea. In
the “Big Asia” group, we found two clades that showed significant changes in body size: (1) the clade involving
the genus Glyptothorax (Sisoridae) and (2) the clade involving samples from the Bagridae (Pseudobagrus,
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Figure 1. Circular map of the mitochondrial genome of B. filamentosum. Genes inside the circle are positioned
in the H-strand, whereas those outside are positioned in the L-strand. Figure generated in the MitoAnnotator

online server®.

Pelteobagrus, Tachysurus, Leiocassis). In these clades, the analysis shows that the change in body size occurred
with an increase in evolvability followed by the directional changes. The greatest rate of increase in growth in
the Siluriform group was found at the branch leading up to the sample of Silurus soldatovi, which has grown
7.45 times its size over its branch (27.4 Ma). Other branches that had a considerable increase were those leading
to the clade [Clarias gariepinus and Clarias sp.] (5.71x, over 38.5 Ma), B. filamentosum (5.65x, over 40.8 Ma),
Pangasiidae (5.58x, over 26.3 Ma) and [Ameiurus, Ictalurus and Pylodictis] (4.89x, over 3.94 Ma). The highest
rate of body size reduction in the Siluriformes group was found in the branch leading to the sample of Noturus
taylori, which reduced its size 8.73 times over its branch (55.6 Ma) (Supplementary Table 2). We also run the
model that includes a global directional trend parameter (5g) to assess evidence of general trends toward larger
or smaller body size. The parameter Sg was estimated to be close to zero, with a mean value of 0.00061 and a
95% HPD (highest posterior density) interval of — 0.0165 and 0.0157. This indicates no evidence of a global
directional trend toward a larger or smaller body size along the tree.

Discussion

The mitogenome of Piraiba presented in this work represents the first sequenced in the genus Brachyplatystoma,
and the 10th sequenced in the family Pimelodidae. The assembled mitogenome showed similar characteristics to
the mitogenome of other species from the Pimelodoidea group (Pimelodidae and Pseudopimelodidae families)
described so far, such as the mitogenome length (16,566 bp), percentage of GC content (42.21%), and the
D-loop size (911 bp) (Table 2). The start and stop codons found among the PCGs of the Piraiba mitogenome,
even the incomplete stop codons, were those commonly found in the fish mitogenomes, except for the COIII,
which showed a stop codon (T--) that occurs in 10% of fish mitogenomes?!. The genes in the mitogenome of B.
filamentosum were also in complete synteny with the genes in the mitogenomes of other related species (Fig. 4).
All these support the consistency of the mitogenome assembled in this work.
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Figure 2. Putative secondary structure of 22 tRNA identified in B. filamentosum mitogenome. tRNA are
shown in order of occurrence in the mitogenome starting from tRNA-Phe. Anticodons are in parentheses after
the name of each tRNA.

As a commercially important species with signs of overexploitation?’, understanding the population structure
and distribution of Piraiba is essential to guide conservation efforts. Next-generation sequencing-based methods
have proven effective in monitoring biodiversity by assessing the environmental DNA?%?%, Mitochondrial DNA
is particularly favoured, as it is up to 1000 times more abundant than nuclear DNA in the environment?*.
Therefore, several studies have been carried out to provide reference mitogenomes from aquatic biodiversity>>2.
In this sense, the wealth of mitogenomic data from Piraiba obtained in this work is a valuable resource, as it
will allow the use of sequencing approaches to effectively assess its distribution and the possible impacts of its
exploitation. It is noteworthy to mention the need for a larger effort in generating genomic resources in this
group since the total number of mitogenomes from the Pimelodidae family sequenced so far corresponds to less
than 10% of the current species diversity of the family, which totalizes 117 species described so far distributed

in 32 genera®.

Evolutionary history of Siluriformes

The phylogenetic analysis of the present study covered 137 species of Siluriformes (28 families), which doubled
the number of samples used in the last work (62 samples, 21 families) that focused on this group and used
mitogenome data?®. The topology of the tree generated in this work largely corroborates with the inference made
by Kappas et al.?8, with the most of interfamilar groups established by Sullivan et al.> being monophyletic groups
with high statistical support. The tree generated in this study reveals the Loricarioidei group as the first group to
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Figure 3. Time-calibrated maximum likelihood of Siluriformes order. Calibration points (C1-C6) are
indicated in the tree with purple stars. Nodes with bootstrap statistical support below 80 and between 80 and
90 are indicated with white and gray arrowheads, respectively. Branches with significant positive and negative
directional changes () are indicated with blue and red circles, respectively. Nodes with evolvability change
(v) above 1 are indicated with green left-pointing triangles. The bar chart represents the maximum body

size (cm) of the samples in the tree. Legend: CLA: Claroidea, ASP+DOR: Aspredinidae+Doradoidea, PIM:
Pimelodoidea, ICT: Ictaluroidea.
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Family Species NCBI accession | Length (bp) | GC content (%) | D-loop size (bp)
Brachyplatystoma filamentosum PQ380008.1 16,566 4221 911
Pimelodus maculatus NC_032695 16,561 43.7 915
Pimelodus pictus NC_015797 16,575 42.57 923
Pimelodus yuma NC_061908 16,560 43.44 913
Pseudoplatystoma corruscans NC_026846 16,123 43.69 912

Pimelodidae
Pseudoplatystoma magdaleniatum NC_026526 16,568 44.19 912
Pseudoplatystoma reticulatum NC_033859 16,576 43.92 922
Sorubim cuspicaudus NC_026211 16,544 42.21 909
Sorubim lima NC_060300 16,539 43.0 897
Steindachneridion melanodermatum | NC_065247 16,527 41.07 882
Lophiosilurus alexandri NC_026845 16,445 42.82 779

Pseudopimelodidae
Pseudopimelodus schultzi NC_066072 16,455 41.9 805

Table 2. Characteristics of mitogenomes of species from the Pimelodoidea group sequenced so far.
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Figure 4. Synteny analysis among genes in the mitogenomes of B. filamentosum and of other species from
group Pimelodoidea (Pimelodidae + Pseudopimelodidae). Links evidence genes/region with the same
annotation. Legend of gene/region colors: blue: rRNA; green: tRNA, yellow: Protein coding sequence, red:
D-loop.

diversify, followed by the diversification of Diplomystoidei and Siluroidei, as verified in other studies?®?. As the
loricariids and diplostomids are distributed in the Neotropics region, the phylogenetic analysis also corroborates
the “Out-of-South-America” hypothesis®®, indicating that the Neotropics region is the center of origin of the
Siluriformes.
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The tree also showed the condition of paraphyly in the Loricarioidei group, with the first diversification
of the clade involving the genus Corydoras (Callichthyidae) and subsequent diversification of the members
of the Loricariidae family. The paraphyly in Loricarioidei has been verified in other studies?*®*°. However, the
phylogenetic studies with the ragl and rag2 genes involving representatives of the six families of Loricariodei
indicated to be monophyletic with a high support value?®. The samples of loricarioids used in this study represent
only two out of six families, so the paraphyly condition found in this group could be attributed to the low
taxonomic sampling, which can reduce the resolution and accuracy of the phylogenetic inference®!. This could
also be verified by a tree topology test, which did not find statistical differences between the likelihood of the
alternative tree (monophyly of Loricarioidei) and the likelihood of the ML tree. The inclusion of mitogenome
data from the remaining families (Astroblepidae, Nematogenyidae, Scoloplacidae and Trichomycteridae) in the
analysis should help to define the correct status of the Loricarioidei group. Another procedure that could lead
to more reliable conclusions about the evolution of Siluriformes is to increase the total length of nucleotides
analysed for each sample by including nuclear gene sequences®2.

In the suborder Siluroidei, the basal portion of its clade has short branches and internal nodes with low
support values, characterizing a rapid expansion of the group. The large interfamilial groups traditionally
recognized? formed monophyletic groups with a high support value in the maximum likelihood tree obtained
in this study. Additionally, we observed two clades with high support: one includes the Ictaluroidea group and
the Pangasiidae family (bootstrap value: 100) and the second includes the previous clade and the Ariidae family
(bootstrap value: 88). These corroborate with a recent study®® focusing on the Pangasiidae mitogenome, which
found that Austroglanididae (not sampled in this study) forms the sister group of Pangasiidae and that they
formed a clade with a considerable bootstrap value with the Ictaluroidea and Ariidae groups. The tree also shows
a clade formed by samples of Rita rita (Ritidae) and Plotosus lineatus (Plotosidae). Despite their high support
value, the grouping of these samples could be due to the long branch attraction and could not represent a reliable
topology. As suggested for Loricarioidei group, the inclusion of more samples from members of these families
and from families not sampled in this study and which remain unresolved, such as Cetopsidae and Chacidae, or
increasing the total length of nucleotide analysed may help to find other higher level relationships between the
families of Siluroidei group.

The diversification times in this work were inferred using the maximum likelihood approach of the RelTime
method®*, which was demonstrated to outperform other methods®~, especially when dealing with trees
with relaxed molecular clocks. We attempted to perform the Bayesian approach implemented by the BEAST
program’®, which is largely used for divergence time inference. However, the independent runs failed to converge,
probably due to the low phylogenetic resolution in the basal portion of the Siluroidei clade. The evolution of
the Siluriformes order has been extensively studied, either by morphological (see (Diogo and Peng 2010%))
or molecular data?-3, but there are still debates concerning its origin. Estimates on the origin of Siluriformes
found in other works have a wide margin ranging from 180 Ma to 88 Ma (Table 3). They can be subdivided into
those arguing the origin in the Early or Late Cretaceous. The Early Cretaceous origin of this group, anticipating
the complete separation of the supercontinent of Gondwana and Laurasia (~140 Ma), could explain the wide
paleogeographic distribution of the order. However, this inference has a low reconciliation with the fossil data,
since the oldest fossil records of the group are from the Late Cretaceous. The time-calibrated tree inferred in this
work suggests that the origin of Siluriformes (~114 Ma) was in the Late Cretaceous, meanwhile, the origin of
Siluroidei post-dated the complete separation of South America and Africa (100 Ma). This estimate is close to
the date of the oldest fossil described for the crown group Siluriformes (83.5-88.6 Ma), demonstrating a good
reconciliation between the molecular and fossil data. In the meantime, it is important to note that our estimate
on the origin of Siluriformes is largely constrained by the maximum age of the calibration time on the origin of
Ostariophysi (158.3 Ma). Therefore, any update on the maximum age of this node will largely affect the inference
of Siluriformes’ origin.

Evolutionary dynamics of body size in Siluriformes

Fish are important models that allowed us to understand the influence of various biotic and abiotic factors on
body size. Several effects resulting from anthropogenic actions on the waters, such as acidification, increase in
temperature, pollution, overfishing, and habitat destruction, could be observed to promote changes in the body
size of the fish population®. The Siluriformes is an interesting group for studying the evolutionary dynamics of

Work Origin of Siluriformes | Origin of siluroidei | Data

Santini et al.3 88 Ma (77-98) ragl

Chen et al.%” 97 Ma (86-109) 78.7 Ma (72-86) ragl, rho, egrl, egr2b, and egr3

Near et al.88 106.1 Ma (89.9-123.0) glyt, myh6, plagl2, Ptr, ragl, sh3px3, sreb2, tbrl, and zicl
This work 118.4 Ma 94.1 Ma Mitogenome

Saitoh et al.%? 125 Ma (104-148) Mitogenome

Kappas et al.2 133.11 Ma 97.04 Ma Mitogenome

Peng et al.*’ 173 Ma Mitogenome

Nakatani et al.”! | 180 Ma (162-198) Mitogenome

Table 3. Inference on Siluriformes and Siluroidei origin among studies.
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body size since it is a broad group with a wide range of sizes. However, there are still few studies addressing this
topic in this group*®4!.

The temperature, in particular, is an important factor that influences the fish’s body size since they are
ectothermic organisms and therefore more sensitive to its change*2. The rise in the water temperature diminishes
aerobic capacity, driving the selection towards smaller fishes*>*3. The negative correlation between temperature
and body size is described by Bergmann’s rule and several studies have found support for this rule in fishes*45.
A correlation analysis between the ocean temperature and marine fish body size throughout the geological era
verified that the gradual decrease in sea surface temperature is accompanied by a gradual increase in the mean
fish body size during the period encompassing the late Cretaceous (~100 Ma) to the present day*®. Global trend
for body size reduction in response to global warming was also found in specific taxonomic groups of fish*243,
In our study, the estimation of the global directional trend parameter (/3g) was near zero, indicating, at first, no
evidence for a global trend toward either a larger or smaller body size along the Siluriformes evolution. This may
be attributed to the variety of habitats and niches occupied by the sampled Siluriformes species. It is worth noting
that as the period under study is characterised by several major ecological events, such as climate change, mass
extinctions and ecological transitions, it is possible that the living sampled members are not be representative
of the body size diversity that existed in the ancestral populations. As this could lead to misinterpretation of the
evolution of a trait?, the inclusion of morphological data from the fossil record is necessary to detect possible
macroevolutionary patterns of body size change in response to the environmental pressures*®. Fortunately, there
are several fossil records in the order Siluriformes, which will allow future studies to better understand the
evolutionary dynamics of body size in this group.

Another remarkable characteristic of the Siluriformes group is the capacity of several representatives to
produce venom?’. The venom glands in Siluriformes are located near the dorsal and pectoral fins with a bony
structure that helps in the venom delivery against predators®. This characteristic might have appeared in the
early time of the evolutionary history of Siluriformes*’, suggesting that early ancestors of Siluriformes occupied
a lower trophic level. Along the evolution, some lineages have suffered loss of the venom gland, or a decrease
in the morphological complexity of the bone structure as a result of the relaxation of the selective pressure for
its maintenance***!. Ontogenetic loss of the venom gland is also observed in some species when their body
size reaches a certain length that protects them from their predators®?, which should be driven to reduce the
energy cost of maintaining venom production. All this evidence demonstrates an intricate relationship between
body size, venom production, and predators, which should have operated throughout the evolution of the
Siluriformes. In this sense, the prey vulnerability model could be one reasonable explanation for the changes
toward smaller or larger sizes depicted by the fabric model in some recent lineages of the Siluriformes group.
The prey vulnerability is modeled by a dome-shaped curve, suggesting that the risk of predation of smaller and
larger individuals is lower than that of middle-sized ones®>>*.

We also highlight the evidence of abrupt changes toward larger size in the early evolution of the families
Pimelodidae, Siluridae, Pangasiidae, and Ictaluridae. The evolutionary time of this change occurred near after
the rapid expansion of the Siluriformes group and close to the mass extinction event that occurred during
Cretaceous-Paleogene (~66 Ma) and Paleocene-Eocene Thermal Maximum (~55.6 Ma). The first is known to
have been caused by an asteroid collision on Earth>>*, while the second is characterized by the rise of the average
global temperature in 5-8 °C and massive input of carbon into the ocean and atmosphere®. The biodiversity
loss caused by these events drastically changed the food web dynamics®®*. For the catfish survivors, the event
may have reduced their predators, favoring the shift of some Siluriformes lineages to the predator condition. It
is interesting to note that the diversification of the group before the mass extinction event may have been crucial
in the survival of the group, as suggested in terrestrial animals®.

Body size also has a profound impact on speciation rates®!. In fishes of South America freshwaters, it was
noted a rapid species expansion in clades comprised of small-bodied fishes®!. A similar observation was also
made in a phylodynamics analysis in the family Ictaluridae, in which small body size was a significant predictor
of species richness?. It was suggested that a larger body size confers a high mobility capacity, allowing gene flow
maintenance among its subpopulation. On the other hand, the low mobility in small-bodied fishes isolates their
subpopulations and accelerates the speciation process?.

The evolutionary analysis performed in this work also identified some clades that could be addressed to
understand the genetic basis underlying the diversity of the body size in Siluriformes. Families such as Pimelodidae,
Siluridae, Ictaluridae, and Ariidae, are interesting targets due to the presence of clades that underwent abrupt
change either for larger or smaller body size. One study addressing this issue used the transcriptomic approach
and identified 20 candidate genes that could be associated with the body size in representatives of the family
Sisoridae*!. Studies involving the genomic approach in other Siluriformes families are of great interest to support
these findings.

Methods
Samples, DNA extraction and sequencing
Two fresh adult specimens of Brachyplatystoma filamentosum (NCBI Taxonomy ID: 642922, FishBase ID: 6420)
were collected at the Ver-o-Peso market in Belém, Para, Brazil. The specimens, already deceased, were transported
on ice to the Laboratory of Ecology and Conservation at the Federal University of Para, where they were stored
at — 20 °C. Genomic DNA was extracted from the pectoral fin tissues using the phenol-chloroform method®2.
The concentration and quality of the extracted DNA were evaluated using a NanoDrop 1000 spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE, USA) to confirm its suitability for subsequent analyses.

The genomic library of one sample was prepared using the SMRTbell Template Kit 1.0 (PN: 100-259-100
Pacific Biosystems, Menlo Park, CA, USA) following the manufacturer’s recommended protocols. The sequencing
process was conducted on a PacBio Sequel I system (Pacific Biosystems), utilizing a SMRT Cell 1M v3 (PN: 101-
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Node | Taxonomic group Fossil species Age References
C1 crown-group of Actinopterygii tMoythomasia durgaringa 422.4-378.19 Ma (Uniform distribution) | Benton et al.”?
C2 tMRCA of Ostariophysi tRubiesichthys gregalis 158.3-126.3 Ma (Uniform distribution) | Benton et al.”?
C3 tMRCA of the crown-group Siluroidei | Siluroid fossils from the Campanian stage in South America | Min. time: 70.6 Ma Gayet and Otero”
C4 tMRCA of the clade (Danio, Cyprinus) | tParabarbus (Cyprinidae) Min. time: 49 Ma Sytchevskaya®*
. S Divay and
C5 Total group Ictaluridae tAstephus sp. Min. time: 63 Ma Murray®
cs tMRCA of the clade (Clarias, First appearance of the African Clariidae in the Lower Min. time: 34 Ma M. Ga‘yet9 6and
Heteropneustes) Eocene Meunier

Table 4. Fossil data used for phylogenetic time-calibration.

531-000) and a Sequel Sequencing Kit 3.0 (4 Reaction Plate) (PN: 101-597-900). For the second sample, its
genomic library was prepared using the Illumina DNA prep kit (Illumina, San Diego, CA, USA) according to the
manufacturer’s instructions with a short insert size of 500 bp. The library was then sequenced on a NextSeq 550
Iumina platform using a paired-end High Output kit v2 (300 cycles, Illumina, San Diego, CA, USA).

Mitogenome assembly, and genomic characterization

The mitochondrial genome assembly procedures were conducted separately for the Illumina and PacBio
sequencing. The assembly of Illumina reads, performed with NOVOPlasty v.4.3%, was circularized and confirmed
by Unicycler v.0.5.0%%. Similarly, the assembly of PacBio reads, performed with Organelle PBA v.1.0.8%, was also
circularized and confirmed by Unicycler. The use of two assemblers was adopted as a strategy to validate the
mitochondrial genomic structure. The mtDNA generated by NOVOPlasty was used as a reference sequence to
retrieve the mitochondrial reads necessary for subsequent assembly by Unicycler. BWA v.0.7.18%¢ was used for
mapping the Illumina reads, and pbmm? v.1.13.1 (https://github.com/PacificBiosciences/pbmm?2) was used for
the PacBio reads, while bamTofastq implemented in BEDTools®” was used for read conversion.

The annotation of the mitochondrial genome was performed using the web servers Mitos (http://mitos.b
ioinf.uni-leipzig.de) and MitoAnnotator (http://mitofish.aori.u-tokyo.ac.jp/annotation/input/), implemented
in Mitofish®, for mitochondrial DNA annotation®®®. The tRNA genes were analyzed with tRNAscan-SE
2.07%, using the default settings for the vertebrate mitochondrial genetic code. Additionally, the prediction of
the secondary structures of tRNAs was performed with tRNAscan-SE, and forna’' was used to visualize these
structures. The strand asymmetry was determined using the formula AT-skew = (A — T)/(A + T) and GC-
skew = (G - C)/(G + C)”%.

Genome and body size data from public databases

The nucleotide sequences of coding regions, tRNA, and rRNA from the mitogenomes of other Siluriformes
fishes were retrieved from the NCBI Genome database in March 2022. At that time, 154 complete or nearly
complete Siluriformes mtDNA sequences were available, representing 28 out of 39 Siluriformes families. To
ensure the quality and reliability of the phylogenetic and evolutionary analyses, six samples were excluded:
three from hybrid species and three with missing mitochondrial genes. Given computational constraints, we
conducted a preliminary phylogenetic analysis to select representative samples from each Siluriformes family
while preserving taxonomic diversity. As a result, the dataset comprised 136 mtDNA samples from NCBI, plus
the mtDNA of B. filamentosum sequenced in this study, representing 28 Siluriformes families. Additionally,
nucleotide sequences from 10 non-Siluriformes mtDNA samples, representing the orders Characiformes,
Cypriniformes, Ceratodontiformes, Tetraodontiformes, Salmoniformes, and Osteoglossiformes, were retrieved
to serve as outgroups in the phylogenetic analysis (Supplementary Table 1).

The maximum body size registered for each fish sample used for the trait evolution analysis was retrieved
from the FishBase database?’. All retrieved values were log-transformed before applying them to any analysis
performed in this work. It is important to note that FishBase provides the Standard Length of the body size for
most samples. However, for some samples, only the Total Length is provided. Since the difference between the
log-transformed values of Standard Length and Total Length is small, we used both measures interchangeably
in this work.

Phylogenetic analyses and evolutionary dynamics of body size
To perform the evolutionary inference of the order Siluriformes, the nucleotide sequences of each mitogenome
gene set (coding sequences, tRNA, and rRNA) were aligned using MUSCLE"?, and the resulting alignments were
manually inspected using MEGA X”“. For the alignment of protein-coding sequences, the nucleotide sequences
were translated to amino acids using SeqKit”>, aligned with MUSCLE, and back-translated to nucleotides using
PAL2NAL’C. Then, a phylogenetic tree was inferred using the Maximum Likelihood approach with iqTree
(v.2)”7. For this, the alignment was partitioned by codon position, tRNA, and rRNA as suggested by’8. The
tree was rooted using the mitogenome of Neoceratodus fosteri as an outgroup. The molecular timing of species
divergences was estimated with the RelTime® implemented in the software Mega X74, For this, six nodes (C1,
C2, C3, C4, C5, and C6) were considered as time-calibrated points (Table 4).

To elucidate the evolutionary dynamics of body size in the order Siluriformes, we carried out the estimation
of the 8 (directional change) and v (evolvability change) parameters from the Fabric model®. These parameters
were estimated using the BayesTraits program’®#’. For this analysis, we used as input the time-calibrated
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maximum likelihood tree and the log-transformed data on the body size of the samples that were extracted
from the FishBase database?’. We carried out six independent runs, each with 30M iterations, and sampled
every 1000 iterations. The results were checked for parameter convergence using the Tracer program®! and then
summarized by the FabricPostProcessor program®. Parameters were considered to have altered values (3 # 0
and v # 1) when they were altered in at least five of the six independent runs. We also carried out an analysis that
additionally estimates the global directional change parameter (3g) from the Fabric model to verify evidence of
a global trend toward smaller or bigger body sizes along the tree.

Visualization tools

Visualization of the circular mtDNA genome was made by MitoAnnotator online server®. The scheme on the
mtDNA gene organization in multiple samples was made using LinearDisplay®?. Phylogenetic tree visualization,
inspection, and annotation with taxonomic and morphological data were made using the software TaxOnTree®
and FigTreed!. The final tree was generated using iTol®.

Data availability
The mitogenome sequence of B. filamentosum generated during the current study was deposited in the NCBI
database under the accession number PQ380008.1 (https://www.ncbi.nlm.nih.gov/nuccore/PQ380008.1/).
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