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The number of Z-repeats and super-repeats in
nebulin greatly varies across vertebrates and scales
with animal size
Jochen Gohlke, Paola Tonino, Johan Lindqvist, John E. Smith III, and Henk Granzier

Nebulin is a skeletal muscle protein that associates with the sarcomeric thin filaments and has functions in regulating the
length of the thin filament and the structure of the Z-disk. Here we investigated the nebulin gene in 53 species of birds, fish,
amphibians, reptiles, and mammals. In all species, nebulin has a similar domain composition that mostly consists of ∼30-
residue modules (or simple repeats), each containing an actin-binding site. All species have a large region where simple
repeats are organized into seven-module super-repeats, each containing a tropomyosin binding site. The number of super-
repeats shows high interspecies variation, ranging from 21 (zebrafish, hummingbird) to 31 (camel, chimpanzee), and,
importantly, scales with body size. The higher number of super-repeats in large animals was shown to increase thin filament
length, which is expected to increase the sarcomere length for optimal force production, increase the energy efficiency of
isometric force production, and lower the shortening velocity of muscle. It has been known since the work of A.V. Hill in 1950
that as species increase in size, the shortening velocity of their muscle is reduced, and the present work shows that nebulin
contributes to the mechanistic basis. Finally, we analyzed the differentially spliced simple repeats in nebulin’s C terminus,
whose inclusion correlates with the width of the Z-disk. The number of Z-repeats greatly varies (from 5 to 18) and correlates
with the number of super-repeats. We propose that the resulting increase in the width of the Z-disk in large animals increases
the number of contacts between nebulin and structural Z-disk proteins when the Z-disk is stressed for long durations.

Introduction
Nebulin is a long slender protein that is expressed in skeletal
muscle. It associates with the sarcomeric thin filament, with its
C terminus anchored in the Z-disk and its N terminus positioned
toward the thin filament’s pointed end (Kruger et al., 1991; Labeit
et al., 1991; Pappas et al., 2011). The giant size of nebulin (the
human NEB gene has 183 exons that are predicted to encode a
protein of ∼900 kD; Labeit and Kolmerer, 1995; Donner et al.,
2004) has made it challenging to study nebulin, but in recent
years progress has accelerated due to the development of animal
model systems that target the nebulin gene (Bang et al., 2006;
Witt et al., 2006; Ottenheijm et al., 2013; Yamamoto et al., 2013;
Li et al., 2019; Laitila et al., 2020; Lindqvist et al., 2020). The
importance of nebulin is shown by the manyNEBmutations that
cause nemaline myopathy (NEM; Lehtokari et al., 2014), the
most common nondystrophic congenital myopathy (Colombo
et al., 2015). NEM results in impaired skeletal muscle function
that affects functions such as speech, mobility, and respiration
and can lead to early death (Laing and Wallgren-Pettersson,

2009; Wallgren-Pettersson et al., 2011; Lehtokari et al., 2014).
NEM can be caused bymutations in multiple genes, but ∼50% of
patients have mutations in nebulin (Anderson et al., 2004; Laing
andWallgren-Pettersson, 2009; Wallgren-Pettersson et al., 2011;
Lehtokari et al., 2014). The size of the nebulin gene is known to
vary in the few species that have been studied experimentally so
far (Labeit and Kolmerer, 1995; Kazmierski et al., 2003; Donner
et al., 2004), most likely because of several independent dupli-
cation events of nebulin’s super-repeats (Björklund et al., 2010).
To gain more in-depth insights into nebulin’s sequence vari-
ation during vertebrate evolution, and to take advantage of
the surge in species that have recently been sequenced, we
investigated in the present study the nebulin gene in multiple
birds, fish, amphibians, reptiles, and mammals for a total of 53
species. First, we briefly review what is known about nebulin
at the protein level.

The protein structure of nebulin is modular and consists of a
large number of simple repeats: ∼30–35 residue actin-binding
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modules, each containing the actin-binding motif SDxxYK
(Fig. 1; Jin and Wang, 1991a, 1991b; Wang et al., 1996). The N
terminus contains a unique E-rich segment followed by eight
simple repeats (Kazmierski et al., 2003; Donner et al., 2004).
These repeats might mediate protein interactions near the thin
filament’s pointed end (Labeit and Kolmerer, 1995). This is fol-
lowed by a large region where simple repeats form seven-
repeat-containing super-repeats, each with a single tropomyosin
binding site, WLKGIGW (Stedman et al., 1988; Jin and Wang,
1991a, 1991b; Labeit and Kolmerer, 1995; Ogut et al., 2003;
Donner et al., 2004). Although the individual super-repeats
appear similar, recent work showed that their actin-binding
affinity varies: super-repeats near both ends of the molecule
bind significantly more strongly than the centrally located ones
(Laitila et al., 2019). Weak binding of central super-repeats is
consistent with structural studies that suggest that nebulin has
multiple binding sites on F-actin (Lukoyanova et al., 2002),
which indicates that nebulin might move on F-actin, analogous
to tropomyosin, and that weak binding makes this possible.

Low-angle x-ray diffraction studies on intact muscle from
WT and nebulin-deficient mice have revealed that nebulin’s
super-repeats stiffen the thin filament (Kiss et al., 2018). This
nebulin-induced stiffening of the thin filament might alter thin
filament activation and cross-bridge cycling kinetics (Kiss et al.,
2018), which is functionally important. Its absence in skeletal
muscle in nebulin-deficient mouse muscle (Witt et al., 2006;
Bang et al., 2009; Ottenheijm et al., 2013; Li et al., 2015; Joureau
et al., 2017; Kawai et al., 2018) and nebulin-based NEM
(Ottenheijm et al., 2009, 2010; Lawlor et al., 2011) is likely to
contribute to their deficit in force production. Using mouse
models in which the number of super-repeats was varied, it was
shown recently that nebulin’s super-repeat region strictly reg-
ulates thin filament length (TFL) in fast muscle; in slow muscle,
nebulin collaborates with Lmod2 (leiomodin-2), with Lmod2
regulating the length of a distal nebulin-free thin filament seg-
ment (Kiss et al., 2020).

Nebulin’s C terminus is poorly understood but is also likely
important, considering the many NEM patients with truncating
mutations that result in the loss of nebulin’s C-terminal domains
(Lehtokari et al., 2006, 2014). Nebulin’s C terminus is embedded
in the Z-disk (Millevoi et al., 1998) and contains simple repeats
that do not form super-repeats, followed by a serine-rich region
and the terminal SH3 domain (Fig. 1; Kazmierski et al., 2003).

The initial simple repeats that follow the super-repeat region
have properties distinct from regular simple repeats (they are
somewhat larger than normal repeats, and several have a low
isoelectric point), and they are also referred to as linker repeats
(Labeit and Kolmerer, 1995). Linker repeats are followed by
simple repeats, many of which are alternatively spliced
(Millevoi et al., 1998). We refer to them as Z-repeats for their
likely localization within the Z-disk region. A recent RNA se-
quencing study showed that Z-repeats are expressed at low and
high levels in extensor digitorum longus (EDL) and soleus
muscles of the mouse, respectively (Kiss et al., 2020). These
muscle types are rich in type I (soleus) and IIB (EDL) fibers,
implying a fiber type–dependent expression of these exons. This
conclusion is consistent with an early quantitative PCR study on
slow and fast muscle from human and rabbit (Millevoi et al.,
1998). The Z-disk width is known to vary in different fiber
types, with the widest Z-disk in type I fibers and the narrowest
in type IIB fibers (Li et al., 2019). It is generally thought that this
reflects themechanical strength that is required of the Z-disks in
the different fiber types (Vigoreaux, 1994; Luther, 2009; Knöll
et al., 2011).

The mechanisms that regulate the Z-disk width are un-
known. It has been speculated that titin regulates the Z-disk
width because titin’s N terminus spans the full Z-disk and
contains differentially expressed Z-repeats that bind α-actinin
(Young et al., 1998). However, the number of titin Z-repeats and
their spacing are incompatible with titin on its own performing
this task (Gregorio et al., 1998; Luther and Squire, 2002). In-
stead, it has been suggested that nebulin contributes to the
regulation of the Z-disk width (Witt et al., 2006; Li et al., 2015).
This is supported by the correlation between the number of
nebulin Z-repeats and the Z-disk width that has been found
(Kiss et al., 2020) and the widened Z-disks that locally exist in
nebulin-deficient muscle (Witt et al., 2006; Tonino et al., 2010;
Li et al., 2015).

To gain more in-depth understanding of nebulin, we ana-
lyzed the nebulin gene in a wide range of species. Species were
selected based on completeness of the nebulin genomic sequence
while aiming for good representation across different animal
classes. We found that the number of nebulin super-repeats and
nebulin Z-repeats is highly variable, and that the number of
super-repeats scales with animal size, with the largest effect in
birds. We propose that the scaling between nebulin length and

Figure 1. Schematic of sarcomere.Nebulin’s C
terminus is anchored in the Z-disk and its N
terminus is near the thin filament pointed end.
Shown is the domain structure with super-
repeats (blue) and Z-repeats (gray), the 8 sim-
ple repeats at the N terminus (orange), 12 simple
repeats at the C terminus, linker repeats (or-
ange), the highly conserved triplicate (yellow),
serine-rich region (brown), and SH3 at nebulin’s
C terminus (green).
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animal size provides a functional advantage, as it is expected to
enhance the efficiency of isometric force production and slow
the speed of shortening in large animals. Finally, we focused on
nebulin’s Z-repeats and discovered a positive correlation be-
tween the number of Z-repeats and the number of super-
repeats. We reason that this reflects a need for Z-disks to be
wide in muscles with a low shortening velocity.

Materials and methods
Data
Nebulin gene sequences were downloaded from NCBI for all an-
alyzed species. See Table S1 (Species_references) for species
names, gene IDs, and coordinates of the genomic sequences used.
Most genemodels are based onNCBI’s eukaryotic gene prediction,
which uses a combination of homology searching with ab initio
modeling. Owing to alternative splicing events in the Z-repeat
region and in super-repeat 12, there are often multiple anno-
tated nebulin splice variants. Because gel electrophoresis and gene
expression data frommice indicate that themajority of transcripts
include all annotated super-repeat and Z-repeat exons (Kiss et al.,
2020), the longest isoform was selected for further analysis.
Species were chosen based on completeness of the nebulin ge-
nomic sequence, as reflected by the absence of gaps that might
indicate missing exons in the annotation.

Multiple sequence alignment
Protein sequences from all 53 species were aligned using Mirage
(Nord et al., 2018), an alignment package for alternatively
spliced protein isoforms. Because multiple species alignments
are traditionally constructed using scoring criteria that prefer
alignments with occasional mismatches over alignments with
long gaps, they are not ideal for comparing nebulin isoforms
with multiple-exon deletions or insertions. Using Mirage, iso-
forms were aligned to each other by first mapping each protein
sequence to its encoding genomic sequence, and then aligning
isoforms to one another based on the relative genomic coor-
dinates of their constitutive codons. Alignments were manually
corrected by repositioning of sequences based on actin-binding
motifs (SDXXYK).

For the multiple sequence analyses presented in Data S1 and
Data S2, MEGA7 (Kumar et al., 2016) was used to prepare the
alignments using ClustalW and for refinement between close
species using Muscle (Edgar, 2004). Because of the differential
expansion of Z-repeats between species, individual translated
exons were aligned to the Z-repeat region of chimpanzee using the
lalign ExPASy portal (https://embnet.vital-it.ch/software/LALIGN_
form.html); for nonmammalian species, this was repeated using
the Z-repeat region of alligator as the reference. From this infor-
mation, Z-repeat alignments were manually adjusted. Annotation
of simple repeat designations were defined in Labeit and Kolmerer
(1995), and sequence Logos were generated using the WebLogo
portal (Schneider and Stephens, 1990; Crooks et al., 2004).

Identification of nebulin domains and super-repeats
Owing to their high degree of homology to human nebulin se-
quences, protein domains and super-repeats from all species

were identified based on homology. Regions that did not align
with human nebulin sequences were found only in the super-
repeat and Z-repeat regions and are a result of DNA duplication
events.

For definition of super-repeats, start and end positions of the
super-repeat regions were identified by matching human super-
repeat boundaries. We used an exon-based definition of super-
repeats (Björklund et al., 2010) to allow for easy comparison
between species. For analysis, multidomain exons were split
into individual domains, with each one containing two half
actin-bindingmotifs at its ends. Super-repeats were assigned for
each seven-domain unit within the super-repeat region. After-
ward, the number of super-repeats in each species was calcu-
lated based on the number of seven-domain units.

The starts of Z-repeats were identified by screening for a
transition from 35–38-amino acid-long sequences to repetitive
units of exactly 31 amino acids. Similar to super-repeats,
Z-repeat boundaries were defined by localizing the first and the
last 31–amino acid-long units in all species, and Z-repeats within
those boundaries were counted. Because this region is subject to
a high degree of alternative splicing, some repeats might not be
annotated in the genomic sequences that we selected for analysis
because of low expression levels in the tissue used for se-
quencing and gene prediction. To test this hypothesis, genomic
sequences were searched for splice sites enclosing 93 nucleo-
tides (AG-X(93)-GT) in the C-terminal region, and sequences
without stop or nonsense codons were annotated as Z-repeats.
Although there is no proof that these exons are expressed, it is
likely that they are transcribed in slow muscle, based on
Z-repeat expression observed in mice (Kiss et al., 2020).

Sequence identity
To determine super-repeat sequence identity versus human/
chimpanzee nebulin, super-repeats of all species were consec-
utively aligned to those from chimpanzee. After determining the
percentage identity, this process was repeated for all super-
repeats of the analyzed species. To be able to visually compare
super-repeat identity between species, despite different num-
bers of super-repeats, gaps were introduced in heatmaps at
positions without matching chimpanzee super-repeats. This also
allowed better localization of super-repeat duplications relative
to nebulin length because super-repeats that likely originate
from the same sequence line up, and a lack of a matching super-
repeat presumably reflects the presence of a super-repeat du-
plication event. For within-species super-repeat identity, a
similar procedure was used, except that sequences were aligned
to all other super-repeats within the same species. Heatmaps
were generated using the R package pheatmap (https://CRAN.
R-project.org/package=pheatmap) to visualize super-repeat dif-
ferences by hierarchical clustering. The dendrogram was gen-
erated by hierarchical clustering (complete linkage clustering
with Euclidian distance).

Phylogenetic analysis
Nebulin sequences shared between all species (located outside
of super-repeat and Z-repeat regions) were used for analysis.
Alignments from all 53 species were used to generate a phylogenetic
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tree by neighbor-joining using ClustalX. FigTree v1.4.2 was used for
tree representation and editing.

Scaling of nebulin size with body weight
To determine the possible correlation between the number of
super-repeats and body weight, we used the allometric equation
Y = aXb, following the approach previously used to show that
shortening velocity of muscle fibers inversely scales with body
mass (Pellegrino et al., 2003). In our case, Y is the number of
super-repeats, X is body mass (in kg), and a and b are variables,
with b representing the scaling factor. The a and b values were
determined by using a double logarithmic plot of log(number of
super-repeats) versus log(body mass) for each of the species (for
weight values, see Table 1), converting the above equation to
log(SRs) = blog(mass) + log(a).

Protein analysis
Flash-frozen muscle tissues were pulverized in liquid nitrogen
and then solubilized in urea buffer (8 M urea, 2 M thiourea,
50 mM Tris-HCl, and 75 mM dithiothreitol with 3% SDS and
0.03% bromophenol blue, pH 6.8) and 50% glycerol with pro-
tease inhibitors (0.04 mM E64, 0.16 mM leupeptin, and 0.2 mM
PMSF) at 60°C for 10 min (Tonino et al., 2017). Solubilized
samples were centrifuged at 13,000 rpm for 5 min, aliquoted,
flash-frozen in liquid nitrogen, and stored at −80°C. Nebulin
expression analysis was performed on solubilized samples using
a vertical SDS-agarose gel system (Warren and Greaser, 2003;
Lahmers et al., 2004); 1% gels were run at 15 mA per gel for 3:20
h, stained using Coomassie brilliant blue, and scanned using a
commercial scanner.

Immunoelectron microscopy
Immunolabeling of nebulin-N terminus was performed on
skinned EDL fiber bundles from WT mice stretched to different
degrees from the slack length and processed by the preembed-
ding technique previously described (Tonino et al., 2017). Fiber
bundles were washed in relaxing solution before fixation with
3.7% paraformaldehyde in PBS for 30 min at 4°C, then rinsed
with PBS containing protease inhibitors. Blocking was per-
formed with 1% BSA in PBS containing protease inhibitors and
0.05% Tween 20, followed by incubation with the anti-nebulin
N terminus primary antibody from rabbit (#6969; 0.2 mg/ml;
Myomedix) for 48 h. After a rinsing step with PBS containing
inhibitors, muscle fiber bundles were incubated with Nanogold
(1.4 nm)-Fab9 goat anti-rabbit antibody (#2004; 80 µg/ml;
Nanoprobes) for 12 h. All incubations were performed in a hu-
midity chamber at 4°C. After labeling, muscle tissues were
washed in PBS, fixed with 3% glutaraldehyde in the same buffer,
and processed for transmission EM. Muscles were postfixed in
1% OsO4 in PBS for 30 min at 4°C. After this step, samples were
dehydrated in an ethanol graded series, infiltrated with propy-
lene oxide, and transferred to a 1:1 mix of propylene oxide:
Araldite 502/Embed 812 (EMS). Subsequently, samples were
transferred to a pure Araldite 502/Embed 812 resin and poly-
merized for 48 h at 60°C. Ultrathin (90-nm) longitudinal sec-
tions were obtained with a Reichert–Jung ultramicrotome and
contrasted with 1% potassium permanganate and lead citrate.

Table 1. Number of super-repeats and alternatively spliced Z-repeats
and predicted maximal length of a nebulin molecule in 53
analyzed species

Species Weight
(log(kg))

Class Super-
repeats

Z-repeats Length
(nm)a

Eastern happy 0.06 Fish 21 7 974

Elephant shark 0.84 Fish 22 8 1,018

Northern pike 1.19 Fish 21 5 963

Perch 0.02 Fish 21 7 974

Thorny skate 0.38 Fish 22 10 1,029

Tilapia 0.3 Fish 21 7 974

Trout 1.09 Fish 23 9 1,062

Whale shark 4.0 Fish 24 11 1,111

Zebrafish −3.60 Fish 21 5 963

Caecilian 0.0 Amphibian 25 10 1,144

Frog −1.39 Amphibian 22 7 1,012

Alligator 2.56 Reptile 22 15 1,056

Turtle −0.4 Reptile 26 12 1,194

Viper 1.0 Reptile 29 14 1,320

Chicken −0.11 Bird 23 18 1,111

Crow 0.15 Bird 24 16 1,139

Falcon 0.04 Bird 23 14 1,089

Golden eagle 0.66 Bird 25 15 1,172

Hummingbird −2.4 Bird 21 10 990

Kakapo 0.48 Bird 25 14 1,166

Lance tail
manakin

−1.74 Bird 21 14 1,012

Zebra finch −1.93 Bird 22 15 1,056

Camel 3.0 Mammal 31 13 1,392

Cheetah 1.54 Mammal 24 12 1,117

Cow 2.92 Mammal 27 11 1,227

Dromedary 2.66 Mammal 25 13 1,161

Ermine −0.56 Mammal 25 11 1,150

Horse 2.9 Mammal 27 14 1,243

Koala 0.96 Mammal 25 15 1,172

Little brown
bat

−2.04 Mammal 25 11 1,150

Mouse −1.39 Mammal 25 11 1,150

Pale spear-
nose bat

−1.44 Mammal 22 11 1,034

Pig 2.06 Mammal 25 11 1,150

Rabbit 0.51 Mammal 25 14 1,166

Rat −0.34 Mammal 24 12 1,117

Ryukyu mouse −1.94 Mammal 22 10 1,029

Shrew mouse −2.0 Mammal 25 11 1,150

Vaquita 1.64 Mammal 26 9 1,177

Water buffalo 3.0 Mammal 27 11 1,227

Bonobo 1.66 Primate 22 12 1,040
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Observations were performed in a TECNAI G2 Spirit transmis-
sion electronmicroscope (FEI), and images were acquired with a
side-mounted AMT Image Capture Engine V6.02 (4Mpix) digital
camera operated at 100 kV. Digital images (1,792 × 1,792 pixels)
were saved and calibrated for density plot profile analysis of
nebulin N terminus precise location with ImageJ v1.49 (National
Institutes of Health).

Online supplemental material
Table S1 lists genomic coordinates of analyzed species. Table S2
lists super-repeat sequences. Data S1 shows the sequence align-
ment of the N-terminal region of nebulin. Data S2 shows the se-
quence alignment of C-terminal domain of the last super-repeat.
Data S3 shows multiple species’ alignment of exons 178–180.

Results
The location of nebulin in the skeletal muscle sarcomere is
shown in Fig. 1, top, and the domain composition and its ter-
minology that we will follow in this work in Fig. 1, bottom. We
studied multiple birds, fish (bony and cartilaginous), amphib-
ians, reptiles, and mammals (nonprimates and primates) for a
total of 53 species. Species were chosen based on completeness
of the nebulin genomic sequence. Reference sequences for
nebulin were downloaded from NCBI RefSeq, translated, and
aligned using a splice-aware multiple alignment software, Mi-
rage (Nord et al., 2018; Table S1). Repeat sequences were de-
termined based on alignments to the human nebulin sequence
and the presence of actin-binding motifs (SDxxYK). Exons that
did not align with human sequence were named based on their
position relative to flanking human nebulin sequences. For de-
termining the number of super-repeats and simple repeats,
multidomain exons were split into individual repeats, and
super-repeats were assigned in seven-repeat intervals (each
containing the conserved tropomyosin binding site WLKGIGW

within the third simple repeat) before counting the number of
super-repeats and C-terminal simple repeats. Fig. 2 outlines the
general methodology that was followed in our study.

Nebulin in all 53 species had a similar domain composition
that mostly consists of ∼30-residue-repetitive modules referred
to as simple repeats, each of which corresponds to one actin-
binding site (Fig. 3). All species contain a unique N-terminal
sequence of lengths varying between 32 (zebrafish) and 112
(thorny skate) residues (Data S1). This is followed by exactly
eight N-terminal simple repeats in all species (Data S1). In the
central region of nebulin, simple repeats are always organized
into seven-module super-repeats. The number of super-repeats
varies between 21 and 31. In the C-terminal region, 12 simple
repeats of variable lengths (31–38 amino acids) are followed by
varying numbers of simple repeats (5–18) or Z-repeats, many of
which are known to display a high degree of alternative splicing
(Millevoi et al., 1998; Donner et al., 2004; Kiss et al., 2020) and
can be distinguished from the initial repeats by their defined
length of 31 amino acids and the presence of a SSVLYK motif
(Data S2). At the C terminus, all species contain four simple
repeats and serine-rich and Src homology-3 (SH3) domains. See
Fig. 3 and Table 1 for details.

The highest degree of species-specific variation in nebulin
was found in the number of super-repeats and Z-repeats, with
the number of super-repeats ranging from 21 to 31 and the
number of alternatively spliced Z-repeats from 5 to 18 (Table 1).
The expected maximal length of nebulin was calculated for all
analyzed species, assuming 5.5-nm spacing between simple re-
peats and 38.5 nm between super-repeats (Trinick, 1992; Kiss
et al., 2020). Calculations are based on 24 simple repeats that are
shared between all species, plus the species-specific number of
super-repeats and Z-repeats. Maximal nebulin length is pre-
dicted to vary from 963 nm (zebrafish and northern pike) to
1,382 nm (camel and chimpanzee; Table 1).

To gain insights into sequence identity, super-repeat se-
quences from all species were aligned with chimpanzee super-
repeats. Chimpanzee was chosen because it contains the highest
number of super-repeats detected in our study. Conclusions
regarding sequence identity are equally valid for human nebulin
because sequences are >99.6% identical. Percentage sequence
identity was plotted as a heatmap for all super-repeats from all
species (Fig. 4 A). Gray squares represent positions without a
matching super-repeat in the respective species. This allows
row-wise comparisons of closely related super-repeats between
species. Analysis revealed that species cluster by class. Bony fish
have the lowest similarity to humans, followed by cartilaginous
fish, amphibians, reptiles, and birds. Mammals, especially pri-
mates, have high sequence similarity to chimpanzee (or human)
in the super-repeat region. Interestingly, the number of super-
repeats does not correlate with sequence identity, indicating
that multiple super-repeat duplication events occurred inde-
pendently during evolution. The size of the super-repeat region
can differ vastly between closely related species, while it can
also be very similar for evolutionary distant species. This be-
comes apparent when comparing evolutionary distance with
super-repeat counts. See Fig. 4, A and B, for details and Table S2
for super-repeat sequences.

Table 1. Number of super-repeats and alternatively spliced Z-repeats
and predicted maximal length of a nebulin molecule in 53
analyzed species (Continued)

Species Weight
(log(kg))

Class Super-
repeats

Z-repeats Length
(nm)a

Capuchin 0.29 Primate 23 12 1,078

Chimpanzee 1.7 Primate 31 13 1,392

Gelada 1.2 Primate 22 12 1,040

Gibbon 1.04 Primate 27 13 1,238

Gorilla 2.2 Primate 29 13 1,315

Human 1.92 Primate 29 13 1,315

Langur 1.2 Primate 25 14 1,166

Macaque 0.89 Primate 25 13 1,161

Night monkey −0.23 Primate 25 12 1,155

Orangutan 1.96 Primate 29 13 1,315

Tarsier −0.86 Primate 22 13 1,045

aLength of nebulin (number of simple repeats × 5.5 nm).
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Within-species super-repeat identity was determined by
aligning individual super-repeats against all other super-
repeats of the same species. High sequence similarity is
evidence of recent super-repeat duplication events. Most super-
repeat expansions occurred in the central part of nebulin
(human super-repeats 11–13 and 17–21; Fig. 5). There is evidence
for a duplication event of super-repeat 1 in mammals (except
for vaquita and cheetah) that is absent in other classes and that
must have occurred during relatively recent evolution. In ele-
phant and viper, there has been a unique triplication of super-
repeat 2 that is not found in other species. Super-repeat
expansion does not seem to occur toward the C-terminal end
of nebulin.

Conservation of nebulin exons that are located outside the
super-repeat region and that are present in all species was

analyzed by determining pairwise identity across all species that
were studied (Fig. 6, Data S1, Data S2, and Data S3). The last 3
simple repeat exons (178–180) are positioned between the last
Z-repeat and the serine-rich region and are extraordinarily
conserved (92.6%, 86.6%, and 94.4% identity), indicating that
they might perform an important function.

It was shown recently that all encoded super-repeats are
highly expressed in skeletal muscle of adult WT and genetically
modified mice, in which the number of super-repeats (SRs) was
altered from 25 (in WT mice) to either 22 (WT − 3 SR) or 28
(WT + 3 SR; Kiss et al., 2020). Whether this might be the case in
other species was determined by coelectrophoresis of mouse, hu-
man, and carp muscle protein. Assuming that all super-repeats are
also expressed in human and carp, the predicted size of nebulin
would be highest in human muscle (29 super-repeats), followed

Figure 2. Outline of methods followed for obtaining the full nebulin sequence in 53 species. For details, see text.

Figure 3. Domain composition of nebulin. In
all 53 analyzed species, nebulin contains a
unique N-terminal sequence and 8 simple
N-terminal repeats, followed by 21–31 super-
repeats (each containing 7 simple repeats), 12
constitutive simple repeats, 5–18 Z-repeats, 3
simple repeats, a serine-rich domain, and an SH3
domain. The fifth simple repeat of the penulti-
mate super-repeat is alternatively spliced
(Donner et al., 2004; Lindqvist et al., 2020), and
both versions of this repeat are present in most
species. S12 is known to be alternatively spliced
in humans and mice (Donner et al., 2004; Witt
et al., 2006; Kiss et al., 2020), and S16–S21 are
alternatively spliced in humans (Donner et al.,
2004). Most species encode a C-terminal sim-
ple repeat shortly after the end of the last super-
repeat that had not been annotated in mouse or
human nebulin; it contains an actin-binding
motif and is present in the majority of species,
except for pig, cheetah, trout, and all rodents
(ermine, rat, and three mouse species).
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Figure 4. Sequence identity between species. (A) Super-repeat sequence identity compared with human/chimpanzee nebulin. Sequence identity is high in
primates (red), intermediate in nonprimate mammals (orange), low in birds, reptiles, and amphibians (yellow), and lowest in fish (blue). The dendrogram is
based on complete linkage hierarchical clustering with Euclidian distance and is a measure of super-repeat similarity. (B) Phylogenetic analysis of nebulin
sequences in 53 analyzed species. Distances are based on nebulin protein sequences outside of the super-repeat/Z-repeat region.
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by mouse (WT + 3 SR), WT mouse (WT − 3 SR), and carp (21
super-repeats).

We tested this prediction by protein agarose-gel electropho-
resis and running lysates prepared from white trunk muscle of
carp, EDL muscle from the mouse models, and vastus lateralis
muscle from human. Results shown in Fig. 7 reveal that the
mobility of nebulin varies according to the number of super-
repeats that the nebulin gene contains. This suggests that sim-
ilar to mouse, carp and human muscles fully incorporate all of
their super-repeats and that it is possible to predict nebulin size
of diverse species based on their genomic sequence. This ex-
periment also visualizes well the wide range of nebulin sizes
found in different species.

Because nebulin functions in fast muscle as a TFL ruler (Kiss
et al., 2020), we also plotted the number of super-repeats in a
range of species against their known TFL. For this, we selected
perch fast muscle, EDL muscle fromWTmice (25 repeats), WT –

3 SR mice (22 SRs), WT + 3 SR mice (28 SRs), and human

quadriceps (29 super-repeats). Fig. 8 A shows that there is a
linear relationship (R2 = 0.99) between the number of super-
repeats and published TFLs from perch (Granzier et al., 1991),
mouse (Kiss et al., 2020), and human (Kruger et al., 1991). The
slope of the linear regression line is 38.3 ± 1.7 nm, supporting
that each super-repeat lengthens the TFL by ∼38.5 nm. We also
determined whether nebulin ends at the thin filament’s pointed
end or perhaps stops short, as immunofluorescence studies in-
dicate a∼50-nm gap in fast muscle (Littlefield and Fowler, 2008;
Kiss et al., 2020). We performed immunoelectron microscopy
using an antibody to nebulin N terminus on mouse fast twitch
fibers from the EDL muscle. This revealed that the N terminus is
located at the edge of the H-zone (Fig. 8 B), supporting the
theory that in fast muscle types nebulin extends to the thin
filament’s pointed end. The variation in TFL across species has a
pronounced effect on the predicted force–sarcomere length re-
lation. For example, comparing perch and human predicts a shift
in the location of the descending limb of 0.66 µm (Fig. 8 C).

Figure 5. Within-species super-repeat identity.High sequence identity of super-repeat 1 in mammals (right) suggests that a duplication event has occurred.
Super-repeat expansion also occurred in the central part of nebulin but not toward nebulin’s C terminus. For better comparability of relative positions of
duplication events, gaps were inserted at positions without matching chimpanzee super-repeats. See text for details.

Figure 6. Conservation of nebulin exons
across species. Displayed are exons outside of
the super-repeat region that are present in all
species. The last three simple repeat exons
(178–180) are highly conserved. For a multiple-
species alignment, see Data S3.
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Because the number of C-terminal alternatively spliced
Z-repeats was found to vary significantly between species, their
number was plotted against the number of super-repeats for all
species included in this study. Fig. 9 shows that although there is
a lot of scatter, there is a trend for the number of Z-repeats to
increase in species that contain a higher number of super-
repeats. Linear regression analysis revealed that the correla-
tion between the number of super-repeats and alternatively
spliced repeats is significant (P = 0.001), but that the model does
not explainmuch variation of the data (R2 = 0.19). It is interesting

to note that many fish species fall below the linear regression
line (i.e., their number of Z-repeats is lower than expected),
whereas many bird species are above the linear regression line
(i.e., their number of Z-repeats is higher than expected). For
possible relevance of these findings, see Discussion.

Finally, to gain further insights into the possible significance
of the wide range in the number of super-repeats of the analyzed
species, we explored whether the number of super-repeats
might scale with body size. We used the allometric equation
Y = aXb and obtained the scaling factor b from the slope of

Figure 7. Gel electrophoresis of lysates prepared from carp muscle
(white trunk muscle), mouse EDL muscle from WT (25 super-repeats),
genetically altered mice expressing 22 or 28 nebulin super-repeats, and
human skeletal muscle (vastus lateralis) with 29 nebulin super-repeats.
The nebulin region of the gel is also shown on an expanded scale at the
bottom. The mobility of nebulin varies inversely with the number of super-
repeats.

Figure 8. Nebulin super-repeats, TFL, and the force–sarcomere length relation. (A) Correlation between the number of nebulin super-repeats and TFL in
a range of species. Data shown are for perch fast muscle (white trunk muscle), which has 21 super-repeats (Table 1) and a TFL of 940 nm (Granzier et al., 1991),
EDL muscle fromWTmouse (25 repeats, TFL 1,088 nm), WT − 3 SRmouse (22 super-repeats, TFL 980 nm),WT + 3 SRmouse (28 super-repeats, TFL 1,088 nm;
Donner et al., 2004; Kiss et al., 2020; Lindqvist et al., 2020), and human quadriceps (29 super-repeats, TFL 1,270 nm; Kruger et al., 1991; Labeit and Kolmerer,
1995). TFL varies with the number of nebulin super-repeats (R2 of linear regression line = 0.99). (B) Mouse EDL immunolabeled with antibody to nebulin N
terminus (inverse image). The antibody is localized at the edge of the overlap zone. If thin filaments were to extend beyond the nebulin epitope by∼50 nm (the
approximate Z-disk width), this would be easily detectable. See text for details. Scale bar, 500 nm. (C) Predicted force–sarcomere length relation for perch and
human fast muscle fibers (we assumed a constant thick filament length of 1.6 µm and a bare zone width of 0.15 µm). The descending limbs are horizontally
shifted by 0.66 µm.

Figure 9. Correlation between the nebulin super-repeats and Z-repeats
in the 53 analyzed species. There is a weak but significant correlation (slope
is significantly different from 0, P = 0.001). Thus, as the number of super-
repeats increases, there is a tendency for the number of Z-repeats to increase
as well (note that all 53 species were analyzed, but that several of their data
points overlap. When analyzing the individual groups separately, fish,
mammals, and primates had Z-repeat-versus-super-repeat correlations that
were significant).
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log(number of super-repeats) versus log(body mass) (see Ma-
terials and methods for details). We evaluated animal classes for
which more than three species had been analyzed (excluding
amphibians and reptiles) and combined mammals and primates
into a single group, ensuring a large number of analyzed species.
Results are shown in Fig. 10. We performed a linear regression
analysis, which revealed positive slopes that are significantly
different from 0, with P values of 0.03, 0.0007, and 0.0009 for
fish, birds, and mammals, respectively. The model explains the
variance well in birds (R2 = 0.88), followed by fish (R2 = 0.48)
and mammals (R2 = 0.33). The scaling factor (b) was lowest for
fish (0.008), highest for birds (0.024), and intermediate for
mammals (0.015), and the difference between birds and fish
reached statistical significance (P = 0.009). We conclude that
there is evolutionary pressure to increase the number of super-
repeats with increasing body size.

Discussion
Analyzing the nebulin gene in a wide range of species revealed a
highly similar structure that consists of well-conserved N and C
termini with a large number of simple repeats in between, most
of which are organized in seven-domain super-repeats. The
largest differences between species exists in the number of
super-repeats, which ranges from 21 to 31, representing ∼231 kD
at the protein level. We have shown previously that in fast
muscle, nebulin regulates the length of the thin filament, with
each super-repeat controlling a ∼38.5-nm-long thin filament
segment (Kiss et al., 2020). Focusing on fast muscles from spe-
cies with a widely varying number of super-repeats and plotting
the number of super-repeats against the previously measured
TFL resulted in a linear relationship with a slope of 38.3 ± 1.7 nm
(Fig. 7). This is consistent with foundational work in the field
that was based on the correlations between nebulin molecular
weight and TFL (Kruger et al., 1991) and supports that in fast
muscle, nebulin is a TFL ruler. The mechanistic basis of this is
likely the stabilizing effect of nebulin on the thin filament, by
making actin, tropomyosin, and tropomodulin (a thin filament’s
pointed end capping protein) less dynamic (Pappas et al., 2010).

Immunoelectron micrographs of fast muscles revealed that
the pointed end of the thin filament (edge of the H-zone of the
sarcomere) stops at the N terminus of nebulin (Fig. 8 B), as
expected from a strict ruler. However, this is in contrast to re-
sults from immunofluorescence studies with an antibody against
tropomodulin, to mark the thin filament’s pointed end, and an
antibody to nebulin’s N terminus (the same antibody used in
Fig. 8 B). These studies show a gap between the two labeled

epitopes, i.e., the thin filament protrudes beyond nebulin
(Littlefield and Fowler, 2008; Gokhin and Fowler, 2013; Greaser
and Pleitner, 2014; Kiss et al., 2020). This gap can be as large as
∼100–250 nm in slowmuscle, where it is nowwell accepted that
a nebulin-free distal thin filament segment is present (Littlefield
and Fowler, 2008; Gokhin and Fowler, 2013; Greaser and
Pleitner, 2014; Kiss et al., 2020). However, the earlier studies
revealed that even in fast twitch muscle (e.g., mouse EDL), a
∼50-nm gap exists (Littlefield and Fowler, 2008; Gokhin and
Fowler, 2013; Kiss et al., 2020). If thin filaments indeed extend
beyond nebulin, this should be clearly detectable in electron
micrographs of sarcomeres labeled with an antibody to nebulin’s
N terminus. However, our work reveals that this is not the case
(Fig. 8 B). How to resolve this conundrum? One possibility is that
the distance between nebulin’s N terminus and tropomodulin
detected in immunofluorescence studies is due to the physical
arrangement of how tropomodulin is anchored to the thin fila-
ment’s pointed end, where exactly the primary antibody binds to
tropomodulin, and how the secondary antibody binds to the
primary antibody. Future work is required to test this and other
possible explanations.

It is noteworthy that the nebulin gene in different species
always differed by an integral number of super-repeats, i.e., no
gene sequences were found that contained a partial super-
repeat, suggesting that the existence of partial super-repeats is
not tolerated. This is consistent with studies on a mouse model
in which a partial super-repeat has been deleted (Ottenheijm
et al., 2013; Joureau et al., 2017), mimicking a mutation found
in patients with NEM (Lehtokari et al., 2009; Yonath et al.,
2012). Mice carrying the partial super-repeat deletion die soon
after birth and express greatly reduced levels of nebulin protein
(Ottenheijm et al., 2013), which has been explained by a mis-
match between mutant nebulin and other thin filament proteins
that are regularly spaced along the thin filament, increasing the
sensitivity of nebulin to proteolysis (Ottenheijm et al., 2013).
Thus, only the deletion/addition of an integer number of nebulin
super-repeats at the level of the nebulin gene is tolerated and
will be propagated during evolution, and not the partial dele-
tion/addition of super-repeats. Preferential expansion in the
central part of nebulin indicates that super-repeat duplication
events at nebulin ends are less favorable; potentially, this is
related to stronger actin-binding affinities at nebulin ends
(Laitila et al., 2019). Addition of super-repeats through copy-
number variation in the triplicate (TRI) region (located in hu-
man super-repeats 17–21) has been shown to be tolerated in
human if one TRI copy (corresponding to two super-repeats) is
added (Kiiski et al., 2016). In contrast, addition of two or more

Figure 10. Number of super-repeats versus
body weight in birds, fish, and mammals.
Linear regression analysis reveals that there is a
positive correlation between number of super-
repeats and body weight, with slopes that are
significantly different from 0. The model ex-
plains the variance well in birds (R2 = 0.87),
followed by fish (R2 = 0.48) and mammals (R2 =
0.33).
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copies is likely pathogenic (Kiiski et al., 2016). Interestingly,
super-repeat expansion in the two species with the longest
nebulin sequences found in this study (camel and chimpanzee)
occurred through gain of an additional copy of this region.

Why does the number of super-repeats vary in different
species? Is there a functional advantage to having more/less
super-repeats? The correlation that was found between the
number of super-repeats and body size (Fig. 10) provides in-
sights. In the three classes of animals in which a sufficient
number of species were analyzed (fish, birds, and mammals),
the number of super-repeats increases with animal size, with
scaling factors that are modest (0.0078–0.0234) but significant.
Thus, as animals get bigger the number of super-repeats tends to
increase and thin filaments become longer. The functional
consequence of longer thin filaments is that the force–sarcomere
length relation will be shifted to longer sarcomere length (by
twice the TFL difference; Granzier et al., 1991). This allows op-
timal force levels to be produced at longer operating sarcomere
lengths. Indeed, fish muscle with a low number of super-repeats
functions at a short sarcomere length range (1.8–2.2 µm; Rome
and Sosnicki, 1991), whereas in humans, as an example of a
species with a large number of super-repeats, the sarcomere
length working range is much longer, with typical values of
∼2.2–3.0 µm (Burkholder and Lieber, 2001). As visualized in
Fig. 8 C, the shift in the force–sarcomere length relation ensures
that the working range is at or near the optimal length for force
generation in species as different as fish and human.

A longer operating sarcomere length range results in fewer
sarcomeres in series per unit length of muscle fiber. Isometric
force will therefore be producedmore efficiently: per unit length
of fiber, fewer myosin heads exist, and consequently ATP usage
during isometric contraction will be less and the economy of
ATP utilization will be increased. Additionally, it is expected that
fewer sarcomeres in series will reduce the shortening velocity of
muscle (the sum of the shortening of all sarcomeres in series). It
was pointed out a long time ago (Hill, 1950) that animals of
highly variable size (>1,000-fold variation) move at comparable
speed (<4-fold variation) because as body size increases, the
shortening velocity of muscle decreases. Some of this velocity
reduction can be explained by a shift toward more slow fiber
types in larger animals, but the reduction in shortening velocity
with body size can also be seen in fibers that express the same
myosin isoform (orthologous myosin), either fast or slow types
(Pellegrino et al., 2003). This slowing of fibers expressing or-
thologous myosin isoforms in large animals is likely to have
multiple explanations, and our work indicates that this includes
a reduction in the number of sarcomeres in series, made possible
through an increase in the number of nebulin super-repeats.
The allometric coefficient for shortening speed of fibers that
express orthologues type 2B myosin in vertebrate species has
been determined at 0.041 (Pellegrino et al., 2003), and for
nebulin, the allometric coefficient that we found for mammals is
0.0148 (Fig. 10), i.e., ∼37% of the shortening speed allometric
factor. Thus, changes in nebulin can account for a considerable
fraction of the increase in shortening speed with body size.

The N-terminal region of nebulin contains in all analyzed
species eight simple repeats, whereas the C-terminal end contains

a variable number of simple repeats followed by a serine-rich
domain and the terminal SH3 domain. In previous work, the
SH3 domain was deleted in the mouse, which resulted in in-
creased susceptibility to eccentric contraction-induced injury
(Yamamoto et al., 2013), whereas another study deleted the
final two unique C-terminal domains, the serine-rich region
and the SH3 domain, which caused a moderate myopathy phe-
notype reminiscent of NEM (Li et al., 2019). The last three simple
repeats (preceding the serine-rich domain) are extraordinarily
conserved between species (92.56%, 86.59%, and 94.41%) sug-
gesting that they perform an important function in the Z-disk
that should be addressed in future research.

It is interesting that the C-terminal region of nebulin con-
tains a varying number (5–18) of Z-repeats. These repeats
are known from PCR studies in human and RNA sequencing
studies in mouse to display a high degree of alternative splicing
(Millevoi et al., 1998; Donner et al., 2004; Kiss et al., 2020). They
are located within the Z-disk (Millevoi et al., 1998), a protein-
dense region that functions as the attachment site for the thin
filaments and that houses mechanosensing signaling molecules
(Luther, 2009; Knöll et al., 2011). These Z-repeats are known to
be alternatively spliced in human (Millevoi et al., 1998) and
mouse (Kiss et al., 2020), with high expression in slow-twitch
muscle (soleus) and low expression in fast-twitch muscle (EDL).
Because the Z-disk width is large in slow muscle (∼150 nm) and
small (∼60 nm) in fast muscle (Vigoreaux, 1994; Luther, 2009;
Knöll et al., 2011), the alternatively spliced Z-repeats have been
proposed to play a role in Z-disk width regulation (Millevoi et al.,
1998; Kiss et al., 2020).

The width of the Z-disk is thought to reflect the mechanical
strength of the Z-disk, but it is unclear why slow muscles re-
quire wide Z-disks and fast muscle can get away with narrow
Z-disks, since it is the fast muscle that rapidly generates high
force levels (Schiaffino and Reggiani, 2011). A possible expla-
nation for wide Z-disks in slow muscle is that it is not only the
level of force but also the duration that the force is applied that
necessitates a wide Z-disk. Recent single-molecule studies pro-
vide evidence that individual interactions between Z-disk
components (the interaction between α-actinin and titin was
studied) can be weak (to allow for protein turnover), but long-
term stable anchoring can still be achieved by having an array of
interactions (i.e., there can be up to four α-actinin molecules
interacting with titin in a wide Z-disk; Grison et al., 2017). We
similarly propose that by having a large number of nebulin
Z-repeats in wide Z-disks, multiple interactions between neb-
ulin and other Z-disk components are made possible that,
combined, result in stable anchoring during the long-lasting
contractions that slow muscles produce.

How the Z-disk width is regulated has not been directly
tested. It has been speculated that titin regulates the Z-disk
width, because titin’s N terminus spans the full Z-disk and
contains differentially expressed Z-repeats that bind the struc-
tural Z-disk protein α-actinin (Young et al., 1998). However, the
number of titin Z-repeats and their spacing are incompatible
with titin solely performing this task (Luther and Squire, 2002).
Instead, it has been suggested that nebulin contributes to
Z-disk width regulation with an important role played by the
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differentially spliced Z-repeats (Millevoi et al., 1998). This no-
tion is supported by the correlation between the number of
nebulin Z-disk repeats and the Z-disk width (discussed above)
and, furthermore, by the widened Z-disks that exist in nebulin-
deficient muscle (Bang et al., 2006; Witt et al., 2006). Our
present work suggests that the potential for wide Z-disks, by
expressing all available Z-repeats, varies in different species.
Few comparative studies have been performed of the Z-disk,
but the limited insights stemming from studies on slow-twitch
perch muscle (Z-repeats: 7), mouse slow fibers (Z-repeats: 11),
and human slow fibers (Z-repeats: 13) with Z-disk widths of ∼90
nm (Akster et al., 1985), ∼105 nm (Li et al., 2019), and ∼115 nm
(Millevoi et al., 1998), respectively, reveals a positive correlation
between the number of Z-repeats contained in the nebulin gene
and the Z-disk width of slowmuscle. Future comparative work on
fibers from a wide range of species should examine this correla-
tion more closely.

Comparing the number of Z-repeats with the number of
super-repeats in the 53 analyzed species revealed a positive
correlation (Fig. 9). Thus, when the number of super-repeats is
high, the number of Z-repeats tends to be high as well. As argued
above, a large number of super-repeats allows species that are
large to generate force efficiently and reduce shortening speed,
and a large number of Z-repeats allows slow muscle to have
Z-disks that are wide so that they can withstand the high force
levels produced during long-lasting contractions. Thus, the
finding that the number of Z-repeats and super-repeats is pos-
itively correlated is consistent with the functional consequence
of increasing the number of super-repeats. It is interesting that
many of the fish species fall below the linear regression line in
Fig. 9, suggesting that nebulin in fish has fewer Z-repeats than
expected based on the correlation that considers all species. This
might be explained by the low forces and high shortening speeds
of fish muscle (Akster et al., 1985; Granzier et al., 1991), due to
their rapid intrinsic myosin kinetics (Mead et al., 2020), and
perhaps the low temperatures at which most fish species oper-
ate, which additionally could depress force levels.

In summary, the many genomic sequences that recently be-
came available made it possible to analyze the complex and large
nebulin gene in a wide range of species to gain novel insights
that could not be obtained otherwise. Standout findings are the
high variability in the number of nebulin super-repeats and that
the number of super-repeats contained within the nebulin gene
of a species scales with the size of the animal. We showed that in
large mammals this will increase the length of the thin filament,
and proposed that this will increase the efficiency of force
production by shifting the sarcomere length working range to
longer length, and thereby lowering the number of sarcomeres
in series. The scaling factor was largest for birds, which is likely
to reflect the high evolutionary pressure for energy efficiency
owing to the high-energy demand of sustained flight. The re-
duced number of sarcomeres in series in large animals is ex-
pected to slow the shortening velocity of their muscle. It has
been known since 1950 that as species increase in size, the
shortening velocity of their muscle is reduced, and the present
work contributes to understanding the mechanistic basis. The
Z-repeats are located in a region of the molecule that is known to

undergo differential splicing, and we found that their number
varies greatly in different species. The number of these Z-repeats
is correlated with the number of super-repeats, supporting the
notion that these Z-repeats play a role in increasing the width of
the Z-disk in slow muscle. Finally, we propose that the increased
Z-disk width of slow muscle is largely driven by the necessity to
withstand forces that are long lasting.
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Supplemental material

Provided online are two tables in Excel format and three datasets in PDFs. Table S1 lists genomic coordinates of analyzed species.
Table S2 lists super-repeat sequences. Data S1 lists the sequence alignment of N-terminal region of nebulin. Data S2 lists the
sequence alignment of C-terminal domain of last super-repeat. Data S3 shows multiple species’ alignment of exons 178–180.
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