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ABSTRACT
The stomach represents a well conserved gnathostome innovation that
presumably evolved in an ancestor 450 MYA. It is characterized by the secretion of
hydrochloric acid (HCl) by the gastric proton pump (H+/K+-ATPase), a heterodimer with
an α-subunit and β-subunit encoded by ATP4A and ATP4B respectively and by the
aspartic protease pepsin that are both produced in gastric glands. However, functional
loss of the stomach in jawed vertebrates’ evolution has occurred multiple times, in a
pattern indicating secondary loss. The principal groups known as agastric are the
Holocephali (Chimera), Lipidosireniformes (Lungfish) and members of several
Actinopterygii orders as Cypriniformes (loaches), Beloniformes (needlefishes) and
Tetraodontiformes (pufferfishes). The Perciformes (gobies) and Gasterosteiformes
(seahorses and pipfishes) also are known for the several agastric families. Thus, this
thesis focus on the central question of the frequent loss of the stomach in vertebrate
evolution focusing mostly on H+/K+-ATPase genes. An understanding of the underlying
relationship between stomach-loss with gastric genes as the basis of loss is fundamental.
Phylogenetics and synteny analyses of H+/K+-ATPase genes, and the investigation and
identification of gastric proton pump genes in key species were undertaken. The results
clearly demonstrate that the loss of gastric glands correlates with the persistent and
complete absence of the gastric gene kit in the analysed species [H+/K+-ATPase (Atp4a
and Atp4a) and pepsinogens (Pga, Pgc, Cym)].
The patterns of stomach loss in Tetraodontiform and Cypriniform orders were
also studied using a combination of immunohistochemistry and RT-PCR based
approaches. To clarify the pattern of stomach loss in the Tetraodontiformes, specimens
from the more basal families were examined: Balistidae, Monacanthidae and Ostraciidae
in addition to the crown family Tetraodontidae. An absent gastric phenotype is visible in
Tetraodontidae as well as in basal Ostraciidae but gastric glands and Atp4a are present
in the foregut of the intermediate sister families Balistidae and Monacanthidae. These
results indicate that stomach loss occurred at least twice in the Tetraodontiformes. In
Cypriniformes, the foregut regions of several Cobitoidea superfamily members were
examined for the presence of gastric glands and gastric proton pump (atp4a) α subunit
expression since multiple loss events occurred making questionable a reinvention of the
stomach. A functional stomach was detected in representative species from
Nemacheilidae/ Balitoridae and Botiidae, but not Cobitidae (Misgurnus anguillicaudatus).
Thus, an uninterrupted gastric evolutionary lineage in the Cobitoidea is evident being
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improbable that the stomach was reinvented in the Nemacheilidae/Balitoridae clade
consistent with Dollo’s principle.
The developmental origin of stomach is associated with important molecular
interactions between the embryonic gut endoderm and the underlying mesenchyme. The
molecular mechanisms behind these interactions involve expression of the homeobox
gene BARX1 and the genes SOX2, SFRP2 and FGF10 (generally associated with
stomach development) and homeobox genes CDX1 and CDX2 (associated with intestine
development). In spite to some reported variation in gnathostomes and in fishes, the
available data is scarce regarding the molecular cascade leading to gut differentiation.
Thus, the conservation of gut developmental program in a basal gnathostome
(Scyliorhinus canicula) was investigated by qPCR-real time, immunohistochemistry and
in situ hybridization. Results suggest that the gastric glands first appear in the last
developmental stage and the gastric proton pump H+/K+-ATPase expression is also
visible. Both Barx1 and Sox2 have a higher expression in the anterior portion of the
digestive tract. In contrast, Cdx2 has a higher expression on the posterior portion of the
gastrointestinal tract (GIT). These findings suggest that the GIT developmental program
is largely conserved in the gnathostome lineage. Then, the several results presented on
this work are extremely useful to elucidate some questions related with the curious case
of the agastric condition in so many gnathostomes.
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RESUMO
O estômago representa uma inovação bem conservada nos Gnathostomata que
provavelmente evoluiu num ancestral comum há 450 milhões de anos. Este órgão é
caracterizado pelas glândulas gástricas que secretam ácido clorídrico (HCl) através da
bomba de protões gástrica (H+/K+-ATPase), um heterodímero com duas subunidades α
e β, codificadas pelos genes ATP4A e ATP4B respectivamente, e pepsina, uma
protease aspártica. No entanto, a perda do estômago funcional na evolução dos
vertebrados com mandíbulas ocorreu múltiplas vezes num padrão que indica perda
secundária. Os principais grupos conhecidos por serem agástricos são Holocephali
(Quimeras), Lepidosireniformes (Peixes pulmonados) e membros de diversas ordens de
actinopterígeos como os Cypriniformes, Beloniformes e Tetraodontiformes. Os
Perciformes (alcabozes) e os Gasterosteiformes (cavalos-marinhos) tambéms são
conhecidos pelas numerosas famílias agástricas. Assim, esta tese centra-se
particularmente na questão relativa à perda frequente de estômago na evolução dos
vertebrados focando-se sobretudo nos genes da H+/K+-ATPase. É fundamental
entender a relação entre a perda de estômago e os genes gástricos. Para isso foram
realizadas análises filogenéticas e de sintenia aos genes da H+/K+-ATPase.
Adicionalmente, os genes da bomba gástrica de protões foram investigados e
identificados em algumas espécies chave. Os resultados mostram de forma clara que a
perda das glândulas gástricas está relacionada com a persistente e completa ausência
do grupo de genes gástricos nas espécies analisadas [H+/K+-ATPase (Atp4a e Atp4a) e
pepsinogénios (Pga, Pgc, Cym)].
O padrão da perda de estômago nos Tetraodontiformes e Cypriniformes também
foi estudada usando uma combinação de técnicas de imunohistoquímica e RT-PCR. De
forma a clarificar o padrão de perda do estômago nos Tetraodontiformes, indivíduos de
diversas famílias com antepassado comum mais antigo foram examinadas: Balistidae,
Monacanthidae e Ostraciidae, assim como da família Tetraodontidae cujo antepassado
comum a outras famílias (Diodontidae) é mais recente. O fenótipo gástrico está
visivelmente ausente em Tetraodontidae assim como em Ostraciidae, no entanto, as
glândulas gástricas e o gene Atp4a estão presentes no estômago da famílias Balistidae
e Monacanthidae. Estes resultados indicam que a perda do estômago ocorreu pelo
menos duas vezes nos Tetraodontiformes. Nos Cypriniformes, a região do tracto
gastrointestinal correspondente ao estômago foi examinada em vários indivíduos da
superfamília Cobitoidea quanto à existência de glândulas gástricas e à expressão da
subunidade α da bomba de protões gástrica (atp4a) já que os vários casos de perda de
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estômago põe em questão a reinvenção do mesmo. Um estômago funcional foi
detectado nas espécies que representam as famílias Nemacheilidae/Balitoridae e
Botiidae mas não na Cobitidae (Misgurnus anguillicaudatus). Portanto, uma linhagem
gástrica evolutivamente contínua é evidente em Cobitoidea sendo improvável uma
reinvenção do estômago em Nemacheilidae/Balitoridae, o que está de acordo com o
princípio de Dollo.
Na origem do desenvolvimento do estômago estão interações importantes entre
a endoderm embriónica do tracto gastrointestinal e o mesênquima subjacente. Os
mecanismos moleculares relacionados com estas interações envolvem a expressão do
gene homeobox BARX1 e dos genes SOX2, SFRP2 e FGF10 (geralmente associados
com o desenvolvimento do estômago) e dos genes homeobox CDX1 e CDX2
(geralmente associados ao desenvolvimento do intestino). Apesar de existirem dados
relativos a algumas variações nos gnathostomas e nos peixes, estes são escassos no
que refere à cascata molecular conducente à diferenciação do tubo digestivo. Assim,
investigou-se o programa de desenvolvimento do tracto gastrointesinal do pata-roxa, um
gnatostomado basal (Scyliorhinus canicula) através de PCR em tempo real,
imunohistoquímica e hibridação in situ. Os resultados sugerem que as glândulas
gástricas começam a aparecer no último estádio de desenvolvimento deste animal,
assim como a expressão da bomba de protões gástrica H+/K+-ATPase. Os genes Barx1
e Sox2 apresentam maior expressão na parte anterior do tracto gastrointestinal
enquanto Cdx2 apresenta maior expressão na parte posterior. Isto sugere que o
programa de desenvolvimento do tubo digestivo está grandemente conservado nos
gnatostomados. Assim, os diversos resultados deste trabalho são extremamente úteis
para esclarecer algumas questões relacionadas com o caso curioso da condição
agástrica de tantos gnatostomados.
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OBJECTIVES
The absence of a functional gastric phenotype in several gnathostome taxa, more
specifically in numerous teleosts, is no longer surprising. However, the molecular
determinants of this condition in such disparate phylogenetic lineages as well as the
precise triggers of this evolutionary puzzle are still poorly understood. Thus, the principal
objective of this work was to determine the proximal causes for the widespread stomach
loss in vertebrate history and to understand the advantages of the stomach-less
condition.
Initially this phenotype was studied in teleost species with genome synteny
analysis of the principal gastric proton pump gene loci, (ATP4A, ATP4B) and Pepsinogen
(PG) using available genomic resources. This was later extended to Chondrichthyes that
covers the first vertebrates to have a stomach (elasmobranchs) and to have lost
(holocephali) as well using BAC libraries and sequencing. This work is described in
Chapter 2 and the main objective was to know if the loss of function/phenotype is
reflected in gene loss to determine whether the pattern of stomach loss is concomitant
with gene loss across distinct vertebrate lineages, and to infer the implications.
The pattern of loss in some fish orders is not well defined. Notably in the
Cypriniformes and Tetraodontiformes where the patterns of inter-family stomach loss are
not resolved. To elucidate these family relationships, the foregut region of members from
key families was examined using histology, immunohistochemistry and PCR to
determine presence/absence of the gastric phenotype/genes. Chapter 3, specifically
addresses the loss of the stomach in the Tetraodontiformes. In the families
Tetraodontidae and Diodontidae, the digestive function of the stomach is replaced by a
defensive function but the origin of gastric gland loss in this order is unresolved since it
is unknown whether more basal members of this order are also agastric which would
indicate if stomach loss was a prerequisite or consequence of the new defensive
function. In Chapter 4 the focus is on the Cypriniformes, which is a largely agastric order
but there are the sister families Balitoridae and Nemacheilidae that have a stomach.
Since a reinvention of the stomach goes against Dollo’s principle but is a possibility, the
more basal family Botiidae was investigated to determine if there was an unbroken
gastric lineage.
The molecular mechanisms behind the developmental origin of the gut involve
expression of the homeobox gene BARX1, CDX1 and CDX2 and other many genes as
SOX2, SFRP2 and FGF10. There is reported variation in gnathostomes and in fishes,
the available data is scarce regarding the molecular cascade leading to gut
x

differentiation. In particular, this includes species, which have a functional stomach and
in their most basal representatives, the Chondrichthyes. Thus, another objective of the
thesis, explored in Chapter 5, was to investigate if the developmental program of the gut
involved the same genes in Scyliorhinus canicula, a basal gnathostomes bearing a
stomach as well as identified the formation of the gastric glands and the gastric proton
pump genes expression.
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CHAPTER 1

GENERAL INTRODUCTION

“The fossil remains of the digestive system are mainly limited to teeth and jaws, which
relate principally to the diet and feeding practices. Therefore, much of the evidence must
be derived from studies of extant species. However, speculations on the evolution of this
system can provide clues as to how animals have adapted to their environment and the
mechanisms that made this possible.”
Stevens and Hume, 1995

Chapter 1- General Introduction

1.1-THE STOMACH
The stomach probably evolve around 450 MYA (Figure 1) and is responsible for
the initial hydrolysis of protein in gastric vertebrates (Broom, 2005). Barrett (2006) also
describe it as “a muscular bag that functions primarily as a reservoir, controlling the rate
of delivery of the meal to more distal segments of the gastrointestinal tract.” However,
the stomach is much more complex than presented in this definition. His morphology can
be described anatomically and histologically (Figure 2a). Depending on the taxonomic
group, the stomach can be, anatomically and functionally, divided in three regions
(Barrett, 2006): the cardia which mostly secretes mucus and bicarbonate to protect the
surface from corrosive gastric contents; the fundus or body region where the acid-pepsin
secreting gastric glands are mostly present and thus, it serves as the main secretory
region. In fishes, these two regions are presented together as anterior cardiac or fundic
region (Harder, 1975). Depending of the families, they also can present two different
types of gastric glands: tubular or acinar/alveolar glands (see below). The third
anatomical region is the antrum or pyloric zone that contain pyloric glands which secretes
mucus and has an extensive motility function, mixing the gastric contents. Generally, the
pyloric region do not contain gastric glands, however mucous glands can be found in

Figure 1- Probable period of stomach emergence during vertebrate evolution. Modified
from online.science.psu.edu/biol110_sandbox_8862/node/8904
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some fishes, as Salmo, Esox, Anguilla and Perca (Harder, 1975). The stomach has four
histological layers: the tunica mucosa is the nearest layer to the lumen and contain the
mucosal epithelium, which contain columnar mucous cells, gastric glands and lamina
propria (Wilson and Castro, 2010). The mucous cells line the stomach surface and will
protect the epithelium from the extreme acidic environment and react positively to neutral
PAS (Periodic Acid Schiff) staining (Figure 2b) (Allen and Flemström, 2005). The
submucosa is an additional connective tissue layer that precede the muscularis that
contain circular and longitudinal layers of striated or smooth muscle. The serosa is the
last layer which consists of mesothelial cells, and loose connective tissue (Wilson and
Castro, 2010).

Figure 2- The stomach from different views. a) Presented anatomically, morphologically and
histologically (Source: www.britannica.com/science/gastric-gland#ref135537) and b) Positive
PAS staining of the stomach mucosa of an adult Scyliorhinus canicula where gastric glands and
mucous cells are well visible. Legend: Lu- lumen; Mc-Mucous cells; Gg-Gastric glands. Scale
bar- 100 µm (results of this work).

Besides these differences, the stomach can have three morphological forms:
straight (I), siphon (U or J- shaped) or cecal (Y- shaped) (Harder, 1975; Stevens and
Hume, 1995; Rust, 2002; Clements and Raubenheimer, 2005). The straight form is found
in Esox genus but is usually more indicative of the absence of the stomach as the case
of Tetraodontiformes (Suyehiro, 1942). The siphon stomach is more common is
Elasmobranchii and Osteichthyes. The cecal form is found in eels and other species that
have a blind sac to store large quantities of food. The stomach is part of the
gastrointestinal tract (GIT) which is a system of organs responsible for food digestion,
absorption of the resulting nutrients and the expulsion of waste products (Smith et al.,
2000). All these mechanisms are performed along the gut divided into the foregut, midgut
and hindgut (Harder, 1975). Initially, the mouth and pharynx (headgut) acquires the food
3
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and mostly process it mechanically but also through salivary enzymes (Stevens and
Hume, 1995; Horn, 1997; Clements and Raubenheimer, 2005) with the help of the
tongue, the teeth and the jaws. The esophagus and the stomach compose the foregut
where the chemical break-down of the food takes place. Generally, the midgut
corresponds to the biggest extension of the gut and it is represented by the intestine
which principally functions in continued food breakdown and the absorption of nutrients.
Finally, the hindgut serves as final place of storage and retrieval of dietary or endogenous
electrolytes and water.
The presence of the stomach is also strongly related with presence of pyloric
caeca in fishes (Barrington 1957; Kapoor et al. 1975). In fish, this organ was described
as an adaptation to increase the gut surface area while caeca in mammals and birds
serves as a place for fermentation (Buddington and Diamond, 1986). Curiously, the
pyloric caeca and stomach gastric glands are the last organs to complete differentiation
during embryonic development (see Wilson and Castro, 2010). In summary, the gastric
glands are specific to the stomach and they also are the principal cellular characteristic
to identify the organ.

1.1.1-GASTRIC GLANDS
The acid-pepsin secreting gastric glands are the principal characteristic
epithelium of a functional stomach. They are found in the mucosa (Figure 2) and they
are composed of the different types of cells which will contribute to protein digestion
(Table 1) (Barrett, 2006). The tubular gastric glands are formed by the cuboidal
oxinticopeptic cells which contain acidophilic granules (zymogen granules). The tubular
glands are more or less linear, generally close together and they are separated by lamina
propria (Barrington, 1942; 1957; Kapoor et al., 1975). Contrarily to these ones, the acinar
or alveolar gastric glands are not so densely grouped and, depending of the species,
they can be more superficial or deeper in the mucosa. They are associated with a lower
acid secretion than implies a higher gastric pH (Wilson and Castro, 2010). In mammals,
the gastric glands in the fundic-body region are characterized by separate pepsinogen
secreting chief cells and hydrochloric acid (HCl) secreting parietal cells (Stevens and
Hume, 1995). The remaining jawed vertebrates, however, secrete both from only one
type of cell- the oxynticopeptic cells (Barrington, 1957; Hirschowitz, 1957; Smit, 1968).
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Initially, a stimuli such as the presence of food in the stomach or even the smell,
taste, sight or thought of food will result in activation of histamine (H2), acetylcholine (M3)
or gastrin (CCK2) receptors located in the basolateral membranes of the parietal cells
(Olbe et al., 2003). This will initiates the signal to activate the gastric proton pump (H+/K+ATPase) in parietal/oxynticopeptic cells which will result in acid secretion (Figure 3). This
acid environment will convert the secreted pepsinogen released by chief/oxynticopeptic
cells to pepsin, which in turn will hydrolyze proteins in the stomach lumen. Thus, the
digestion is regulated by the nervous system, several hormones and various paracrine
factors (Broom, 2005). In this thesis, I will address the two major protagonists of the
gastric glands: the gastric proton pump and the pepsinogens.

Table 1- Different types of cells found in gastric glands, their secretory products and functions
in mammals. Adapted from Barrett, 2006.
SOURCE

Parietal cell
Parietal cell
Chief cell
Surface mucous cells
Surface mucous cells
ECL cells
G cells
Nerves
Nerves
D cells

PRODUCT
Hydrochloric acid (HCl)
Intrinsic factor (IF)
Pepsinogen
Mucus, bicarbonate
Trefoil factors
Histamine
Gastrin
Gastrin releasing
peptide
Acetylcholine (Ach)
Somatostatin

FUNCTIONS

Hydrolysis; sterilization of the meal
Vitamin B12 absorption
Protein digestion
Gastroprotection
Gastroprotection
Regulation of gastric secretion
Regulation of gastric secretion
Regulation of gastric secretion
Regulation of gastric secretion
Regulation of gastric secretion

1.1.1.1-GASTRIC PROTON PUMP
The gastric proton pump is localized in parietal cells of the gastric glands in
mammals and in the oxynticopeptic cells in other gnathostomes and secretes H+ protons
to the lumen of the stomach. Expression in other organs also have been described as is
the case of the kidney (Gumz et al., 2010) and gill of fishes (Choe et al., 2004; Gonçalves,
2008). In the resting state, it is localized to the intracellular tubulovesiclar elements.
When activitated, these membrane elements merge with the apical membrane to form
the canaliculi and the H+ and K+ ions are pumped in opposite directions across the
membrane. The stoichiometry of the electroneutral pump varies from 2:2:1 to 1:1:1 (H+:
K+: ATP) depending on the pH gradient the pump is working against (Abe et al., 2012).
For these reason, the gastric proton pump is called H+/K+-ATPase. The hydrogen ion is
supplied by the intracellular hydrolysis of CO2 by carbonic anhydrase (Hersey and Sachs,
1995). The potassium ion is recycled by an apical K+ channel (Kaufhold et al., 2008).
5
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The Cl- needed to produce hydrochloric acid (HCl), is secreted from a Cl- channel (Figure
3).

Figure 3- Secretion of HCl from gastic proton pump. Adapted from Olbe et al., 2003

The gastric proton pump belongs to P-type ATPase family (phosphoenzymeforming ATPase) or E1-E2-ATPases, more specifically the P IIC ATPase, where we can
also find Na+/K+-ATPase and Ca2+-ATPase (Okamura et al., 2003). Localized in plasma
membranes, the electrogenic sodium potassium pump (Na+/K+-ATPase) moving 3 Na+
out for 2K+ in per ATP and is important for maintaining cell membrane potential. The
electrogenic plasma membrane Ca2+-ATPase excrete the cation out of the cell, while in
sarcoplasmic and endoplasmic reticulum, the pump moves Ca2+ inside these membrane
compartments (Maeda, 2005). The non-gastric/colonic H+/K+-ATPase can also be
included in these family due to its structure and functioning. It can be found in several
organs such as colon, kidney or pancreas and is related with acid base or Na+ and K+
homeostasis (Jaisser et al., 1999; Crambert 2014; Wang et al., 2015). One common
point of these active transporters is the rapid phosphorylation of their proteins upon ATP
hydrolysis (Axelsen and Palmgren, 1998). With the exception of the Ca2+-ATPases,
another particularity is the formation of a heterodimer with a specific β-subunit. Thus, the
gastric H+/K+-ATPase is a heterodimer constituted of a catalytic α-subunit, genetically
encoded by ATP4A, and a non-catalytic β-subunit, encoded by ATP4B. This β-subunit is
essential for the structural and functional maturation of the active molecule and
modulation of the enzyme’s affinities for cations (Chow and Forte, 1995). In the case of
6
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non-gastric/colonic H+/K+-ATPase, it can function with a β-subunit of the gastric proton
pump or from Na+/K+-ATPase (Jaisser et al., 1999).
The primary structure of the gastric proton pump was first obtained from rat αsubunit (Shull and Lingrel, 1986) resulting in a 5’ untranslated region around 30
nucleotides, a coding sequence with more than 3000 nucleotides and a 3’ untranslated
regions with 300 nucleotides approximately. The sequences of H+/K+-ATPase and
Na+/K+-ATPase are highly related. For example in pig they share 60% of identity
(Klaassen and De Pont, 1994).
The gastric H+/K+-ATPase has been immunolocalized to the apical region of the
chondrichthyan Dasyatis Sabina commonly known by Atlantic stingray using a porcine α
subunit antibody (Smolka et al., 2004). This antibody shows apical immunoreactivity in
several species of fishes (see Wilson and Castro, 2010 for references). The expression
of the gastric proton pump has been also confirmed by hybridization in situ (Gawlicka et
al., 2001; Darias et al., 2007).
The cellular mechanisms behind gastric acid production have been conserved for
more than 400MYA suggesting an important selective advantage since it prevent
infections protecting against GIT pathogens, facilitates the digestion by activation of
pepsinogen and absorption of iron, calcium, cobalamin (vitamin B12) and nutrients
(Koelz, 1992; Pohl et al., 2008). Moreover, gastric acid is toxic for live prey (Dorris, 1935),
it is helpful for decalcification of ingested exoskeletons in many fishes (Sullivan, 1905)
and it may modulate feeding behaviors (Pohl et al., 2008).

1.1.1.2-PEPSINOGENS
Pepsinogens are gastric digestive proteases that belongs to the aspartic protease
family. These zymogens are converted to their respective pepsins under the acidic
environment of the gastric lumen with the release of the NH2-terminal activation
segments, changing their structural conformation (Richter et al, 1998; Kageyama, 2002).
They are extensively studied since the levels of pepsinogens in gastric mucosa and
pepsins in gastric juice are high. Moreover, pepsins have high proteolytic activity and
their enzymologies are well known, as are their primary and tertiary structures and
related functions (Herriott, 1938). Five types of pepsins and precursors are known as
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pepsinogen A, B, F, C (progastricsin) and prochymosin which are precursors of pepsin
A, B, F, gastricsin and chymosin, respectively (Foltmann, 1981; Kageyama, 2002).
Furthermore, several isozymogens have been described, especially for pepsinogen A.
In Figure 4, it is possible to see that in humans there are three PGA isozymes, all product
of different genes (Evers et al., 1989; Zelle et al., 1988). However, some isozymes can
also be result of secondary modification such as phosphorylation (Tang et al., 1973) or
glycosylation (Kageyama and Takahashi, 1978; Martin et al., 1982). With this variability,
and since the first sequences of pepsinogens were obtained with protein techniques (see
Kageyama, 2002), identifying the type of pepsinogen is consistent when associated with
protein structure information and the three regions that can be identified in amino acid
sequences: the signal peptide (prepeptide), the activation segment (propeptide) and the
active enzyme moiety (pepsin moiety).

Figure 4- Genomic map of the pepsinogen genes of human. Legend: Ψ- pseudogene; PGCpepsinogen C; PGB- pepsinogen B; CHY- prochymosin; PGA- pepsinogen A. Pepsinogen F
not found.

Pepsinogen A predominate in mammals but together with pepsinogen C, they are
the most highly expressed pepsinogens in adult vertebrates. Prochymosin and
pepsinogen F are usually associated with fetal stages and Pepsinogen B is difficult to
detect by routine assay procedure being not well studied. When comparing mammals,
the pepsinogen levels in gastric mucosa are higher in herbivorous than in omnivorous
and carnivorous. Kageyama (2002) explained this by the fact that herbivore animals that
ingest low-protein foods, need more pepsinogens to increase efficiency of protein
digestion.

Pepsinogens are mostly found in the stomach, however, pepsinogen C was also
found in intestine, lung, seminal vesicles, pancreas and even prostate. Frog has high
expression in esophagus (Yakabe et al., 1991). The pepsinogen C likely retains some
8
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ancestral characteristics of a housekeeping tissue protease in these extragastric sites
(Deng et al., 2010). Progastricsin has been useful in detecting some stomach diseases
since small amounts of gastric pepsinogens are known to be secreted into serum with
their presence indicating malignancies such as gastric cancer (Axelsson 1992).

1.2-STOMACHLESS VERTEBRATES
As described above, the stomach is an important and evolutionarily adapted
organ in vertebrates, more specifically in gnathostomes. Since jawless fishes such as
lampreys are agastric (Koelz, 1992; Stevens and Hume, 1995), the evolutionary
emergence of the stomach correlates with the development of the jaws (Barrington,
1941) (Figure 1). However, numerous species live without this organ, as is the case in
many teleosts and even the mammal platypus (Ornithorhynchus anatinus) (Figure 5)
(Barrington, 1941; Ordoñez et al., 2008; Wilson and Castro, 2010). Thus, stomach loss
condition covers 7% of the teleost families and 27% of the species (Wilson and Castro,
2010). Usually, the agastric species have two specific characteristics: histologically the
gastric gland and oxynticopeptic cells are absent and the stratified epithelium of the
esophagus connect directly to columnar epithelium of the intestine. Additionally, neither
pepsin nor hydrochloric acid are produced (Helfman et al., 2009).
There have been a few studies about the relationship between diet and the
absence of the stomach that have clarify some anatomical (Horn et al., 2006) and
biochemical (Day et al., 2011) differences between different types of stomach-less fishes
and diet These studies have demonstrated that the agastric condition is apparently not
related with the diet (Logothetis et al., 2001; Horn et al., 2006) since stomach-less fishes
can be herbivores, omnivores, detrivores or carnivores (Horn et al., 2006). On the other
hand, the stomach-less fishes also are adapted to various environments, since fresh
water to seawater and differences in digestion are also found in this comparison (Day et
al., 2011). Barrington (1941) proposed a probable secondary loss of the stomach to
justify its absence. Moreover, the more recent ancestor that lacks a stomach and origin
a stomachless family can also have a family with stomach successor (Reifel and Travill,
1978) (Figure 5).This appoint to multiple independent loss events of acidic function
during teleost evolution (this matter is more extensively addressed in chapter 2) and
suggest several adaptations in stomach-less fishes. In fact, some agastric fish like
pufferfish Takifugu rubripes adapted their false stomach to an alternative defensive
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function (Kurokawa et al., 2004). The pufferfish are teleosts that belong to
Tetraodontiformes and they are known to be stomach-less. In spite of this, they retain
the pepsinogen pPep (=pga1) in the skin with typical structure and probably lost the other
with the degeneration of the gastric glands during the evolution of Tetraodontiformes
(Kurokawa et al., 2004). To clarify the pattern of loss in this order, a study was done with
other families in chapter 3.

Figure 5- Vertebrates evolution and appearance of the stomach in cartilaginous fishes
(catshark). Some stomach loss events are shown.

The Cypriniformes constitute another teleost order particularly known for the
presence of several cases of agastric families. The most familiar cypriniform in the
scientific community would certainly be the model zebrafish Danio rerio that has been
extensively studied. However, other members of this order can be very interesting to
study the loss of stomach as the watherloach Misgurnus anguillicaudatus that has adapt
its intestine to respiratory functions as an accessory air breathing organ (McMahon and
Burggren, 1987; Gonçalves et al, 2007). The weatherloach and other loaches were more
extensively studied to understand the pattern of loss in this group of the vast
Cypriniformes order. This work is found in chapter 4.
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1.2.1-GENE LOSS
In the past decades, several vertebrate genomes have become available (Figure
6). Among the various important findings, they revealed an incredible number of gene
loss events. These losses can be associated to loss of redundant gene duplicates
without apparent functional consequences (Albalat and Cañestro, 2016). The loss of a
gene can also be a consequence of a sudden mutational or deletion event or of a slow
process of pseudogenization that consists of an accumulation of mutations and
consequent loss of gene function (Wessinger and Rausher, 2015; Albalat and Cañestro,
2016). In 1967, Ohno and co-workers identified gene duplication as the primary factor of
evolution. In particular, whole-genome duplications (WGD) are probably major
evolutionary events that gave rise to the genome organization of vertebrates, although
the exact timing (pre or post agnathans) is still disputed (Smith and Keinath, 2015). There
are three WGD events proposed to elucidate vertebrate history: 1R (R-round) and 2RWGD experienced by the vertebrate ancestor. An additional 3R (FSGD) occurred in
specific in teleost lineage (Meyer and Van Peer, 2005). This has been associated with
the immense morphologic, physiologic, behavior and ecology diversity found in teleosts
(Sato and Nishida, 2010). Thus, genome structure and composition is highly dynamic
with gain and loss of genes being part of evolution (Demuth and Hahn, 2009).

Figure 6- Graphical representation of the vertebrate genomes available at NCBI. Based on
http://www.ncbi.nlm.nih.gov/genome/browse/

The duplication of genes is well documented, however, less is known about the
loss of genes. For example, a gene can degenerate due to an evolutionary change in
the ecology of the organism. Under novel selective pressures that will eliminate the
necessity of a gene function, the selection of this gene relaxes and, consequently, a
degenerative mutation take place (Wessinger and Rausher, 2015). When the genes
have other important functions, the loss of the gene is not expected as for genes related
11
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with the development of the eyes in blind cavefish, since they are involved in other
developmental processes (Jeffrey, 2009).
Following Dollo’s principle, a complex trait cannot re-evolve after loss, at least not
in the same way and it seems improbable to assist to reemergence of the stomach (Collin
and Miglietta, 2008). However, this theme will be more extensively discussed on chapter
4 with the specific case of the loaches (Cypriniformes).

1.3-GUT DEVELOPMENT
Embryonic development has been well studied in several vertebrate species
(Table 2). During their development, all these species have many differences such as
developmental timing for fin development (Richardson et al., 1997), ossification (Mabee
et al., 2000), innervation (Vieira and Johnson, 1999), or final somite number (Richardson
et al., 1998). The time required to complete formation of the embryo is also characteristic
of each species and the embryo can hatch/born completely developed or not (Table 2).
For example, fin rays of medaka only develop after the hatching (Iwamatsu, 2004). But
in spite of this, numerous mechanisms are common. During gastrulation, all vertebrates
develop through three primary germ layers responsible for the formation of different
tissues and organs. While ectoderm will give rise to the skin and central nervous system,
mesoderm will produce blood, bones and muscle (Wells and Melton, 1999). Endoderm
derived together with mesoderm from a precursor cell population known as
mesendoderm (Zorn and Wells, 2009), and will be essential for the formation of the heart,
the thyroid, the respiratory tract (lungs) and the gut as well as its derived organs such as
liver and pancreas (see Roberts, 2000).

During early gut development, several turning and folding movements occur in
the embryo during the gastrulation. Then, the first anterior invagination of the definitive
endoderm and the growth and differentiation of the splacnhic mesenchyme happen too.
A second posterior invagination, form the two ends of the tube and begins the
internalization of the gut (Roberts, 2000). Following the invaginations, a splanchnic
mesenchyme will growth and differentiate to form a splanchnic mesoderm associated
with the endoderm undergoes smooth muscle differentiation formed around the gut tube.
Later, the gut will modify its morphology and three regions will be morphologically,
histologically and functionally differentiates as hindgut, foregut and midgut (Romanoff,
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1960; Karam et al., 1997; Roberts, 2000). These primordial cell interactions are common
among animals and the mechanisms behind these events seem to be evolutionary
conserved between vertebrates (Wells and Malton, 1999; Roberts, 2000).

1.3.1- HOMEOBOX GENES
Various genes expressed at precise timings of development along the gut before
the epithelial morphogenesis will be decisive to allow different paths in GIT differentiation
(Kim et al., 2005). Homeobox genes are important in this process. These genes encode
homeodomain proteins. Homeobox genes act as transcription factors regulating the
expression of downstream genes resulting in changes in cell behavior and identity
(Holland, 2013).
Examples such as Barx1, Cdx1 and Cdx2 have been studied in several models
and recognized by their role in the development of the stomach and intestine (Beck et
al., 2000; Fukuda and Yasugi, 2005). Barx1 has a crucial role in stomach formation in
mammals since it suppresses the Wnt signaling present in early stomach endoderm
through regulation of SFRPs, permitting stomach epithelial differentiation (Figure 7).
Without this suppression, the endodermal cells assume an intestine epithelial character
(Kim et al., 2005). The homeobox genes Cdx1 and Cdx2 are involved in the early
differentiation and maintenance of the intestinal epithelium (Silberg et al., 2000). In spite
of not be a homeobox, SOX2 is important for understanding gastric glands formation. In
chicken, the secreted factor Shh regulates gland formation by GATA5 and SOX2. While
Shh (sonic hedgehog) and SOX2 are both uniformly present in the epithelium before the
formation of the glands, GATA5 is not expressed. The gland formation happens when
Shh is down regulated followed by the consequent upregulation of GATA5 and
downregulation of SOX2 (Fukuda and Yasugi, 2005). However, Fukuda and co-workers
(2003) suggested that the downregulation of Shh alone in the proventriculus is not
enough for the glands formation and some mesenchymal influence is required The
fibroblast grow factor 10 (Fgf10) is another important gene in gut development related
with the gastric glands formation in chicken proventriculus (Shin et al., 2006) and mouse
stomach (Nyeng et al., 2007). A delay in the glands and epithelial development was
reported in downregulation of this gene (Shin et al., 2006). Then, Fgf10 signaling is
fundamental for the control of progenitor maintenance, morphogenesis and cellular
differentiation of the stomach (Nyeng et al., 2007).
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Table 2- Comparison of the development stages between several vertebrates. 1 Based in Hisaoka and Battle, 1958; 2 58 days to complete metamorphosis; 3 Theiler Stages (Theiler, 1989) and Downs and
Davies Stages (Downs and Davies, 1993) are other mouse development staging; 4 Human is considered an embryo during 60 days (9 weeks) after which he is considered a fetus. His total gestation complete
287 days.

COMMON NAME

SARCOPTERYGII

OSTEICHTHYES

ACTINOPTERYGI

AND SPECIE

Catshark
Scyliorhinus canicula
Longnose Gar
Lepisosteus osseus
Medaka
Oryzias latipes
Zebrafish
Danio rerio
Rainbow trout
Oncorhynchus mykiss
Atlantic Cod
Gadus morhua
Green Spotted Pufferfish
Tetraodon nigroviridis
Axolotl
Ambystoma mexicanus
Frog
Xenopus laevis
Leopard Gecko
Eublepharis macularius
Chicken
Gallus gallus
Mouse
Mus musculus
Human
Homo sapiens

DEVELOPMENT TIME OF THE
TYPE OF VERTEBRATE

EMBRYO BEFORE
HATCHING/BORN (DAYS)

NUMBER OF DEVELOPMENT

DEVELOPMENT

STAGES

TEMPERATURE (°C)

REFERENCE

Chondrichthyes

145-175

34

16

Ballard et. al., 1993

Holostei

6

34

17-21

Long and Ballard, 2001

Beloniformes

9

39

26±1

Iwamatsu, 2004

Cypriniformes

3

201

28,5

Kimmel et al., 1995

Salmoniformes

85

37
30 to hatch

10-12

Vernier, 1969

Gadiformes

≈10

ND

7±0,2

Hall et al., 2004

Tetraodontiformes

3

32
29 to hatch

27,3

Zaucker et al., 2014

Amphibian

13-15

43

18±0,5

Amphibian

262

66
50 to hatch

23

Reptilian

52-54

42

28

Wise et. al., 2009

Avian

20-21

46

37,5

Hamburger and
Hamilton, 1951

Mammalian

18-21

213
19 to born

36,9

Hill, 2016

Mammalian

604

23

36,5

Hill, 2016

14

Bordzilovskaya et al.,
1989
Nieuwkoop and Faber,
1994
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A study was performed to address the role and conservation of all these
transcription factors in gut development in the small spotted catshark Scyliorhinus
canicula (chapter 5).

Figure 7- Stomach differentiation during gut development. Source: Wilson and Castro, 2010.
Adapted from Kim et al., 2005

1.3.2- CATSHARK- SCYLIORHINUS CANICULA
Chondrichthyans, also known as cartilaginous fishes, are the first representatives
of the most basal jawed vertebrates and they also are the first to present a functional
stomach. They present pair fins and nostrils and a skeleton made of cartilage rather than
bones (Nelson, 2006; Coolen et al., 2008). These fish can be divided in Elasmobranchs
(sharks and rays) and Holocephalans (chimaeras) (Nelson, 2006). All have an internal
fertilization by means of male claspers inserted in the female cloaca and oviduct and
they can be viviparous, oviparous, or ovoviviparous (Musick and Ellis, 2005). The eggs
laid externally are recognized to be structurally complex and have extremely durable
shells. The source of fetal nutrition also can be varied since the oviparous are related
with a lecithotrophic mode of reproduction, were the embryo receives nutrition only from
the yolk originally contained within its egg. On the other hand, viviparous chondrichthyes
have both lecithotrophic and matrotrophic reproduction were an additional nutrition is
supply by the progenitor.

The smaller-spotted catshark Scyliorhinus canicula is an elasmobranch of the
Scyliorhinidae family (Carcharhiniformes order) (Nelson, 2006) and one of the smallest
catshark species known (Coolen et al., 2007) (Figure 8). This catshark is oviparous
single or external since, after reproduction, the females deposit one egg from each
15
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oviduct at the time, usually in pair, during a reproductive season resulting in tens or
hundreds of fertilized eggs (Musick and Ellis, 2005). In spite to have a peak frequency in
the spring, the females can lay eggs during all the year (Coolen et al., 2008). The
embryonic development has been studied and it is possible to access to development
stages description from Ballard and co-workers (1993) that complete the previous
version of Balfour (1876). Thus, the catshark S. canicula has an embryonic development
of approximately 5 months (at 16ºC) classified into 34 developmental stages.
Scyliorhinus canicula is relatively easy to maintain and the reproduction is controllable in
laboratory. Because it is a common animal with a small size and due to his phylogenetic
position, the catshark S. canicula has been a model for many studies of fin (Freitas et
al., 2006), axis (Coolen et al., 2007), or brain symmetry (Lagadec et al., 2015)
development. For the developmental chapter of this thesis (chapter 5), the study was
done in this animal with the idea that the Chondrichthyes are the first group of known
extant animals that developed a functional stomach.

Figure 8- Catshark Scyliorhinus canicula. a) Adults; b) eggs with 2 days; c) juvenile with
6 months.

1.4-ORIGIN AND EVOLUTION OF THE VERTEBRATES
Around 500 MYA, in the late Cambrian Period, Haikouichthys and Metaspriggina
(Figure 9) were taking the high oxygen level in ocean that allowed an increase in energy
to live (Janvier, 2015). The recent break-up of the supercontinent allowed new fertile and
shallow-water environments for many species that conveniently evolve. During this
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“Cambrian Explosion” most extant phyla appeared. Between these new species, some
developed pair sensory organs, pharyngeal slits and myomeres. Haikouichthys and
Metaspriggina began one of the most significant evolution until Homo sapiens since they
are today recognized as the closest relative vertebrate fossils.

Figure 9- Representation of two of the closest vertebrate fossils known at these days. Adapted
from a- Glassman in www.coursera.org; b- Chan in www.coursea.org.

The vertebrate sub-phylum represents a large clade which includes mammals,
birds, reptiles, amphibians and fishes and that belong to the Chordata phylum. The
vertebrates share features (synapomorphies) with Urochordates (tunicates) and
Cephalochordates (amphioxus) (Figure 10). These synapomorphies are not present in
all adult forms, but they are visible in the embryo of all the vertebrates (at least for a
while) during development. The vertebrates also share a distinct head and brain at the
anterior termination of the body. This characteristic allowed the development of the
sensorial organ pairs. Due to fragility of the brain and nerve cord, cartilage and different
types of bone developed in vertebrates as new and specific tissue. Fossil records present
a well-defined evolution of non-ossified chordates to ossified vertebrates making the
bone (as well as relative development cells and processes to form it) one of the specificity
of the vertebrates. Vertebrate embryos also are characterized by the neural crest cells
firstly formed along the edges of the hollow dorsal nerve cord (Bronner, 2015). These
cells migrate and will contribute for different type of tissue as cartilages and bones of the
skull, cells of the sensory nerves and sensory organs, pigment cells of the skin and will
incorporated the nervous system. Moreover, these cells will help to form several
hormone-producing organs. Thus, the neural crest cells are probably the most significant
evolutionary innovation that characterize vertebrates from other animals. But what really
distinguished the vertebrates of the other chordates resulted of notochord
evolution/substitution: the vertebral column. The exclusive characteristic of vertebrates
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consist in a segmented series of bones (vertebrae) separated by non-vertebral discs that
contain a cavity (spinal canal) which protect the spinal cord. Together with the brain, the
vertebral column compound the central nervous system. Numerous fossils of
vertebrates, as extinct Ostracoderms, the armored agnathans (Donoghue and Keating,
2014), were found from this period, however no data were found of jawed vertebrates
(Gnathostomata) until Ordovician-Silurian extinction time. Several hypothesis are in
discussion about the origin of the jaw (see Miyashita, 2015), however its role in adaptive
radiation of jawed vertebrates is incontestable. Therefore, the gnathosthomes compound
two-crown group: the cartilaginous fishes (Chondrichthyes) and bony fish (Osteichthyes).
The Chondrichthyes include sharks, rays and all their relatives. While the Osteichthyes
include all bony fishes, amphibians, reptiles, birds and mammals. The first gnathostomes
were voracious predators since the jaw allowed them to catch, hold and eat other animals
and this was a selective advantage. Probably not before that time, another important
vertebrate characteristic was emerging too: the stomach.

Figure 10- Vertebrates in chordates evolution. Adapted from
https://online.science.psu.edu/biol110_sandbox_8862/node/8904 and
http://slideplayer.com/slide/3466292/
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1.4.1- FISHES
The fishes represent almost half of the present number of vertebrates and they
are adapted to a large habitat diversity (Helfman et al., 2009). Phylogenetically they
include

jawless

agnathans,

chondrichthyans,

sarcopterygians

(lungfishes

and

coelacanths) and actinoperygians (sturgeons, gars, bowfins and teleosts). The fishes
vary greatly in trophic anatomy, feeding behavior and digestive physiology due to their
high diversity, variety of habitats and numerous differences between them. The fishes
are a successful group probably because of their ability to exploit the vast trophic
resources (see Clements and Raubenheimer, 2005). Therefore, they are great models
to several type of studies, including understanding differences between gastric and
agastric animals. Inside the fishes group, the teleosts can be the most studied due to
their number since they represent 96% of all the living fishes with 23600 species
described (Hickman et al., 1997). These bony fishes, which evolved from Neopterygians
around 245 MYA, include several species that were crucial for the development of
numerous parts of this work.
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ABSTRACT
The stomach, a hallmark of gnathostome evolution, represents a unique
anatomical innovation characterized by the presence of acid- and pepsin-secreting
glands. However, the occurrence of these glands in gnathostome species is not
universal; in the nineteenth century the French zoologist Cuvier first noted that some
teleosts lacked a stomach. Strikingly, Holocephali (chimaeras), dipnoids (lungfish) and
monotremes (egg-laying mammals) also lack acid secretion and a gastric cellular
phenotype. Here, we test the hypo-thesis that loss of the gastric phenotype is correlated
with the loss of key gastric genes. We investigated species from all the main
gnathostome lineages and show the specific contribution of gene loss to the widespread
distribution of the agastric condition. We establish that the stomach loss correlates with
the persistent and complete absence of the gastric function gene kit -H+/K+-ATPase
(atp4a and atp4b) and pepsinogens (pga, pgc, cym)- in the analysed species. We also
find that in gastric species the pepsinogen gene complement varies significantly (e.g.
two to four in teleosts and tens in some mammals) with multiple events of
pseudogenization identified in various lineages. We propose that relaxation of purifying
selection in pepsinogen genes and possibly proton pump genes in response to dietary
changes led to the numerous independent events of stomach loss in gnathostome
history. Significantly, the absence of the gastric genes predicts that reinvention of the
stomach in agastric lineages would be highly improbable, in line with Dollo’s principle.
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2.1-INTRODUCTION
Gene duplication is a powerful event underscoring evolutionary change (Ohno,
1970). In effect, genome duplications in vertebrate history (2R and 3R) have been linked
with the evolution of novel morphological and physiological traits (Shimeld and Holland
2000; Braash et al. 2009; Hoffmann et al. 2012). In parallel, the impact of gene loss on
phenotypic variation and diversity has been less explored, though gene extinction events
are frequent in evolution and have phenotypic impacts (Opazo et al., 2008; Kuraku and
Kuratani 2011; Zhao et al 2012; Hiller et al., 2012). The stomach, a specialised segment
of the gut, is characterised by the occurrence of acid (HCl) and pepsin producing gastric
glands (Koelz, 1992). It represents a notable case of morphological variability as first
noted by Aristotle (345 BC) while commenting in his Historia Animalium about “the
diversity of shapes” (Wentworth-Thompson 1910). Gastric glands first appeared
approximately 450 million years ago and represent a key functional innovation found
exclusively in jawed vertebrates (Figure 1) (Koelz 1992). Invertebrate chordates such as
amphioxus or ascidians lack a stomach, as do the jawless lampreys and hagfishes.
Evolutionarily, the acquisition of an acidic luminal environment extended the spectrum of
dietary protein sources. At low pH, long proteins are denaturated facilitating the action of
endopeptidases, which also evolved to operate optimally at these low pH levels (Koelz
1992; Kageyama 2002). The improvement by low pH of phosphate (Sugiura et al. 2006)
and calcium (Pohl et al. 2008, Bucking and Wood 2009) uptake as well as the effect as
a barrier against pathogen entry to the intestine, were also probably beneficial (Koelz
1992).
From the eighteenth to the twentieth century, a string of findings uncovered the
significance of acid gastric secretion in digestion as well as the identification of its
functional components, the pepsin and the gastric proton pump (Srodka 2003). The
gastric proton pump is an H+/K+-ATPase belonging to the P type ATPase IIC subfamily
that is capable of pumping H+ against a 160mM gradient (Shin et al. 2009). It is a
heterodimer composed of unrelated subunits: the HKα (alpha subunit), encoded by atp4a
and the HKβ (beta subunit) encoded by atp4b. Atp4a has been isolated and
characterized in various vertebrate classes including the Atlantic stingray, a cartilaginous
fish (Smolka et al. 1994; Choe et al. 2004). The gastric atp4b is unique amongst the Ptype IIc family of ATPase beta subunit genes in being the sole partner for atp4a in vivo
(Chow and Forte 1995; Shin et al. 2008). Fundamental to gastric function are the
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pepsinogens such as pepsinogen A (pga), pepsinogen B (pgb), pepsinogen F (pgf),
progastricsin (pgc), and prochymosin (cym) (Kageyama 2002). These are precursors of
the pepsin enzyme, which is activated at low pH and digests proteins into smaller
peptides making them available for further digestion and absorption (Kageyama 2002).
The diversity of pepsinogen gene families has been suggested to underscore differences
in substrate specificity (Kageyama 2002; Narita et al. 2002).

Figure 1- Phylogenetic relationships between extant chordate lineages. Plus and minus signals
represent the presence or absence of gastric glands. Timings of whole genome duplications (2R
and 3R) are indicated.

Surprisingly, acid-pepsinogen producing glands are absent in several
gnathostome lineages. The French zoologist Georges Cuvier (1805), on the basis of
gross morphology, first observed that some teleost groups (e.g. cyprinidae and labridae)
lack a stomach. The number of observations of the agastric phenotype in teleost fishes
has expanded greatly over the past 200 years. A conservative estimate indicates the
occurrence of 15 independent loss events covering seven families and 20-27% of
species (Wilson and Castro 2010). Significantly, the lack of gastric acid secretion is not
limited to the teleost lineage and Holocephali, dipnoids and monotremes also exhibit an
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agastric gut (Figure 1) (Stevens and Hume 2004). The molecular foundations for the
occurrence of distinct stomach phenotypes in gnathostome lineages are still unclear. The
lack of gastric glands in platypus coincides with the loss of the gene repertoire involved
in gastric digestion (Ordoñez et al. 2008). Here, we test the hypothesis that absence of
the gastric phenotype is correlated with absence of key gastric genes. We investigate
whether the extensive distribution of the agastric phenotype in vertebrate history is
paralleled by differences in gene complement, namely the pepsinogens and the
atp4a/atp4b genes. Taking advantage of full genome sequences from all major
vertebrate classes, we show that the lack of a stomach phenotype (acid secretion and
pepsin activity) correlates with the targeted deletion or inactivation of the gene repertoire
involved in the gastric function, in all of the examined species.

2.2- MATERIAL AND METHODS
2.2.1- DATABASE SEARCHES AND SYNTENY ANALYSIS
The full coding sequences of the human orthologues of ATP4A, ATP4B and
pepsinogen genes were used as query for TBLASTN searches in the Ensembl (release
69) and GenBank databases. The genomes of 14 vertebrate species were investigated:
Homo sapiens (human, gastric, GRCh37), Mus musculus (mouse, gastric, GRCm38),
Monodelphis domestica (opossum, gastric, BROADO5), Gallus gallus (chicken, gastric,
WASHUC2), Anolis carolinensis (anolis, gastric, AnoCar2.0), Xenopus tropicalis
(western clawed frog, gastric, JGI_4.2), Gasterosteus aculeatus (stickleback, gastric,
BROADS1), Oryzias latipes (medaka, agastric, MEDAKA1), Takifugu rubripes
(pufferfish, agastric, FUGU4), Tetraodon nigroviridis (green-spotted pufferfish, agastric,
TETRAODON8), Gadus morhua (cod, gastric, gadMor1), Oreochromis niloticus (Nile
tilapia, gastric, Orenil1.0), Xiphophorus maculatus (platyfish, agastric, Xipmac v. 4.4.2)
and Danio rerio (zebrafish, agastric, Zv. 9). The genomic location of each gene of interest
was identified along with the two closest flanking genes. The orthology of each gene was
verified through phylogenetics (not shown). The Callorhinchus milii genome was
searched with TBLASTN at http://esharkgenome.imcb.a-star.edu.sg/Blast/.
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2.2.2- ALIGNMENT AND PHYLOGENETICS
The retrieved aminoacid sequences were aligned using MAFFT with the L-INS-i
method (Katoh et al. 2005). The accession numbers or Ensembl codes for each
sequence are indicated in electronic supplementary material S1. Gaps were removed
from each alignment. The final alignment datasets were as follows: 21 alpha subunit
sequences (768 amino acids length), 47 beta subunit sequences (207 amino acids
length) and 42 aspartic protease sequences (283 amino acids length). To determine the
best model of amino acid substitution PROTTEST2 was run (Abascal et al., 2005). The
selected models were LG+I+G+F (alpha subunit), LG+I+G (beta subunit) and
WAG+I+G+F (aspartic proteases). The maximum-likelihood trees were reconstructed
using PHYML online (Guindon et al., 2010), and confidence in each node was assessed
by 1000 bootstrap replicates of the data (presented as percentage of trees). The same
aspartic protease amino acid alignment was used to reconstruct a neighbour-joining (NJ)
tree (Saitou and Nei, 1987) using standard settings with CLUSTALX v. 2.0.11 (Larkin et al.,
2007). Trees were visualized with TREEFIG. The atp4a and atp4b trees were rooted using
Ciona intestinalis as an outgroup. The pepsinogen tree was rooted with CTSE-like
sequences.

2.2.3- ISOLATION OF CHICKEN ATP4A AND CATSHARK ATP4B
Chicken (G. gallus) specimens were obtained commercially in Portugal and killed
by cervical dislocation prior to tissue sampling. Catsharks (Scyliorhinus canicula) were
obtained locally and anaesthetized with tricaine methylsufonate (1:5000 MS-222
Aquapharm UK) pH 7,5 and killed by cervical transaction. Animals were treated in
accordance with the Portuguese Animal Welfare Law (Decreto-Lei no.197/96) and
animal protocols approved by CIIMAR/UP and DGV (Ministry of Agriculture). RNA was
isolated from gastric samples with Illustra RNAspin mini kits with on column DNase I
treatment (GE Healthcare, UK). Concentration and purity of RNA were assessed and
1mg of total RNA converted into first strand cDNA with oligo-dT primer and SuperScriptIII
Reverse transcriptase (Life Technologies, USA). The polymerase chain reaction (PCR)
and rapid amplification of cDNA ends (RACE) methods (SMARTer RACE, Clontech,
USA) were used to isolate complete ORF of atp4a and atp4b in chicken and catshark.
The Phusion Flash hot start high fidelity polymerase mix was used for all PCR protocols
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with the manufacture recommended conditions (Life Technologies; reaction details and
primer pairs in electronic supplementary material S1).

2.2.4- ISOLATION AND SEQUENCING OF THE “ATP4B” BAC CLONE IN C. MILII
Our search of the 1.4_ assembly C. milii genome identified partial sequences of
atp4b locus flanking genes Tmco3 (AAVX01006853.1) and Grk1 (AAVX01074983.1).
PCR primers designed for these gene fragments were used to screen pooled DNA of a
C. milii BAC library (IMCB_Eshark BAC library; B. Venkatesh 2013, unpublished data)
comprising 92 160 clones in a three-step PCR screening. Two positive BAC clones were
confirmed by PCR amplification of the gene fragment and sequencing the PCR
amplicons. The intergenic space between Tmco3 and Grk1 was sequenced through a
combination of BAC primer walk sequencing and BLAST of the 1.4x genome assembly
of C. milii. Degenerate primers to the atp4b second exon were also used to PCR from
elephant shark genomic DNA
(Atp4BFexon2 5’ GGATCTCCCTGTACTACGTGgcnttytaygt 3’ and Atp4BRexon2 5’
CGGTCCTGGTAGTCGggngyrtangg 3’).

2.3- RESULTS
2.3.1- AGASTRIC SPECIES HAVE LOST ATP4A AND ATP4B
We investigated the genome sequences of 14 species covering a wide range of
evolutionary lineages, where the presence or lack of a stomach phenotype is well
established (Figure 1). The analysed species included mammals, reptiles and birds, and
teleosts. We further confirmed the presence/absence of gastric glands through
histological analysis in some fish species (gastric: catshark S. canicula, stickleback G.
aculeatus, armoured catfish Hypostomus plecostomus, mudskipper Periophthalmus
barbarus; agastric: green-spotted pufferfish T. nigroviridis, zebrafish D. rerio, lungfish
Protopterus annectens; electronic supplementary material S2).
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We started by establishing the phylogenetic distribution of atp4a and atp4b genes.
Sequences with similarity to both gene families were found in anolis, western clawed frog
and most mammals, with the exception of platypus, as was previously reported (Ordoñez
et al., 2008) (not shown). No atp4a sequence was found in the chicken genome (see
below). In teleosts, atp4a and atp4b genes were uniquely recovered in stickleback, cod
and tilapia. Phylogenetic analyses clearly show that these sequences are orthologous of
atp4a and atp4b (Figure 2A and 2B). To investigate whether incomplete genome
coverage or true gene loss was the cause behind the apparent absence of atp4a and
atp4b, we next examined their respective genomic loci. The atp4a locus displays a strong
degree of synteny in all the analysed tetrapod species (Figure 3A). A different conserved
gene set is found in the vicinity of the teleost atp4a represented here by the stickleback,
cod and tilapia (Figure 3A). In the agastric teleost species even though a strongly
conserved syntenic block is found, there is no evidence for an intervening atp4a gene
ORF. Surprisingly, we were unable to find in the current chicken genome assembly hits
similar to atp4a, or any of the flanking gene families (e.g. Tmem147). The finding was
surprising since birds undoubtedly have HCl secretion (Koenig et al. 1987). To determine
whether atp4a was unsequenced in the chicken genome we undertook a PCR approach
to isolate a complete atp4a sequence. Our results indicate that the gene is present in the
chicken genome (Figure 2A). Independently, we also found atp4a orthologue in two other
birds: Falco peregrinus (peregrine falcon) and Pseudopodoces humilis (Tibetan groundtit).
Regarding the atp4b loci, a strongly conserved gene arrangement was found in
both tetrapods and teleosts (Figure 3B). Again, the agastric species have no intervening
atp4b ORF. Thus, we find an absolute correlation between the agastric phenotype and
the absence of either proton pump genes in the expected genomic locus. The
preservation of the gene loci arrangements in combination with the phylogenetic analysis
indicates that gene deletion has taken place in the genome of all four agastric teleosts,
paralleling similar findings in the stomach-less mammal platypus (Ordoñez et al. 2008).
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Figure 2. Maximum likelihood tree of alpha (A) and beta (B) ATPase subunit genes in vertebrate
species with bootstrap values shown at each node. The atp4a and atp4b clades are highlighted.
Each phylogeny was rooted with a C. intestinalis sequence.
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Figure 3. Genomic loci of the atp4a (A) and atp4b in vertebrate species. Chromosome or
scaffold number is indicated.

2.3.2- DUPLICATION,

PSEUDOGENIZATION AND LOSS OF PEPSINOGEN GENES IN

VERTEBRATE SPECIES

Tetrapod aspartic proteases expressed almost uniquely in the stomach include
pga, pgf, pgc, pgb and cym (Szecsi 1992; Kageyama et al 2000; Kageyama 2002;
Carginale et al 2004). In fish, a distinct nomenclature is currently used and three
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pepsinogen gene families have been described: pgc, pga1 and pga2 (Kurokawa et al.,
2005; Feng et al 2008; Tanji et al. 2009; Castro et al. 2012).
We began by determining the repertoire of pga, pgf and cym in tetrapods. Pgc
and pgb were not examined here since we previously documented their history in
tetrapods (Castro et al. 2012). Both phylogenetic methods recovered similar tree
topologies although with some differences (see electronic supplementary material S3).
For example, cym sequences form a monophyletic assembly in the NJ tree, while in the
ML tree the mammalian and sauropsid sequences are separated. In general, higher
bootstrap support was found in the NJ analysis, although the more basal nodes display
lower values (see electronic supplementary material, S3). A single cym gene was found
in all of the examined tetrapod species, except in the western clawed frog and human.
In the latter, a CYM pseudogene has been previously reported (Ord et al., 1990). The
number of pga genes varies significantly between the studied species. Three clear
paralogues are found in humans, although they represent an independent duplication. In
chicken, we found two Pga-like genes, although the sequence of the second gene was
very short and was not included in the phylogeny (not shown). Single-copy pga
orthologues were recovered in anolis and the western clawed frog. In contrast to previous
suggestions (Ordoñez et al., 2008) we found no indication for pga or pgf in the opossum.
In the analysed species we only identified Pgf mammalian species. One sequence from
the western clawed frog groups with mammalian pgf, although with low statistical support
to infer a proper orthology. This finding suggests that the pga/pgf duplication pre-dates
tetrapod radiation.
We next inspected the gene loci of pga, pgf and cym (figure 4). A strong
conservation in gene arrangement was detected, with pga and pgf residing in the same
locus. In the opossum, we were able to determine the existence of two pseudogenes
with similarity to pga/pgf, which explains the conflicting results with Ordoñez et al. (2008)
(figure 4); electronic supplementary material S4a). The combination of phylogenetics and
the analysis of the genomic loci supports the interpretation that pgf was lost at least in
humans and opossum, and probably in anolis and chicken.
In the analysed teleost species a substantial degree of variation was found with
respect to the pepsinogen gene complement. The highest gene number was found in
stickleback and cod, each with four pepsinogen genes. In tilapia three pepsinogen-like
sequences were recovered, while a single gene was found in pufferfishes (Takifugu and
Tetraodon). In zebrafish, platyfish and medaka no relevant sequences with similarity to
pepsinogen genes were discovered. The phylogenetic analysis provided clarification to
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the orthology of the retrieved sequences (see electronic supplementary material S3).
Three of the sequences found in the stickleback and cod correspond to orthologues of
PGC, PGA1 and PGA2. The fourth sequence represents a novel pga-like gene clade not
previously reported, which we name pga3. In tilapia, one sequence robustly groups to
the pga2 clade, while the remaining two are most likely lineage specific duplicates of
pga1. The analysis of genomic loci of the various pepsinogen genes shows that these
are mostly conserved between the examined species (Figure 5). Surprisingly, even
though teleost pga genes form an independent clade, the gene families in the vicinity of
pga2 and pga3 suggest that these are orthologues of tetrapod cym, and not pga, as
previously suggested (Carginale et al. 2004). Finally, the conservation of the loci in
combination with the phylogenetic analysis provides strong support that extensive gene
loss has taken place. With the exception of the pufferfishes, no pepsinogen gene were
found in the other agastric teleost lineages.

Figure 4- Genomic neighbourhood of the pepsinogen genes in tetrapod species. Chromosome or
scaffold number is indicated. Ψ indicates a pseudogene.

Previously, we also established that pgc orthologues are absent in agastric
teleosts such as medaka, zebrafish, Takifugu and Tetraodon, while present in the gastric
stickleback (Castro et al. 2012). Here, we extend the analysis to include two other teleost
species, cod and tilapia (see electronic supplementary material S4b). We find that pgc
is present in cod but absent in tilapia. The lack of pgc in tilapia is noticeable, since this
species has a clear gastric phenotype (Osman and Caceci 1991) supported by our
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finding of atp4a and atp4b orthologues. Examination of the ‘pgc’ locus in this species
provides strong evidence for pseudogenization.

Figure 5- Genomic neighbourhood of the pepsinogen genes in teleost species. Chromosome or
scaffold number is indicated. Gastric and agastric species are identified with appropriate symbols
(Figure 3).

In summary, we find that the stomach phenotype (presence/absence of gastric
glands) positively correlates with the complement of pepsinogen genes in the vertebrate
species. We find that that gene retention in agastric species (e.g. Takifugu) and gene
loss in gastric ones (e.g. tilapia).

2.3.3- ATP4B IS MISSING IN THE STOMACH-LESS CHIMAERA CALLORHINCHUS MILII, BUT
PRESENT IN THE GASTRIC ELASMOBRANCH SCYLIORHINUS CANICULA

We next investigated the earliest branch of vertebrates, the Chondrichthyans,
(cartilaginous fishes) where gastric and agastric lineages have been documented
[agastric Holocephali (Leydig 1851), and gastric Elasmobranchii (Sullivan 1907)]. We
started by searching the genome sequence of the Holocephali elephant shark C. milii
(Venkatesh et al. 2007). No relevant hits were found for the atp4a and atp4b genes as
well as pepsinogens (not shown). Nevertheless, the low coverage of the genome (1.4x)
and the absence of synteny data impedes a firm conclusion. Thus, we decided to
determine whether true gene loss justified our negative findings. We selected the atp4b
gene locus for analysis given the striking conservation of the flanking gene families
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among the analysed species. Typically Grk1 and Tmco3 outflank atp4b in both teleosts
and tetrapods (Figure 3). We identified orthologues of these genes in the C. Milii genome
and isolated two BAC clones (25I21 and 132E7) that contained both genes. Sequencing
and analysis of the intergenic sequence showed no evidence for the presence of the
atp4b gene between C. milii Tmco3 and Grk1 genes (see electronic supplementary
material S5a). PCR with atp4b degenerate primers using genomic C. milii DNA was also
negative (data not shown). Additionally, to support our prediction of secondary loss in
the Holocephali, we next attempted to isolate the atp4b orthologue in the gastric S.
canicula, a member of the sister group, the Elasmobranchii. Through a combination of
PCR strategies, we isolated a gene sequence in S. canicula, which was confirmed to be
an orthologue of atp4b by phylogenetic analysis (figure 2b). Expression analysis shows
that the isolated gene is expressed as predicted in the stomach, an indirect indication of
its functionality (see electronic supplementary material S5b). Overall, the analysis of
genes in fishes representing the two lineages of cartilaginous fishes, the Holocephali and
Elasmobranchii, provided further support for the hypothesis that the absence of stomach
function genes (e.g. atp4b) correlates with the lack of gastric glands.

2.4- DISCUSSION
Stomach acid-peptic digestion first evolved in gnathostome ancestry (Koelz,
1992). Nevertheless, the early findings of Cuvier (1805) suggested that gastric glands
are not a general anatomical trait among vertebrate species. In fact, the agastric
phenotype is surprisingly common in gnathostomes, and gastric glands are absent from
numerous teleost fish species, Chimaeriformes (extant Holocephali lineage), dipnoids
and monotremes (Leydig, 1851; Purkerson et al., 1975; Ordoñez et al., 2008; Wilson and
Castro, 2010). The distribution of both phenotypes and the phylogenetic relationships
between extant vertebrate classes provides a clear indication that the loss of gastric
glands represents a secondary event. Previously, it was shown that the agastric
phenotype in the platypus correlates with the absence of the proton pump genes, atp4a
and atp4b, and the pepsinogens (Ordoñez et al., 2008). Here, we investigated the
repertoire of the gastric function genes in a diverse array of vertebrate species where
gastric and agastric representatives are present. Using a combination of phylogenetics
and comparative genomics, we show that the lack of stomach coincides with the
recurrent targeted deletion of the proton pump genes (atp4a and atp4b) and the various
pepsinogen gene families in all of the examined species. In the exceptional cases of the
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agastric Takifugu and platypus, pepsinogen genes have been retained only to serve nondigestive functions (Kurokawa et al., 2005; Ordoñez et al., 2008). Although we have not
investigated dipnoids, we expect that this lineage should also have undergone loss of
gastric genes.
By providing a strong linkage between loss of the gastric phenotype and the loss
of the functional genes for acid-peptic digestion, we give evidence for the irreversibility
of stomach loss, consistent with Dollo’s principle (the idea that complex characters that
have been lost in evolution cannot be regained (Marshall et al., 1994). Such gene loss
precludes the reinvention of complex traits (Marshall et al., 1994). This contrasts with a
number of other studies demonstrating the reinvention of complex traits (e.g. wings in
stick insect, coiling in snails, limb development in reptiles (Collin and Miglietta, 2008).
However, in these cases, gene loss and recovery have not been demonstrated but rather
the genes involved are retained for functioning at different development stages or in other
processes. There is no evidence for any alternative acid-excreting mechanism being
involved in gastric acidification, and the gastric proton pump is highly conserved (Koelz,
1992). A missing link, lacking the gastric phenotype but possessing the gastric acidpeptic genes, and thus potentially capable of re-inventing the stomach, has yet to be
identified.

Why exactly did the stomach undergo so many secondary episodes of loss during
vertebrate evolution is a priori difficult to establish, as the conditions experienced by the
ancestor may no longer be present in the extant species of that lineage. Presumably,
there is a high cost in maintaining a complex organ like the stomach; however, estimates
of these costs from specific dynamic action measurements remain ambiguous (Yao and
Forte, 2003; Andrade et al., 2004; Secor, 2009; Wilson and Castro, 2010). Nevertheless,
acid pumping by the H+/K+-ATPase, protection of the stomach lining from the acid and
neutralization of the acid in the intestine will all contribute (Andrade et al., 2004; Wilson
and Castro, 2010). By contrast, the presence of gastric glands represents a selective
advantage by extending and facilitating the digestion of dietary proteins through the
action of pepsins. These endopeptidases are capable of hydrolysing peptide bonds at
low pH and act at the first stage of protein digestion. They probably have had their
evolution affected by the dietary peptide composition (Kageyama, 2002; Carginale et al.,
2004; Narita et al., 2010). Moreover, relative rate ratio tests have identified that each
round of pepsinogen gene duplication is characterized by adaptive evolution (Carginale
et al., 2004). Positive selection has been documented also in four lysine residues found
in the primate pga specific gene lineage (designated pga2), with anticipated
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modifications of the catalytic activity [50]. In effect, the diversity of pepsinogens is
reflected in their hydrolytic specificities against different proteins and peptides
(Kageyama, 2002; Kageyama et al., 2004; Narita et al., 2010; Kageyama et al., 2010).
For example, the hydrolytic activity of human PGC towards haemoglobin is 100% and
almost 0% for the porcine pgb [12]. The pgb from dog is also unable to hydrolyse
haemoglobin, whereas it efficiently hydrolyses gelatin (Kageyama, 2006). The cleavage
pattern of the pepsins from the rice field eel against a set of proteins (e.g. cytochrome c)
is similar for the three isomers (PG1, PG2and PG3), but PG1showed a higher cleavage
efficiency (Ahn et al., 2013). Thus, protein dietary sources are prime selective drivers for
functional pepsinogen diversification (positive selection). While new peptide components
can lead to the retention and/or diversification of novel pepsinogen duplicates, the
opposite is a possibility as well. As species colonize different environments, new peptide
sources are integrated into the diet, while others disappear. Therefore, these alterations
might render the activity of some pepsin enzymes ineffective or worthless, leading to the
relaxation of negative selection. If so, mutational inactivation would accumulate in
pepsinogen genes, leading to gene loss. We consistently found numerous cases of
ongoing pseudogenization in gastric species (electronic supplementary material S6). For
example, CYM is inactive in humans (Ord et al., 1990) as a possible consequence of the
lower level of proteins in human milk (Kageyama et al., 2000), although it is suggested
to be essential for neonatal milk digestion in mammals (Foltmann, 1992). Pga and pgf in
the opossum, pga and pgb in the mouse, pgc in tilapia, and a copy of pgb in anolis are
also undergoing processes of pseudogenization (Castro et al., 2012) (this study;
electronic supplementary material S6). Given the complexity of dietary protein
components no clear pattern emerges as to what exact component triggers gene loss
(electronic supplementary material S6), and this is probably variable between species.
Nevertheless, in mammals pepsin levels (and gene numbers) in the stomach have been
suggested to be related to the type of diet, with higher levels in herbivores (Narita et al.,
2010). Taken together, the overall findings suggest that pepsinogen genes are under
distinct selective pressures in response to variable protein dietary components. Under
this scenario, when the full complement of pepsinogen genes is lost due to hydrolytic
activities no longer being required, the need of an acidic gastric environment disappears,
causing the loss of gastric function (figure 6). An alternative scenario involves the loss of
acidification of the stomach lumen with the pseudogenization of the pump genes that
could secondarily trigger the complete loss of pepsinogen genes since an acid
environment is fundamental for activation and activity. Dietary and/or environmental
factors may again have created the relaxation of purifying selective pressures or
emergence of neutral selective pressures for loss of gastric acidification. Possible
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scenarios include a switch to a diet rich in calcareous organisms (high buffer capacity;
e.g. coral feeding parrot fish Scaridae) or feeding on large amounts of barely digestible
material (sediment and detritus, e.g. many Cyprinidae) that neutralize gastric
acidification, rendering the pump genes superfluous (Kapoor et al., 1975; Wilson and
Castro, 2010).

Figure 6- Evolutionary model of the stomach phenotype in gnathostomes. Plus and minus
represent presence and absence of genes, respectively. Question mark indicates unknown.

In conclusion, the findings reported clearly illustrate a remarkable case of the role
of gene loss in phenotypic variability. We find that the simplification of the vertebrate gut,
with the loss of gastric glands, has occurred multiple times in vertebrate evolution as a
result of the loss of genes central to acid-peptic digestion.
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Abstract
The stomach of vertebrates is characterized by acid-peptic digestion. However,
the absence of gastric glands has been identified in a number of vertebrate lineages,
including

teleosts.

Thus,

secondary

loss

occurred

multiple

times.

In

the

Tetraodontiformes, the digestive function of the pufferfish (apical sister families
Tetradontidae and Diodontidae) stomach has been lost. Instead the stomach is used for
their characteristic inflation behavior, which is used to defend against predation. The
inflation behavior of pufferfishes is an example of a major functional innovation whose
origin might lay in the evolutionary transition from coughing, to water blowing, to inflation
in the Tetraodontiformes. It is unclear, however, whether stomach inflation arose before
or after loss of the gastric glands, since the absence of gastric glands in basal families
remains unclear. To clarify the pattern of stomach loss in the Tetraodontiformes, we
examined specimens from the more basal families: Balistidae (Rhinecanthus aculeatus),
Monacanthidae (Paraluteres prionurus) and Ostraciidae (Lactoria cornuta) in addition to
the crown family Tetraodontidae (Tetraodon nigroviridis) for the presence/absence of
molecular gastric markers, such as atp4a, by RT-PCR using degenerate primers.
Additionally, we used histology and immunohistochemistry to further illuminate the
morphology of gut in these species. We show that the gastric phenotype is absent in
Tetraodontidae as well as in basal Ostraciidae; however, gastric glands and atp4a are
present in the foregut of the intermediate sister families Balistidae and Monacanthidae.
These results indicate that stomach loss occurred at least twice in the Tetraodontiformes
which makes it unclear if stomach loss predates or is a consequence of inflation.
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3.1- INTRODUCTION
For the majority of the vertebrates, the stomach is the first site of significant
digestion in the digestive tract. In addition to storage and maceration of ingested food,
the stomach has a particular set of glands that secrete pepsinogens, the precursors of
pepsins, and hydrochloric acid (HCl) that together initiate protein digestion.
Morphologically, the vertebrate stomach can be a simple tube, an asymmetric expansion
of the digestive tract or it can have different morphologies variable between species, in
fishes to mammals (Stevens and Hume, 1995). In general, all vertebrates possess a
stomach, or an equivalent of the stomach as in case of birds (proventriculus) (Farner,
1960). However it is well known that several families of fishes lost the digestive functions
associated with this organ (Barrington, 1942) since the gastric glands are absent. This
has also been observed in the platypus, a mammalian specie (Ordoñez, et al., 2008).
Some orders of fish have a significant number of agastric families as in case of
Cypriniformes and Perciformes (Wilson and Castro, 2010). This condition is also
reported in the Tetraodontiformes families Diodontidae and Tetraodontidae (Edinger,
1877; Rosen, 1912; Brainerd 1994).
According to Matsuura (2015), Tetraodontiformes have 10 families with 412
extant species (Table 1). The pufferfishes are agastric teleosts because they lack gastric
glands (Brainerd, 1994) and the gastric proton pump genes atp4a and atp4b (Castro et
al. 2014) are absent from their genomes. The pufferfishes also constitute two sister
families that have a highly modify stomach to allow inflation and tripling of body size
(Brainerd 1994). Stevens and Hume (1995) also referred this ability in Triodontidae but
it is less developed. When it’s scared or annoyed, the pufferfish initiates inflation as a
defensive mechanism, using a buccal pumping mechanism to fill a ventral diverticulum
of the stomach with water (Rosen, 1912; Brainerd, 1994; Wainwright et al., 1995) or air
if removed from the water. Both Diodontidae and Tetraodontidae exhibit significant
structural and functional specializations for inflation (Brainerd, 1994; Zhao et. al., 2010)
as modifications of the pectoral girdle and head that function in the pumping mechanism
(Wainwright et. al., 1995), absence of ribs and high extensibility of the ventral and lateral
skin of pufferfishes that enable the inflation (Brainerd, 1994). Deflation occurs by
expelling the water.
Another particular characteristic of these two families is the description of a single
pepsinogen gene (pPep=pga1) (Kurokawa and Suzuki, 2005; Castro et. al., 2012; Castro
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et al., 2014). Diotontidae and Tetraodontidae are both considered agastric thus they still
use the false stomach for food storage (Wilson and Castro, 2010) but not for digestion
since digestive function is lost (Kapoor and Khanna, 2004). Regarding Diodontidae and
Tetraodontidae as more recent families of Tetraodontiformes, Wainwright and Turingan
(1997) suggest that the inflation behavior results from the evolution of coughing and
water-blowing common in other Tetraodontiformes. However, the relationship between
the loss of gastric glands and the stomach inflation appearance is unclear. Following the
phylogenetic relationships in Tetraodontiformes proposed by Yamanoue and co-workers
(2008) (figure 1), four species were studied from the more basal families: Balistidae
(Rhinecanthus aculeatus), Monacanthidae (Paraluteres prionurus) and Ostraciidae
(Lactoria cornuta) in addition to the apical family Tetraodontidae (Tetraodon nigroviridis)
through histology, immunohistochemistry and RT-PCR for the presence of atp4a, the
principal proton pump component of the functional stomach in order to understand
whether is this organ lost. The α subunit of H+/K+-ATPase and his respective gene were
found in intermediate sister families, the Balistidae and Monacanthidae. In contrast, the
gastric phenotype was not found in the basal Ostraciidae and this absence was also
confirmed in Tetraodontidae, which indicates that stomach loss occurred at least twice
in the Tetraodontiformes.

Table 1- Tetraodontiformes species of this study in a list of families and their number/species
(adapted from Matsuura, 2015).
FAMILY

NUMBER OF GENUS

NUMBER OF SPECIES

Triacanthodidae

11

23

Triacanthidae

4

7

Balistidae

12

37

Rhinecanthus aculeatus

Monacanthidae

27

102

Paraluteres prionurus

Aracanidae

6

13

Ostraciidae

5

22

Triodontidae

1

1

Tetraodontidae

27

184

Diodontidae

7

18

Molidae

3

5
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Lactoria cornuta

Tetraodon nigroviridis
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Figure 1- Phylogenetic relationship in Tetraodontiformes based in Yamanoue et. al., 2008.
Stomachless families are marked with a red cross.

3.2- MATERIAL AND METHODS
3.2.1- ANIMALS AND SAMPLING
Members from different families of Tetraodontiformes were analysed. Balistidae:
the triggerfish Rhinecanthus aculeatus; Monacanthidae: the filefish Paraluteres
prionurus; Ostraciidae: the cowfish Lactoria cornuta and Tetraodontidae: the pufferfish
Tetraodon nigroviridis. All the fishes were obtained from TMC Iberia (Tropical Marine
Center, Lisbon, Portugal). Animals were treated in accordance with the Portuguese
Animal Welfare Law (Decreto-Lei no.197/96) and animal protocols were approved by the
ethical committee of CIIMAR/UP and DGV (Ministry of Agriculture).
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The fishes were anaesthetized with tricaine methanesulfonate MS-222 (Pharmaq
UK) and euthanized by cervical transection. For all species, 4 fish were sampled and the
tissues were saved as follow: a tissue profile frozen in liquid nitrogen and stored at -80°C
(gill, liver, gut, kidney, muscle, skin, eye, brain and spleen); a set of RNAlater (Ambion,
USA) preserved in situ tissues (gut divided in 4 or 6 portions, gill, brain and eye), excised
and stored according to the manufacturer’s instructions (24h at 4°C, then at -20°C); a set
of animals fixed, with the gut flushed with 10% neutral buffered formalin (3.7%
Formaldehyde/ PBS) pH=7.3, the body cavity was opened by a ventral incision and the
gastrointestinal tract excised and immersion fixed for 24h at 4°C with the whole body
fixed.

3.2.2- HISTOLOGY AND IMMUNOCHEMISTRY
We proceed with the histological technique of the fixed tissue as follows:
dehydration with a serial ethanol series, clearing with xylene and embedding in paraffin
(Type 6; Richard Allen Scientific). Sections of 5μm were cut with a Reichert Biocut 2030
microtome and stained with hematoxylin-eosin, Alcian blue (pH 2.5) and/or Periodic Acid
Schiff staining protocols. Different gut regions were observed and photographs were
taken with a Leica DFC300FX digital color camera mounted on a Leica DM 6000 B
microscope. Images were imported into Photoshop CS2 to resize and adjusted
brightness and contrast while maintaining the integrity of the data.
Additional sections were collected onto APS (3-aminopropyltriethoxysilane;
Sigma-Aldrich, St Louis, MO) coated slides, air dried, dewaxed in xylene and air dried
for immunohistochemistry. The sections were isolated with a hydrophobic barrier (PAP
pen, Sigma-Aldrich), rehydrated in TPBS (0.05% Tween-20 in Phosphate Buffered
Saline, pH 7.4) and then blocked with 5% normal goat serum in 1% BSA/TPBS at room
temperature for 20 minutes. A humidified chamber serve to incubate the sections
overnight at 4ºC with the antibodies diluted in BSA/TPBS and control sections incubated
with normal rabbit serum (NRS), normal mouse serum (NMS) or only buffer. Following
several washes for 30 minutes with TPBS, the sections were incubated at 37ºC with goat
anti-mouse Alexa Fluor 568 and goat anti-rabbit Alexa Fluor 488 conjugated secondary
antibody, both diluted 1:500 (Life Technologies) in BSA/TPBS for 1h. During the second
washes nuclei were stained with DAPI (4´, 6-diamidino-2-phenylindole, Merck) and
coverslips were mounted with glycerol based fluorescence mounting media (10%
Mowiol, 40% glycerol, 0.1% 1, 4-diazabicyclo [2.2.2] octane (DABCO), 0.1 M Tris (pH
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8.5). Leica DM6000 B wide field epi-fluorescence microscope was used to observe the
sections and images were captured using a cooled digital camera (Leica DFC 340 FX).
Photoshop CS3 allow to resize the images imported and adjust brightness and contrast
while maintaining the integrity of the data.

3.2.3- ANTIBODIES
H+/K+-ATPase α-subunit was detected using αR1 antibody (1:500) also known
αRbNKA, an affinity purified rabbit anti-peptide polyclonal based on the peptide
described by Ura et al., 1996, which also goes by the name NAK121 (Uchida et al.,
2000). Originally, this antibody was designed to target the Na+/K+-ATPase α1 subunit
detection (see Wilson and Laurent, 2002), however, the NKA antigen peptide sequence
used by Ura and co-workers (1996) is highly conserved for not only Na+/K+-ATPase α
subunit isoforms (Atp1a), but also the non-gastric H+/K+-ATPase (Atp12a) and gastric
H+/K+-ATPase (Atp4a) (table 2). Therefore the antibody is not isoform specific but
specific for IIC P-ATPases family with the exception of the Ca2+-ATPase.
Table 2- NKA conserved aminoacid (aa) region used by Ura and co-workers (1996) and
Uchida and co-workers (2000) compared with NK-ATPase α subunit isoforms.

NAK121 peptide

VTGVEEGRLIFDNLKKS 17 aa

Xenopus Atp1A

VTGVEEGRLIFDNLKKS

17/17

Xenopus Atp12A

VTGVEEGRLIFDNLKKS

17/17

Xenopus Atp4A

VTGVEQGRLIFDNLKKS

16/17

The T4 mouse monoclonal antibody (1:200) was used to detect Na+:K+:2Clcotransporter (NKCC). This antibody was developed by Christian Lytle (University of
California Riverside, CA; Lytle et al. 1995) and it was used to detect branchial NKCC
in different teleosts (Pelis et al. 2001; Wilson et al. 2000; Tipsmark et al.2002, Wilson
et al. 2004) and crossreactivity for Na+:Cl- cotransporter (Hiroi et al. 2005).

3.2.4- TOTAL RNA ISOLATION AND CDNA SYNTHESIS
Total RNA was isolated from frozen stomach/anterior intestine samples with
Aurum total RNA mini kit (BioRad, Hercules, CA USA) according to the manufacturer’s
instructions. A nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA)
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was used to measure RNA concentration and to confirm purity. The integrity was verified
by electrophoresis (BioRad, Hercules CA USA) in a 1.2% formaldehyde agarose gel
stained with Gel RedTM nucleic acid gel stain (Biotium, Hayward, CA, USA) and
documented with a LAS 4000 Mini Imager (FujiFilm, Tokyo, JP). The RNA samples were
all stored at -80ºC.

The cDNA was synthesized from 1µg of total RNA using the qScript cDNA
synthesis kit (Quanta Biosciences) in a 20 μl reaction volume. The reactions were carried
out according to the manufacturer’s instructions using a Doppio thermocycler (VWR
International Ltd, Lisbon, Portugal) and samples were stored at -20ºC.

3.2.5- RT-PCR AND GENE ISOLATION
Degenerate primers designed by Choe and coworkers (2004) from conserved
regions of atp4a between Xenopus laevis (GenBank accession number AAA76601) and
Pleuronectes americanus (GenBank accession number AAD56285) (Table 3) were used
for detection of atp4a in Rhinecanthus aculeatus, Paraluteres prionurus, Lactoria cornuta
and Tetraodon nigroviridis. Specific atp4a primers from filefish (Monacanthidae- MC)
sequences were designed using iCodeHop (Boyce et. al., 2009) and Primer3 (Rozen
and Skaletsky, 2000) (Table 3). β-actin gene primers (Santos et. al., 1997) for Sparus
aurata were used as reference gene (Table 3).
Table 3- Primers used on this work

PRIMER NAME

PRIMER SEQUENCE 5’-3’

Choe4A_R1d

GGRAACCANCCYTCYTGNGCC

Choe4A_F1d

GAYGARCARTGGAARGARGC

Choe4A_F318d

NCTNCARTGYCTNATGTGGGT

DF4A_choeR1742_R

GTGGGGAAATTCATCTCAT

MC4A_qF1

AACCTGGTCAGGAAGGTGTG

MC4A_qR1

AATAGAGGAGCACCGCTCAA

MC4A_qF2

CATTTCGTGGACATCATTGC

MC4A_qR2

AGTCGAGCCTAACGTCTCCA

rtACT-F1

CCAACAGATGTGGATCAGCAA

rtACT-r1

GGTGGCAGAGCTGAAGTGGTA
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RT-PCR reactions for atp4a were achieved with 0.8 µl of sample cDNA using
Phusion Flash High-Fidelity PCR Master Mix (Thermo Scientific) with 0.5 μM of each
primer in a 20μl reaction volume. RT-PCR begun with a denaturation step of 10 sec at
98°C, followed by 40 cycles of denaturation for 1s at 98ºC, annealing for 5s at 56ºC for
degenerated primers and 58ºC for specific primers, and elongation for 15s for
degenerated primers and 5s for specific primers at 72ºC. A final elongation step for 1
min at 72ºC was done to ensure the success of the reaction. Single clear bands with
predicted size range were retrieved from 2% agarose gels in TBE (Tris-borate-EDTA)
buffer using GFX columns (GE Healthcare, Carnaxide, Portugal) and cloned as follows:
the fragments were first a-tailed with 0.5 U of DyNAzyme II Polymerase, 0.2mM of dATP
and 1x Finnzymes F-511 DyNAzyme buffer in 10μl reaction volume for 25 min at 72ºC
using a Duppio thermocycler. The ligation was performed with the pGEM®-T Easy vector
system kit (Promega Madison WI USA) and transformation of the DNA fragments were
obtained with JM109 high efficiency competent cells. The recombinant DNA with plasmid
were plated on Luria Bertani (LB) agar containing ampicillin (100 µg mL-1), IPTG/ X-gal
for blue/white screening. The plates were incubated at 37ºC overnight and the
transformants were inoculated in 2 mL LB broth with ampicillin (100 µg mL-1) and
incubated at 37ºC overnight. The plasmid DNA was isolated using the Wizard® Plus SV
minipreps DNA purification system from Promega. Plasmids were sequenced at
StabVida (Oeiras, Portugal) with the M13 primers (Messing, 1983).
Plasmid sequences were initially edited on VecScreen to remove vector
contamination and the insert sequence identity was confirmed by tBlastx. BioEdit
(Version 7.0.9.0; Hall 1999) with ClustalW was used for alignment and sequence
assembly. The translate tool of the ExPASy Proteomics server allowed the idenfication
of the open reading frame. Sequences for alignment were collected from UniProt,
GenBank and Ensembl databases in order to perform phylogenetic analysis with the
Maximum likelihood (ML)) method with the Mega6 software (Tamura et. al., 2013). The
sequences used were for ATP4A: Cod (Gadus morhua accession number
ENSGMOT00000017494),

tilapia

(Oreochromis

niloticus

accession

number

ENSONIT00000007529), mouse (Mus musculus accession number NM_001290627.1)
and human (Homo sapiens accession number NM_000704.2). Atp12A human
(accession number NP_001667.4) and mouse (accession number NM_138652.2).
ATP1A human (accession number NM_001160233.1), mouse (accession number
NM_144900.2),

pufferfish

ENSTNIT00000009334),

fugu

(Tetraodon
(Takifugu

nigroviridis

accession

number

rubripes

accession

number

ENSTRUT00000033934 and ENSTRUT00000032672)
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For the β-Actin RT-PCR, the 20µl final reaction had 0.8 µl of cDNA, 2mM MgCl2,
0.2 mM dNTPs, 0.5 μM of each primer, 0.025 U GoTaq®DNA polymerase (Promega,
Madison, WI, USA) and 4 μl of 5×Green GoTaq®reaction buffer. The reactions begun
with a denaturation step of 2 min at 94ºC, followed by 30 cycles of denaturing, 30s at
94ºC, annealing, 30s at 60ºC and elongation, 30s at 72ºC and a final elongation step of
5 minutes at 72ºC.

The PCR products were run onto 2% agarose gel in TBE buffer run at 80V with
a 100 bp DNA ladder (Bioron, Ludwigshafen, Germany) to confirm sizes. The pictures
were taked of the Gel RedTM stained agarose gels with a FujiFilm LAS-4000mini imager
and adjusted in Adobe Photoshop.

3.3- RESULTS
3.3.1- HISTOLOGY AND IMMUNOCHEMISTRY
The gut histology of the species analyzed is variable. Alcian blue/PAS staining
results are showed in figure 2. Neutral mucous cells (arrows) stained positively to PAS
on stomach epithelium in two representative families of this study: Balistidae, Picasso
triggerfish Rhinecanthus aculeatus (Figure 2a) and Monacanthidae, filefish Paraluteres
prionurus (Figure 2b and 2c). Triggerfish has noticeable acinar-type gastric glands
positive for Alcian blue due to their acidity but their oxynticopeptic cells are free of PAS
staining and filefish tubular gastric glands are highlighted (Figure 2b) with some positive
PAS staining reaction also due to protective mucous cells. The cowfish Lactoria cornuta
(Ostraciidae) does not present any PAS positive mucous cell staining and gastric glands
are absent (Figure 2d), as in Tetraodontidae pufferfish Tetraodon nigroviridis (not
shown). However, goblet mucous cells of the intestine are positive to Alcian blue staining
(Figure 2d) unlike the case of triggerfish and filefish. The transition between the anterior
and the posterior gut from the representatives of Monacanthidae and Ostraciidae (Figure
2c and d) is well distinguishable since the epithelium changes drastically. Characteristic
mucosa, submucosa, muscularis and serosa layers are present in the gut of all species.
Regarding the immunohistochemistry results, figure 3 represent the general
example of the obtained results. The gastric glands of the Picasso triggerfish are well
visible in the apical region of the stomach and reacted positively to HKα1 due to the
presence of H+/K+-ATPase gastric proton pump enzyme. A weak Na+:K+:2Cl52
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cotransporter reactivity was also visible in gastric glands with a basolateral distribution.
A positive response is detected apically in the muscularis layer of the stomach to
αRbNKA antibody while in the intestine it is visible basolateraly and the serosa of the
stomach shows a positive immunoreactivity to T4 antibody while in the intestine this
antibody present positive immunoreactivity apically.

Figure 2- PAS+AB staining of the Balistidae Picasso triggerfish (Rhinecanthus aculeatus) (a, a’), the
Monacanthidae filefish (Paraluteres prionurus) (b, c) and the Ostaciidae cowfish (Lactoria cornuta) (d)
gut and gastroduodenal transition in filefish (c) and cowfish (d). Legend: Gg- Gastric glands; arrowmucous; Scale bar: a) 100µm; a’) 25µm; b, c, d) 50µm.
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Figure 3- Immunohistochemistry to HKα1 (green) and NKα1 (red) in Picasso triggerfish (Rhinecanthus
aculeatus) gut. Positive H+/K+-ATPase response in gastric glands (Gg) of the stomach (white box).
Legend: Gg- Gastric glands. Scale bar: 100 µm, enlargement: 25 µm.

3.3.2- GENE ISOLATION AND PHYLOGENY
Degenerate primers for atp4a (see table 3) were used with all the four species in
this work. Partial overlapping sequences with predicted size were obtained, cloned and
confirmed by sequencing in filefish (Paraluteres prionurus) and triggerfish (Rhinecanthus
aculeatus) (figure 4). Specific primers were also made and used successfully (see table
3). Consensus sequences were obtained with 1049 and 1440 nucleotides for the
Balistidae, Picasso triggerfish and the Monacanthidae filefish, respectively. A blast of our
final partial aligned sequences from triggerfish and filefish revealed high levels of identity
with H+/K+-ATPase of two species of Siniperca genus. Several trials with different primers
and PCR conditions were done to recover sequences in cowfish (Lactoria cornuta) and
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pufferfish (Tetraodon nigroviridis) for atp4a without success. Previously, detected β-actin
gave a single band with 250 bp in all samples.

Figure 4- Electrophorese gel of RT-PCR product using degenerated primers for Atp4A. a) Filefish
(Paraluteres prionurus) tissue profile present Strong positive for Atp4A in foregut. Weak positive for
gill and liver. Negative for hindgut and kidney. Blank (Blk) without DNA as negative control. b) Picasso
triggerfish (Rhinecanthus aculeatus) has a strong positive result for Atp4A in foregut. Blank (Blk)
without DNA as negative control.

We next undertook a molecular phylogenetic analysis with the Maximum
Likelihood method in MEGA6 (figure 5). The phylogenetic tree obtained with our Atp4a
partial sequences of triggerfish and filefish indicated a clear relationships with the
orthologous gene of other species such as cod (Gadus morhua), tilapia (Oreochromis
niloticus), mouse (Mus musculus) and human (Homo sapiens) (figure 5).

Figure 5-Molecular Phylogenetic analysis of the two sequences obtained in this work. The
evolutionary history was inferred by using the Maximum Likelihood method based on the JTT
matrix-based model (Jones et. al., 1992). The tree with the highest log likelihood (-379.8501)
is shown. Initial tree(s) for the heuristic search were obtained automatically by applying
Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT
model, and then selecting the topology with superior log likelihood value. The analysis
involved 13 amino acid sequences. All positions containing gaps and missing data were
eliminated. There were a total of 37 positions in the final dataset.
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3.4- DISCUSSION
The principal function of the vertebrate stomach is to break down food and
denature proteins through pepsinogen and HCl secretion by gastic glands (Koelz, 1992).
The enzymes responsible for these secretions are encoded by several genes that include
the ATP4A and ATP4B for the gastric proton pump HCl secretion and a diverse
pepsinogens (PGA, PGB, PGC, PGD and PGE). However, several species of
vertebrates, especially teleosts, are agastric, since a functional stomach and responsible
genes are absent from their gastrointestinal tract (Barrington, 1942; Castro et. al., 2014).
In the Tetraodontiformes order, representatives of the Tetraodontidae/Diodontidae sister
group family have already been described as agastric (Edinger, 1877; Rosen, 1912;
Brainerd 1994) and they have the particularity ability to inflate their body as a balloon
(Brainerd, 1994; Zhao et. al., 2010). These families are more widely studied since
representative genomes of Takifugu rupbripes (Brenner et al., 1993) and Tetraodon
nigroviridis (Jaillon et al., 2004) are entirely accessible. However, nothing has been
reported about other families which could clarify the pattern of the stomach loss in this
order. To resolve this question we have attempted to localized gastric glands and
isolated the representative gastric gene atp4a in other Tetraodontiformes families as
Monacanthidae/Balistidae sister group and Ostracidae.

3.4.1- PRESENCE OF GASTRIC GLANDS IN TETRAODONTIFORMES
A true functional stomach with gastric glands and H+/K+-ATPase and respective
atp4a gene was found in triggerfish Rhinecanthus aculeatus and filefish Paraluters
prionurus, the two representative species of this study from sister families Balitoridae
and Monacanthidae. The epithelium of these two species also contains the characteristic
stomach mucous cells, essential for tissue protection from the caustic gastric juice HCl
and pepsin. Together with pepsinogen, HCl is secreted by oxynticopeptic cells of gastric
glands and this acid environment will allow the conversion of the pepsinogen proenzyme
to pepsin that will initiate the digestion of the proteins (Richter et al., 1998). This work
represents an important advance in understanding of Tetraodontiformes order, since
they are generally recognized by their characteristic stomachless phenotype in pufferfish
sister groups Tetraodontidae and Diodontidae. Also, a new stomachless clade was
reported, since cowfish Lactoria cornuta does not present any gastric glands or atp4a
gene. The epithelium of the anterior gut contains mucous cells, which may aid food
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passage, as in esophagus and intestine (Wilson and Castro, 2010). As expected, no
gastric glands were found in the pufferfish. Despite their agastric condition, the
pufferfishes Tetraodon nigroviridis and Takifugu rubripes have one pepsinogen in their
genome (Kurokawa and Suzuki, 2005; Castro et. al, 2012; Castro et. al., 2014). However,
Kurokawa and Suzuki (2005) found the specific pepsinogen expressed only in the skin
of the fugu indicating that it possibly acquired an alternative function when gastric glands
were lost. The multifunctionality of pepsinogens is already known in other vertebrates
since pepsinogen C is also found in the intestine, pancreas and lung of human
(Kageyama, 2002), neonatal lungs (Foster et. al., 2004; Elabiad and Zhang, 2011), in
esophagus of frogs (Yakabe et. al., 1991) and in the ovary of trout Salvelinus fontinalis
(Bobe and Goetz, 2001). Dependent on the acidic environment for activation to proceed
with digestion, the pepsinogens still have an incontestable role for the protein digestion.
It would then be interesting to extend this study to finding of pepsinogens in gastric
Tetraodontiformes in order to understand the evolution of this order that have some
controversy in its phylogeny.

3.4.2- TETRAODONTIFORMES PHYLOGENY
This work used the phylogenetic relationship in Tetraodontiformes of Yamanoue
and coworkers (2008) that is based on their study of whole mitochondrial genome
sequences. Considering the phylogenetic positions of the Ostarciidae, Balistidae and
Monacanthidae species used in this work jointly with Tetraodontidae and Diodontidae’s
position, it is possible to infer that the gastric glands were lost at least twice in the
Tetraodontiformes order (Figure 6). However, other authors have proposed alternative
phylogenetic branching patterns for the Tetraodontiformes (see Matsuura, 2015) and the
phylogenetic relationships in this order still is not clarified (Leis, 1984; Nelson, 2006).
Despite the differences between morphological and molecular trees (Winterbottom,
1974; Leis, 1984; Santini and Tyler, 2003; Holcroft, 2005; Alfaro et. al., 2007; Yamanoue
et. al., 2008; Santini et al., 2013), there is general agreement that the species of our
studies belong to Balistidae/Monacanthidae, and Tetraodontidae/Diodontidae form
respective phylogenetic sister groups (Figure 7). However, their phylogenetic position
among the other families of the order and the phylogenetic relation with Ostraciidae, the
other family represented in this study, are not fully resolved. To resolve this conflict,
Santini and co-workers (2013) performed a molecular analyses based on 20 nuclear and
two mitochondrial loci, which is the largest number of molecular markers used to date.
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Their results are clear about two main groups in Tetraodontiforms since one is formed
by Triodontidae, Triacanthodidae+Triacanthidae and Ostracoidae while the group
compound of Balistidae+Monacanthidae, Molidae, Diodontidae+Tetraodontidae (see
figure 7). Most of these results are in agreement with the phylogeny of Yamanoue and
co-workers (2008) on which we base our finding of at least two events of stomach-loss
in the Tetraodontiformes. Also, as is shown in figure 7, generally the Molidae and
Triacanthidae family position is not consensual (Matsuura, 2015). Investigations about
their gastric condition will be useful to help to better relate the different families of
Tetraodontiformes order.

Figure 6- Phylogenetic relationship in Tetraodontiformes based in Yamanoue et. al., 2008 and
presentation of known gastric conditions of each family after this work. The sister group
Monocanthidae/Balistidae has a functional stomach. The bar shows that inflation condition is certainly
common only to sister group family of pufferfishes (Wainwright et al., 1995; Wainwright and Turingan,
1997). Fish draws modified from fishbase.org
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3.4.3- PUFFERFISH INFLATION
Following Nelson (2006), Triodontidae and most Balistidae members expand a
ventral flap supported by a large movable pelvic bone to enlarge their body. Stevens and
Hume (1995) referred this ability has a less well developed inflation behavior. On the
other hand, the inflation evolved in the shared ancestor of the agastric puffer and
porcupine fish sister families since it is possible to differentiate similar behaviors to the
inflation in outgroups (coughing and water-blowing) (Wainwright and Turingan, 1997).
Numerous structural and functional modifications, mostly of the head (skull), muscle and
bones are involved in the inflation of the pufferfishes (Brainerd, 1994; Wainwright et. al.,
1995; Wang et. al., 2015) allowing this defensive function of the false stomach. However,
these modifications are also visible as changes in the epithelium making it similar to
mammalian urinary bladder which is also distensible (Brainerd, 1994). During inflation,
filling the stomach with alkaline seawater would be incompatible with acid secretion
which would be neutrailized. Therefore, in these species, stomach loss may be a
consequence of inflation. What remains unclear is whether the loss of the stomach
resulted from a bigger investment in the defense against predators, since the gastric
function would be guaranteed by other enzymes in the gut (Day et al., 2011). Ostraciidae
are not described as having inflation behavior (Wainwright and Turigan, 1997) but the
absence of a functional stomach is clear. Thus, the absence of the stomach in cowfish
suggests that the loss of gastric glands in pufferfish was not a necessary prerequisite for
the evolution of the body inflating mechanism. Curiously, there are some animals in
which body inflation has been observed: some species of filefish Brachaluteres genus
(now Monacanthidae family) (Clark and Gohar, 1953), swell sharks of genus
Cephaloschyllium (Scyliorhinidae family) (Clark 1947) and even Histrio histrio among
others frogfishes (Antennariidae family; Lophiiformes order) (see Pietsch and Grobecker,
1987). But none of these families have yet to be reported as stomachless or have their
gastric gland condition verified. An absence of gastric function in these species will help
to reinforce the stomachless/body inflation relationship existent at least in
Tetraodontidae/Diodontidae. Moreover, regarding Wainwright and Turigan’s (1997)

59

Chapter 3- Defending or digesting? Stomach loss in the Tetraodontiformes

study, associating inflation to stomach-loss may clarify their gastric condition and help to
clarify if these fishes have inflation or only a water-blowing behavioral mechanism.

Figure 7- Evolutionary scenarios of gastric phenotypes in Tetraodontiform families according to
different authors (Morphological studies: Winterbottom, 1974; Leis, 1984; Santini and Tyler, 2003;
Molecular studies: Holcraft, 2005; Alfaro et. al., 2007; Santini et. al., 2013). Gastric families (green
symbol), agastric (red cross) and unknown gastric conditions are also presented. Fish drawings
modified from fishbase.org

3.4.4- DEFENDING INSIDE OR OUTSIDE?
Gastric acid secretion probably first developed in cartilaginous fish more than 400
MYA (Johnsen, 1998) and, as we referred earlier, its presence makes the stomach
functional for protein digestion. However, the role of the extreme acidity of the gastric
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juice as a barrier against pathogens entry in the gut is also well known (Cook, 1985;
Martinsen et al., 2005). Studies in gastric health describe the vertebrate stomach as an
ecological filter with bactericidal properties that eliminate several organisms that could
colonize the intestine (Howden and Hunt, 1987; Martinsen et. al., 2015). This fact is
important since bacterial proliferation in the small intestine can affect the absorption of
fat and vitamins (McEvoy et. al., 1983; Simon and Gorbach, 1984; Sherman and
Lichtmann, 1987, Shenck et. al., 1999). However, some bacteria responsible for
gastrointestinal diseases evolved to reduce their sensitivity to gastric acid developing an
“acid tolerance response” to low pH environment of the stomach (Dilworth and Glenn,
1999; Smith, 2003). Moreover, some studies co-related the reduction of acid secretion
in parasitic infections of humans (Martinsen et. al., 2015) and even suppression of the
acid secretion in presence of parasitic, bacterial and viral infections in laboratory animals
(Howden and Hunt, 1987) making clear that some microbes and/or diseases can affect
the functioning of the protective gastric acid. Curiously, Hu and co-workers (2012)
described the relatively lower stomach acidity in older people that can be related with the
change of the immune system (Martinsen et. al., 2015). Gastric acid is not infallible and
the cost of stomach acidity is high, since energy is required for acid production and
protection of the stomach epithelium from acid-related damage (Koelz, 1992). In addition,
the acidity of the stomach may make it difficult to acquire beneficial microbes (Beasley
et al., 2015). Following Martinsen and co-workers (2015, the stomach should be primarily
present where it is adaptive in living or ancestor vertebrate (Martinsen et. al., 2015). Due
to the increase of the number of stomachless species known, it is seems that the
stomach is not an adaptive organ, at least, for them anymore. Albalat and Cañestro
(2016) also referred to the dispensability of the genes when the genes are at some
degree dispensable and thus more susceptible to loss since there would be a reduced
negative impact on the population or even no impact at all. Thus although there are
advantages of a functional stomach and its gastric juice, many disadvantages are also
present. Consequently, the pufferfishes lose a costly stomach as protective barrier
against some pathogens but they gain a physical mechanism against predators. It
remains to be determined if the other Tetraodontiformes are following the same path.
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ABSTRACT
The stomach, which is characterized by acid peptic digestion in vertebrates, has
been lost secondarily multiple times in the evolution of the teleost fishes. The
Cypriniformes are largely seen as an agastric order; however, within the superfamily
Cobitoidea, the closely related crown sister groups Nemacheilidae and Balitoridae have
been identified as gastric families. The presence of these most recently diverged gastric
families in an otherwise agastric clade indicates that either multiple (>2-3) loss events
occurred with the Cyprinidae, Catostomidae and Cobitidae, or that gastric reinvention
arose in a recent ancestor of the Nemacheilidae/Balitoridae sister clade. In the present
study, the foregut regions of Cobitidae, Nemacheilidae/Balitoridae and the ancestral
Botiidae family members were examined for the presence of gastric glands and gastric
proton pump (Atp4a) α subunit expression by histology and immunohistochemistry
respectively. Atp4a gene expression was assessed by reverse transcriptase-polymerase
chain reaction (RT-PCR). Gastric glands expressing apical H+/K+-ATPase α subunit and
isolated partial sequences of atp4a, identified using degenerate primers showing clear
orthology to other vertebrate atp4a sequences, were detected in representative species
from Nemacheilidae/ Balitoridae and Botiidae, but not Cobitidae (Misgurnus
anguillicaudatus). In summary, we provide evidence for an uninterrupted gastric
evolutionary lineage in the Cobitoidea, making it highly improbable that the stomach was
reinvented in the Nemacheilidae/Balitoridae clade consistent with Dollo’s principle.
These results also indicate that the gastric trait may appear elsewhere in the Cobitoidea.
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4.1- INTRODUCTION
The acid-secreting stomach, the most highly diversified region of the gut, is a
significant vertebrate innovation that probably emerged in the ancestor of gnathostomes
about 450 MYA (Sullivan, 1907; Dobreff, 1927; Barrington, 1942; Koelz, 1992). Its
success has been inferred from the conservation of acid-peptic digestion (Koelz, 1992),
which is intrinsically linked with gastric glands and the gastric proton pump. Thus, the
secretion of HCl and aspartic protease pepsins into the gastric lumen define the
vertebrate stomach (Smit, 1968). The stomach is not merely an enlargement of the gut
for food storage. In effect, it provides several selective advantages such as improved
digestion through, acid-peptic digestion (Barrington, 1942), acid lysis of plants cell walls
and invertebrate exoskeletons (Lobel, 1981), enhanced dietary calcium (Koelz, 1992;
Bucking and Wood, 2009) and phosphorus (Sugiura et al., 2006) uptake, and immune
system defence by providing a chemical barrier to pathogen entry into the lower digestive
tract (Koelz, 1992; Cain and Swan, 2010).
These advantages notwithstanding, secondary loss of the stomach (acid-peptic
digestion) has occurred independently numerous times in vertebrate evolution
(Barrington, 1957; Kapoor et al., 1976; Wilson and Castro, 2010), most noticeably in the
teleost fishes (>15 times), which includes a recent estimate of 7% of families and 2027% of species of fish (Wilson and Castro, 2010). Although numerous loss events have
been documented, there are a number of clades in which the phylogeny of stomach loss
remains controversial or unresolved due to uncertainties over phylogenetic relationships,
and sparse and/or conflicting reports over the last 200 years, compounded by the sheer
size and diversity of the teleost clade (28 000 species, (Nelson, 2006). The Cypriniformes
present such an example, with Cuvier (1805) being the first to recognize the absence of
a stomach in a cypriniform species.
Gastric acidification is achieved by ATP-catalyzed extrusion of H+ in exchange
for K+ by the gastric proton pump. The gastric H+/K+-ATPase is a heterodimer composed
of an α and β subunit encoded by the genes atp4a and atp4b with the stomach being the
dominant site of expression (Kopic et al., 2010). The absence of the proton pump genes
has been found to be correlated with the absence of gastric glands, the hallmark of the
vertebrate stomach (Wilson and Castro, 2010; Castro et al., 2014). Therefore the
presence of these genes can serve as an indicator of gastric function.
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The Cypriniformes order, with six families, 321 genera and approximately 3268
species, is currently the largest monophyletic group of freshwater fishes and is native to
Asia, Europe, Africa and North America (Nelson, 2006). Cypriniformes are comprised of
two superfamilies, the Cyprinidoidea (carps and minnows) and Cobitoidea (loaches and
suckers) (Figure 1). They are culturally, economically and scientifically important due to
their diversity in morphology, ecology, physiology and distribution (Chen et al., 2009).
From an evolutionary perspective, Cypriniformes may provide insight into stomach
evolution and loss since they are predominantly agastric through secondary loss. The
Cyprinidae family is probably entirely agastric (e.g. (Edinger, 1877; Reifel and Travill,
1978) and within the superfamily Cobitoidea, the family Cobitidae has many agastric
members (Misgurnus and Cobitis spp. (Edinger, 1877; Jeuken, 1957; MvMahon and
Burggren, 1987; Verigina and Zholdasova). However, unexpectedly, there is known to
be at least one closely related pair of families, the Nemacheilidae and Balitoridae (Figure
1) (Slechtova et al., 2007; Chen et al., 2007; Chen et al., 2008) in which there is
histological evidence for gastric glands (Nemacheilus angorae (Suicmez, 1897),
Barbatula barbatula (Western, 1971), Nemacheilus brandti and Lefua costata (Verigina,
1990). The presence of these apical group gastric families in an otherwise agastric clade
indicates that either multiple (>2-3) loss events could have occurred or gives rise to the
possibility of a secondary reinvention of the stomach in the Nemacheilidae and
Balitoridae families. This latter possibility would contradict a concept in evolutionary
biology known as Dollo’s principle, which states that lost complex characters are not
regained and characters cannot re-evolve because the genetic and/or developmental
features underlying an unexpressed character accumulate mutations that are highly
unlikely to be reversed (Collin and Miglietta, 2008). Given the close relationship between
stomach loss and gastric gene loss, evolutionary reacquisition of a stomach affords a
unique opportunity to test Dollo’s principle.
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Figure 1- A simplified schematic of the phylogenetic relationships in the Cypriniformes (modified
from Slechtova et. al. (2007) [71] and Wilson and Castro (2010) [12]). The dashed lines indicate
families

in

which

the

absence

of

a

stomach

(-)

is

observed

(Cobitidae

and

Cyprinidae/Catostomidae). The crown families Nemacheilidae/Balitoridae are known to be gastric
(+). It is unknown if the stomachless condition exists in Villantellidae (?) and the presence of the
stomach in Botiidae requires confirmation (+ ?) [12].

In order to study a gastric lineage in the Cypriniformes we examined
representative species from the family Botiidae, which is ancestral to both Cobitidae and
Nemacheilidae/Balitoridae clades (Slechtova et al., 2007). It should be noted that
Verigina (1990) reported the presence of gastric glands in Botia hymenophisa (family
Botiidae) but no images were provided. In addition, glandular structures identified in
some gobies (family Gobiidae, order Perciform) (Kobegenova and Dzhumaliev; 1991
Jaroszewska et al., 2008), another group with independent loss events, were claimed to
be non-functional as acid-peptic gastric glands because of their poor development and
mucopolysacharide content. This, and the absence of a protective mucus-secreting
epithelium lining the stomach, suggested functionality as mucous secreting glands. To
overcome this uncertainty, the present study documented the presence of gastric glands
by histology, and gastric proton pump α subunit (HKα1=Atp4a /atp4a) expression by
immunofluorescence microscopy and RT-PCR. The presence of a stomach in this family
would indicate that stomach loss occurred in the Cobitidae rather than stomach
reinvention in the Nemacheilidae/Balitoridae. In our earlier work (Wilson and Castro,
2010) we have presented some preliminary data on gastric glands histology and Atp4a
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immunohistochemistry in Botiidae which we have expanded in the present study and
complemented with genetic data in a number of additional species from the families
Botiidae, Nemacheilidae, Balitoridae and Cobitidae.

4.2- MATERIAL AND METHODS

4.2.1- ANIMALS
Clown loach (Chromobotia macracanthus), golden zebra loach (Botia histrionica),
hillstream loach (Beaufortia kweichowensis), and Asian weatherloach (Misgurnus
anguillicaudatus) were obtained from aquarium fish suppliers and kept on a natural
photoperiod in glass aquaria with filtered, dechlorinated tap water. Angora loach
(Nemacheilus angorae) were obtained from Iran as field-collected specimens fixed in
formalin (S. Malakpoor, Gorgan University of Agricultural Sciences and Natural
Resources, College of Fisheries and Environment, Gorgan, Iran). Iberian loaches
(Cobitis paludica) were collected locally (Mondego River, Portugal) at an earlier date as
archival formalin-fixed, paraffin-embedded (FFPE) samples. Fresh tissue for RNA
extraction was not available (protected status: Appendix III of the Bern Convention).
Consequently

the

latter

two

species

were

analyzed

by

histology

and

immunohistochemistry only. Channel catfish (Ictalurus punctatus) was also collected and
fixed for use as out group controls for IHC. Animals were treated in accordance with the
Portuguese Animal Welfare Law (Decreto-Lei no.197/96) and animal protocols approved
by CIIMAR/UP and DGV (Ministry of Agriculture).

4.2.2- SAMPLING
Loaches were anaesthetized [1:5000 MS-222 (Pharmaq, UK), pH 7.5 adjusted
with NaHCO3] and killed by cervical transection. In one set of animals (n=3) the
gastrointestinal tract was flushed in situ with RNAlater (Ambion, Austin USA), excised
and stored according to the manufacturer’s instructions (24h at 4°C, then at -20°C). In a
separate set of animals (n=3), the gastrointestinal tract was flushed with 10% neutral
buffered formalin (3.7% Formaldehyde/ PBS, pH=7.3), the body cavity was opened by a
ventral incision, and the entire fish was immersion-fixed for 24h at 4°C.
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4.2.3- HISTOLOGY AND IMMUNOCHEMISTRY
Following fixation, tissues were dehydrated through an ethanol series, cleared
with Clear Rite (Richard Allen Scientific, Kalamazoo MI) and embedded in paraffin (Type
6; Richard Allen Scientific). Sections were cut at 5μm with a Reichert Biocut 2030
microtome and stained with hematoxylin-eosin, Alcian blue (pH 2.5) and/or Periodic Acid
Schiff staining protocols. Serial gastrointestinal tract regions were imaged with a Leica
DFC300FX digital colour camera mounted on a Leica DM 6000 B microscope. Images
were imported into Photoshop CS2 to resize and adjust brightness and contrast while
maintaining the integrity of the data.
For immunohistochemistry, paraffin sections (5µm) were collected onto APS (3aminopropyltriethoxysilane; Sigma-Aldrich, St Louis, MO)-coated slides, air dried and
dewaxed. Sections were rehydrated in TPBS (0.05% Tween-20 in phosphate buffered
saline, pH 7.4 [TPBS]), blocked with 5% normal goat serum in 1% bovine serum albumin
(BSA)/TPBS for 20 minutes at room temperature, and then isolated using a hydrophobic
barrier (PAP pen, Sigma-Aldrich). Primary antibodies (see below 2.3.1 Antibodies) were
diluted in BSA/TPBS and incubated overnight at 4°C in a humidified chamber. Negative
control sections were incubated with normal rabbit serum (NRS), normal mouse serum
(NMS) or BSA/TPBS alone. After several washes with TPBS over 30 minutes, the
sections were incubated at 37ºC with goat anti-mouse Alexa Fluor 568 and goat antirabbit Alexa Fluor 488 conjugated secondary antibodies, diluted 1:400 (Invitrogen,
Carlsbad, USA) in BSA/TPBS for 1h. Nuclei were stained with DAPI (4´, 6-diamidino-2phenylindole, Sigma- Aldrich) during the second wash and coverslips were mounted with
glycerol based fluorescence mounting medium (10% Mowiol, 40% glycerol, 0.1% 1, 4diazabicyclo [2.2.2] octane (DABCO), 0.1 M Tris (pH 8.5). Imaging of sections was
carried out as described above using a Leica DFC 340FX camera with the DM6000B
microscope.

4.2.4- ANTIBODIES
The gastric H+/K+-ATPase α-subunit (HKα1 = Atp4a) was detected using the C2
rabbit polyclonal antibody raised against a synthetic peptide based on the 16 carboxylterminal amino acids of porcine gastric H+/K+-ATPase α-subunit (Smolka and Swinger,
1992). The C2 antibody stains the apical cytoplasm of pig and rat gastric parietal cells
as well as kidney collecting duct intercalated cells. The antibody has also been shown to
be crossreactive with Atlantic stingray H+/K+-ATPase α-subunit in stomach and gill
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(Smolka et al., 1994; Choe et al., 2004). Diluted neat serum was used in all experiments.
In addition, an affinity-purified pan-specific P-type ATPase antibody was used (Wilson et
al., 2007). This antibody (NAK121/αR1) was raised (Ura et al., 1996; Uchida et al., 2000)
against a synthetic peptide sequence that is highly conserved between Na+/K+-ATPase
(Atp1a), and both gastric (Atp4a) and non-gastric H+/K+-ATPase (Atp12a) α subunits
(see S1 Fig). The NAK121 antibody has been used in a number of teleost studies to
localize Na+/K+-ATPase α-subunit (see Wilson and Laurent, 2002).
Na+/K+-ATPase was specifically detected using the α5 mouse monoclonal
antibody specific to the α-subunit (Atp1a) developed by Takeyasu and co-workers
(1988). This antibody has been used in a number of teleost studies (Wilson and Laurent,
2002), and was obtained as culture supernatant from Developmental Studies Hybridoma
Bank, University of Iowa under contract N01- HD-7-3263 from NICHD.
Na+:K+:2Cl- cotransporter (NKCC) was detected using the T4 mouse monoclonal
antibody developed by Christian Lytle (University of California Riverside, CA; Lytle et al.
1995). This antibody has also been used to detect branchial NKCC in a number of
different teleosts (see Wilson et al. 2007) and also shows crossreactivity with Na+:Clcotransporter (Hiroi et al., 2008).

4.2.5- TOTAL RNA ISOLATION AND CDNA SYNTHESIS
Frozen stomach/anterior intestinal tract samples in RNAlater were weighed and
blotted dry. Total RNA was isolated using the Aurum total RNA mini kit (BioRad,
Hercules,

CA

USA)

according

to

the

manufacturer’s

instructions.

For

M.

anguillicaudatus, RNA was also isolated using either Qiagen RNeasy mini kit or GE
minispin column kit. RNA concentration and purity were assessed by UV spectroscopy
(Genova Jenway, Staffordshire, UK) at 260/280nm wavelength and integrity by
electrophoresis (BioRad, Hercules CA USA) in a 1.2% formaldehyde agarose gel stained
with Gel RedTM nucleic acid gel stain (Biotium, Hayward, CA, USA) and viewed with a
LAS 4000 Mini Imager (FujiFilm, Tokyo, JP). The RNA samples were stored at -80ºC.
The cDNA was synthesized from 1µg of total RNA in a 20 μl reaction volume
using the iScript cDNA synthesis kit with the iScript reverse transcriptase (BioRad).
Misgurnus anguillicaudatus RNA was also converted to cDNA using the Invitrogen
Superscript III kit. The reactions were carried out according to manufacturers’
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instructions using a BioRad MJ mini personal thermal cycler (BioRad) and samples
stored at -20ºC.

4.2.6- PCR AND GENE ISOLATION
Degenerate primers designed by Choe et al (2004) from conserved regions of
Atp4a in Xenopus laevis (GenBank accession number AAA76601) and Pleuronectes
americanus (GenBank accession number AAD56285) were used to isolate atp4a genes
from C. macracanthus, B. histrionica and B. kweichowensis (Table 1). In M.
anguillicaudatus, these primers in addition to an expanded battery of degenerate and
consensus primers, designed using iCodeHop (Boyce et al., 2009) and Primer3 (Rozen
and Skaletsky, 1999), were tested (S1 and S2 Tables). β-Actin primers (originally
described by Santos et al., 1997) for Sparus aurata were used for normalization of gene
expression data.
The atp4a PCR reactions were performed with 0.8 µl of sample cDNA and 0.5
μM of each primer in a 20μl reaction volume using Phusion Flash High-Fidelity PCR
Master Mix (Finnzymes, Espoo, Finland). PCR conditions consisted of a denaturation
step of 10 sec at 98°C, followed by 40 cycles of denaturation for 1s at 98ºC, annealing
for 5s at 54°C, and elongation for 15s at 72°C and a final elongation step for 1 min at
72°C.

Single bands in the predicted size range were retrieved from 2% agarose gels in
TBE (Tris-borate-EDTA) buffer using GFX columns (GE Healthcare, Carnaxide,
Portugal) and either directly sequenced (StabVida, Oeiras, Portugal) or cloned as
follows. An a-tailing reaction was required for cloning and performed with 0.5 U of
DyNAzyme II Polymerase, 0.2mM of dATP and 1x Finnzymes F-511 DyNAzyme buffer
in 10μl reaction volume for 25 min at 72°C using a Duppio thermocycler (VWR Leuven,
Belgium). Ligations and transformations of PCR products into JM109 high efficiency
competent cells were performed with the pGEM®-T Easy vector systems kit (Promega
Madison WI USA). Transformed cells were plated on Luria Bertani (LB) agar containing
ampicillin (100 µg mL-1) and IPTG/X-gal for blue/white screening. Plates were incubated
at 37°C overnight and transformants were selected, inoculated into 2 mL LB broth with
ampicillin (100 µg mL-1), and incubated at 37°C overnight. Plasmid DNA was isolated
using the Wizard® Plus SV minipreps DNA purification system (Promega) and forwardand reverse-sequenced (Stabvida) with M13 primers (Messing, 1983).
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β-Actin PCR was carried out with 0.8 µl of cDNA, 2mM MgCl2, 10mM dNTP and
0.8 U of DyNAzyme II Polymerase (Finnzymes) in an 20 μl reaction volume. The PCR
profile included an initial denaturation step of 2 min at 94ºC, followed by 30 cycles of
denaturing, 30s at 94°C, annealing, 30s at 60°C and elongation, 30s at 72°C and a final
elongation step of 5 minutes at 72ºC.

PCR products were resolved in 2% agarose gel in TBE buffer run at 80V together
with 100 bp DNA ladders (Bioron, Ludwigshafen, Germany) to confirm expected size of
amplification products. Gel RedTM-stained agarose gel images were acquired with a
FujiFilm LAS-4000mini imager and imported into Photoshop CS2 to resize and adjust
brightness and contrast while maintaining the integrity of the data.
Plasmids were initially edited for vector contamination using VecScreen, and
insert sequence identities were initially confirmed by tBlastx search. Alignment and
assembly was performed using BioEdit (Version 7.0.9.0; (Hall, 1999) with ClustalW.
Nucleotide sequences were translated using the translate tool of the ExPASy Proteomics
server. Additional sequence data for the phylogenetic analysis were obtained from
UniProt, GenBank and Ensembl. The GenBank or Ensembl accession numbers of the
sequences used are as follows: ATP4A- Siniperca chuatsi: ADK25708.1 (GenBank);
Monodelphis

domestica:

NP_001095171.1

ENSMODP00000017413;

(GenBank);

Anolis

carolinensis:

Oryctolagus

cuniculus:

ENSACAP00000010069;

Gasterosteus aculeatus: ENSGACP00000011775; Dasyatis sabina: AAP35241.1
(GenBank);

Homo

sapiens:

ENSP00000262623;

Mus

musculus

ENSMUSP00000131964; Ictalurus punctatus: XP_017325785.1 (GenBank); ATP12AHomo sapiens: NP_001172014.1(GenBank); Mus musculus: NP_619593.2 (GenBank);
Xenopus_laevis: NP_001080818.1(GenBank); ATP1A(1)- Gasterosteus aculeatus:
ENSGACP00000018907; Ictalurus punctatus: XP_017325785.1 (GenBank.
Protein sequence alignments were created with ClustalW in BioEdit. The
evolutionary history was inferred by using the Maximum Likelihood method based on the
JTT matrix-based model (Jones et al., 1992). The evolutionary history was also inferred
using the Neighbor-Joining method (Saitou and Nei, 1987). The tree was drawn to scale,
with branch lengths measured in the number of substitutions per site. The distances were
computed using the Poisson correction method (Zuckerkrandl and Pauling, 1965) and
are in the units of the number of amino acid substitutions per site. All positions containing
gaps and missing data were eliminated. Evolutionary analyses were conducted in
MEGA6 (Tamura et al., 2013).
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4.3- RESULTS
4.3.1- HISTOLOGY
Gastric glands were observed in histological sections of foregut regions of
loaches

in

the

families

Botiidae

(C.

macracanthus,

B.

histrionica)

and

Nemacheilidae/Balitoridae (B. kweichowensis, N. angorae) (Table 1). The structure of
the gastric glands was variable between the species examined; however, the differences
do not appear family dependent. Beaufortia kweichowensis has tubular glands that
extend deep into the mucosa, while B. histrionica and N. angorae have shorter tubular
glands and C. macracanthus has acinar-type glands. The gastric gland oxynticopeptic
cells showed no PAS or AB staining, however, strong PAS staining was observed in the
columnar epithelium lining the lumen of the stomach and the gland neck region of C.
macracanthus (Figure 2). Similar PAS positive columnar mucocytes were observed in all
of the gastric loaches. Goblet-type mucocytes were not observed in the stomach
epithelium.
Table 1- Summary of histology for

the presence/absence of gastric glands and

immunofluorescence (IF) microscopy results for HKα1 expression.

Family and Common Name

Species

Chromobotia
macracanthus
Botiidae
Botia
Golden Zebra loach
histrionica
Beaufortia
Hillstream loach
kweichowensis
Nemacheilidae/
Balitoridae
Nemacheilus
Angora loach
angorae
Iberian loach
Cobitis paludica
Cobitidae
Misgurnus
Weather loach
anguillicaudatus
Clown loach
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+
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+
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Figure 2- Chromobotia macracanthus (Botiidae) stomach and intestine.
(a,b) Demonstration of acinar-type gastric glands expressing apical H+/K+-ATPase (HKα1; green)
as determined by immunofluorescence microscopy in Chromobotia macracanthus (Botiidae). In
the gastric glands Na+:K+:2Cl- cotransporter (red) has a basolateral distribuition. c) PAS staining
(magenta) indicates the presence of a protective mucous secreting epithelium in the stomach. (d;
bottom) The intestinal epithelium shows the presence of typical intestinal enterocytes with
basolateral Na+/K+-ATPase (green) and brush border Na+:K+:2Cl- cotransporter (red) staining,
while the pyloric region of the stomach (d; top) shows no such staining. Scale bar (a,c,d) 100 µm
(b) 50 µm.

Regarding the Cobitidae family, glandular tissue in the foregut region was not
observed in either of the Cobitinae species (M. anguillicaudatus, or C. paludica). Instead
the transition from the esophagus to the intestine is marked by a valve with a transitional
columnar epithelium showing PAS staining. Distal to the esophagus is a typical intestinal
lining with longitudinal folds covered by a columnar epithelium with a brush border
(Figure 3). Mucous cells in this region are of the goblet type.
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Figure 3- Histology of Misgurnus anguillicaudatus (Cobitinae) anterior intestine indicating the
absence of gastric glands.
The intestine is thrown into longitudinal folds and is covered by a columnar epithelium regularly
interspersed with goblet cells. H&E staining viewed with differential interference contrast
technique. Gut lumen (*). Scale bars (a) 500, (b) 100, (c) 25 µm.

4.3.2- IMMUNOCHEMISTRY
Sections of stomach and anterior intestine of loach species were probed with
HKα1 C2 antibody to detect expression of H+/K+-ATPase α subunit. Strong apical HKα1
immunoreactivity was localized to the gastric glands of Botiidae (C. macracanthus, B.
histrionica) and Nemacheilidae/Balitoridae (B. kweichowensis, N. angorae) (Table 1).
Staining with the HKα1 C2 antibody showed strong apical immunoreactivity in the gastric
glands of N. angorae (Figure 4), and B. histrionica (Figure 5), and no immunoreactivity
in esophagus, pyloric stomach and intestine. Similar labeling results were observed in
C. macracanthus and B. kweichowensis with this antibody (not shown).
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Figure

4-

Nemacheilus

angorae

(Nemacheilidae)

anterior

gastrointestinal

tract

immunohistochemistry.
Double immunofluoresent localization of HKα1 (a,b,c; green; C2 antibody) and NKAα1 (d,e,f; red;
α5 antibody) in N. angorae esophagus (a,d,g), cardiac stomach (b,e,h) and proximal intestine
(c,f,i). IHC images are overlaid with corresponding DAPI (g,h,i) and DIC (j,k,l). Scale bar 100 μm.
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Figure 5- Botia histrionica (Botiidae) stomach and intestine immunohistochemistry.
Immunohistochemical staining of golden zebra loach cardiac (a,b) and pyloric (c) stomach and
intestine (d). Sections are probed with the HKα1/NKα1 antibody (αR1; green a,c,d) and HKα1
antibody (C2; green; b) and and colabeled with NKCC (T4; red) and NKα1 (α5; red) and
respectively. Sections are counter stained with the nuclear stain DAPI (blue) and over laid with
the DIC image for orientation. Scale bar 100μm.

Complementary sections were also probed with a P-type ATPase IIc antibody
originally developed to detect Na+/K+-ATPase subunit α1 (αR1; (Wilson et al., 2007; Ura
et al., 1996; Uchida et al., 2000). This antibody is predicted to crossreact with HKα1,
HKα2 and NKAα based on conservation of the antigenic peptide sequence (S1 Fig). In
gastric glands, staining with the αR1 antibody was apical (Figures 2a,b, 5a,b, 6a,b) in a
pattern identical to the HKα1 antibody C2, and basolateral in the intestinal epithelium
(Figures 2d, 5d, 6c), in a pattern identical to NKAα antibody α5 (Figure 4f). Conversely,
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basolateral staining in gastric gland oxynticopeptic cells could be demonstrated with the
NKCC T4 antibody which crossreacts with the NKCC2 isoform, while in the adjacent
intestinal epithelium, apical brush border immunoreactivity of the NKCC1 isoform was
observed (Figures 2d, 5d). NKAα expression in the oxynticopeptic cells was generally
very weak to non-detectable in contrast to HKα1 (Figures 4e, 5a,b).

Figure 6- Beaufortia kweichowensis (Balitoridae) immunohistochemistry.
Double immunohistochemical localization of HKα1/NKα1 (green; αR1 antibody) and NKCC (red;
T4 antibody) in B. kweichowensis (a,b) cardiac stomach, (c) proximal intestine and (d) kidney
(upper) and distal intestine (lower). Asterisk indicate gut lumen. Scale bar (a,c,d) 100 μm (b) 25
μm.

84

Chapter 4- The gastric phenotype in the Cypriniformes: A case of reinvention in the loaches?

4.3.3- PCR AND GENE ISOLATION
Chromobotia macracanthus, B. histrionica and B. kweichowensis cDNA PCRs
using degenerate atp4a primers yielded two overlapping partial sequences within the
predicted size range. These partial atp4a PCR products were cloned, sequenced, and
aligned to obtain partial sequences of approximately 2.1 kb (GenBank accession
number: JF934690.1, JF934691.1 and JF934689.1 respectively). Overall, the reported
sequences cover a significant part of the expected size of the ORF of atp4a. Sequence
alignments of putative gastric proton pump H+/K+-ATPase α subunits of others species
indicate that they share a strong degree of identity in protein functional and other regions
(S1 Fig), and are robustly grouped phylogenetically. In contrast, M. anguillicaudatus
cDNA PCRs using the same degenerate primers and a set of additional atp4a
degenerate and consensus primers (S2 Table) yielded either no reaction products, or
bands in the predicted product size ranges that could not be confirmed as atp4a
orthologues (non-specific amplification products). Touch-down, touch-up, and nested
PCR protocols were also tested without success using alternative M. anguillacaudatus
RNA and cDNA isolation protocols. The β-actin reference gene gave a single band with
250 bp in all samples.

4.3.4- PHYLOGENETIC ANALYSIS
The degree of amino acid identity between our partial loach sequences ranged
from 88% to 93% and in comparison with the other teleosts ranged from 90% to 94%.
The comparison with the cartilaginous fish, Atlantic stingray Dasyatis sabina, shows an
identity of 89% with the C. macracanthus, B. histrionica and B. kweichowensis Atp4a’s.
A comparison with representatives from other major vertebrate clades, shows that the
percentage of amino acid identity ranges between an average of 89% in comparison with
amphibians, 90% for reptiles and 86% for mammals. The closest phylogenetic P-type IIc
ATPase to Atp4a is the Atp12a paralogue. The amino acid sequence identity to the
Atp12a paralogue varies from an average of 72% (mammals) to 74% (amphibians).
Curiously, Atp12a is so far not described outside tetrapods. The other related P-type IIc
ATPase is Atp1a (Na+/K+-ATPase α subunit) that shows, on average, a degree of identity
with our three sequences of less than 70%.
A phylogenetic comparison of C. macracanthus, B. histrionica and B.
kweichowensis partial Atp4a sequences with ATP4A, ATP12A and ATP1A1 sequences
from representative taxa (Figure 7) reveals a high degree of homology with Atp4A
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sequences from other teleosts such as Chinese perch (Siniperca chuatsi), stickleback
(Gasterosteus aculeatus) and channel catfish (Ictalurus punctatus).

4A Chromobotia macracanthus

90
96

4A Botia histrionica

74

4A Beaufortia kweichowensis

99

4A Ictalurus puntatus
4A Siniperca chuatsi

75
98

4A Gasterosteus aculeatus

100

4A Dasyatis sabina
4A Anolis carolinensis
4A Monodelphis domestica

94

4A Oryctolagus cuniculus

100
99
71

4A Homo sapiens
4A Mus musculus

12A Xenopus laevis
12A Homo sapiens

100
100

12A Mus musculus
1A Gasterosteus aculeatus
100

1A Ictalurus punctatus

0.05

Figure 7- Molecular phylogenetic analysis of the three loach sequences. Phylogenetic tree
obtained using the Maximum Likelihood method based on the JTT matrix-based model [45]. The
tree with the highest log likelihood (-6567.1549) is shown. The percentage of trees in which the
associated taxa clustered together is shown next to the branches.

4.4- DISCUSSION
The present study tested the hypothesis that gastric phenotype and proton pump
expression are intrinsically linked (Castro et al., 2014). Gastric histological,
immunocytochemical, and molecular data acquired from loach species of the
Nemacheilidae/Balitoridae and Cobitidae families correlated with the presence and
absence of gastric glands with the presence and absence of proton pump atp4a gene
expression. Further, the data established that members of the proximal ancestral family,
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the Botiidae, possess both gastric glands and atp4a expression thus providing clear
evidence for a retention of a gastric lineage within the loaches.

4.4.1- STOMACH PHENOTYPE
The oesophagus and stomach are histologically distinguished by the transition
from mucous goblet cells in esophageal epithelium to columnar mucous cells in the
gastric epithelium, and more significantly, the presence of gastric glands (Wilson and
Castro, 2010). Generally, multicellular glands are found only in the stomach in teleost
fishes and not in other regions of the GI tract (Wilson and Castro, 2010). Histology clearly
identifies gastric glands in both Botiidae species (C. Macracanthus and B. histrionica)
and in both Nemacheilidae (N. Angorae) and Balitoridae (B. kweischowensis) species
(Table1). In contrast, no glandular tissue was observed in the foregut region of either
Cobitidae species (C. paludica and M. anguillicaudatus).
Furthermore, we document the presence of atp4a orthologues and pronounced
apical membrane localization of HKα1 antibodies in gastric glands of the Botiidae and
Nemacheilidae/Balitoridae species, consistent with functional acid secretory capacity. In
the case of the Botia genus, Verigina and Zholdasova (1986) reported the presence of
gastric glands, although no micrographs were shown and no functional data was
provided. In contrast, species in the Cobitidae lacked gastric glands, atp4a expression
or detectable gastric H+/K+-ATPase-like immunoreactivity. Thus, we conclude that the
morphological absence of gastric glands is strongly correlated with loss of atp4a gene
expression, a correlation supported by similar observations in other non-gastric lineages
(Castro et al., 2014).
A surprising number of distinct vertebrate lineages show an absence of gastric
glands (Castro et al., 2014), and teleosts in particular have numerous species where
gastric glands are absent (Kapoor et al, 1976; Wilson and Castro, 2010). Gene loss is a
major evolutionary process occurring in animal genomes and may occur rapidly under
strong selective pressure (Krylov et al., 2003). We explored here an intriguing example
of stomach presence and absence in the Cypriniformes. In fact, while the more basal
families are typically agastric, the apical groups show a clear gastric phenotype. We
conclude that a reinvention of the stomach in Nemacheilidae/Balitoridae was improbable,
given that Botiidae have a gastric phenotype. The more parsimonious explanation of our
findings is that stomach loss occurred multiple times within the cypriniform lineage, and
was retained in the ancestor of the Nemacheilidae/Balitoridae. Thus, we are observing
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secondary loss in the Cobitidae rather than a reinvention of this complex organ in this
group. Furthermore, we show an apparent related loss of the atp4a gene, at least in the
gastrointestinal tract of the Cobitinae subfamily members. Our study paves the way for
more in-depth analyses.

4.4.2- THE CONTROVERSY OVER DOLLO’S PRINCIPLE
According to Dollo’s principle (1903), “Functional or physiological reversal occurs;
structural or morphological reversal does not occur” (Gould, 1970). Therefore, Dollo’s
principle predicts that a complex characteristic cannot re-emerge if the loss of the
character is followed by the loss of the genetic architecture and developmental
mechanisms related to the characteristic (Collin and Cipriani, 2003). On the other hand,
the existence of mutations and recombinations of genes can result in evolutionary
reversion even if this characteristic is not regained in the same form (Simpson, 1953).
Marshall and co-workers (Marshall et al., 1994) showed that re-acquisition of lost forms
is highly improbable after more than 10 MY. Thus, reversals would be statistically
improbable if a significant amount of genetic change has accumulated (Marshall et al.,
1994). Some examples of reacquisition of apparently complex features include insects
regaining wings (Whiting et al., 2003), lizards reacquiring digits (Kohlsdorf and Wagner,
2006), slipper limpets regaining a coiled shell (Simpson, 1953), asexual mites recovering
sexual reproduction (Domes et al., 2007), frogs retrieving tadpoles in their life histories
(Wiens et al., 2007) and marine snails regaining a feeding larval stage (Collin et al.,
2007), although these are considered analogous structures adapted to their
environment. On the other hand, these published phylogenetic exceptions to Dollo’s
principle did not document the dates of observed losses and gains, which would have
provided insight into potential mechanisms of reacquisition (Collin and Miglietta, 2008).
However, while Weins (Wiens et al., 2007) demonstrated the reacquisition of mandibular
teeth in frogs after at least 200 MY, teeth were still present on the upper jaw, and thus
the genes and development pathways needed for the development on the lower jaw
were preserved. Thus, despite the importance of time lost, the degree of loss can be
more relevant for re-emergence of a lost characteristic as is also illustrated for chicken,
which are toothless but because the entire pathway for tooth formation remains intact it
can be reactivated (Collin and Miglietta, 2008). This is also recognized as atavism, the
re-emergence of ancestral characteristics in individuals. In these cases a lost structure,
previously not found in progenitors and lost from several generations to many million
years, can appear in a few individuals as in the case of whales born with legs or humans
born with a tail) (Tomić and Meyer-Rochow, 2011). The accepted explanation for the
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occurrence of atavism is that the reappearance of the lost structure is possible because
of the retention of related genes in the genome for other functions and that due to
possible mutations, the lost character reappears (Tomić and Meyer-Rochow, 2011). In
our case of stomach loss, we know the relationship between loss of the gastric
phenotype and the loss of related active gastric genes atp4a and atp4b (Castro et al.,
2014), and maybe pepsinogen C (Castro et al., 2012) that are fundamental to the
function of the stomach. However, the development of gastric genes in the loaches and
other stomach-less fishes are still unknown.

4.4.3- IDENTIFICATION OF ATP4A
Substantial portions of the atp4a gene ORF from C. macracanthus, B. histrionica,
both from the Botiidae family, and B. kweichowensis, a species belonging to the
Nemacheilidae/Balitoridae families, were obtained using PCR. In contrast, various PCRbased attempts to isolate the atp4a orthologue from the stomachless Cobitidae family
member M. anguillicaudatus were unsuccessful, consistent with loss of this gene in this
species. The alignments for the putative gastric proton pump α-subunit between our
three loach sequences and atp4a sequences of others species (Figure 8) indicate that
the loach sequences share a strong degree of identity in the protein functional domains
(S1 Fig), and are robustly grouped phylogenetically. The catalytic subunit of the gastric
proton pump H+/K+-ATPase consists of 1034 amino acids with 10 transmembrane
segments (TM). Notably, three conserved H+/K+-ATPase amino acid residues are also
conserved in our loach sequences. Cysteine 813, located in the loop between TM5 and
TM6, is a cation transporter site that is also a binding site for proton pump inhibitors of
the gastric H+/K+-ATPase (Shin et al., 2009). Lysine 791 located in the TM5 segment
plays a role in the H+/K+-ATPase’s outward transport of hydronium ions (H3O+). Finally,
glutamine 820 is involved in K+ stimulation of the ATPase activity (Dürr et al., 2010).
The phylogenetic tree of members of the H+/K+-ATPase α-subunit clade revealed
that Atp4A sequences belong to a group markedly different from the Atp1a that encodes
the Na+/K+-ATPase α subunit (Sugiura et al., 2006). A phylogenetic analysis of atp4a
genes of different species indicates that Atlantic stingray (D. sabina) is the most basally
derived vertebrate lineage to have an orthologue of the H+/K+-ATPase, followed by
teleost, amphibian and reptilian representatives, respectively. Indeed, the presence of
this gene is correlated with the earliest phylogenetic appearance of gastric acid secretion
(Smolka et al., 1994). The phylogenetic tree also discloses that the three loach atp4a

89

Chapter 4- The gastric phenotype in the Cypriniformes: A case of reinvention in the loaches?

genes and those of other teleosts, such as stickleback (G. aculeatus) and Chinese perch
(S. chuatsi), form a strong statistically supported group of fish atp4a genes.

4.4.4- LOACH SYSTEMATICS
According to Siebert (1987), the Cypriniformes order has two superfamilies: the
Cyprinoidea and the Cobitoidea, the latter of which includes the families studied here.
Wu and co-workers (Wu et al., 1981) constructed the first classification of the
Cypriniformes based on cladistics argumentation of eight characters (Grande, 2010) and
obtained five families. Sawada (1982) reorganized the families based on morphological
characters using phylogenetic method (Hennig, 1965). Siebert (1987) in turn obtained
nine families using a phylogenetic approach based on parsimony analysis of 41
characters including primarily cranial osteology. Moreover, on the basis of morphological
data, earlier models proposed that the botids were within the same family as the cobitids,
and the nemacheilids were within the Balitoridae (Nelson, 1994). However, the
phylogeny of the Cobitoidea has been revised more recently using DNA data (Tang et
al., 2006; Slechtova et al., 1997; Mayden et al., 2008; Chen et al., 2008; Chen et al.,
2009; Mayden et al., 2009; Liu et al., 2012). Through the use of the mitochondrial DNA
genes cytochrome b and control region, and the nuclear recombination activating gene
1 (RAG-1), the Nemacheilidae and Balitoridae have been reassigned as separate sister
families, and the Botiidae and Cobitidae are now recognised as different families. These
DNA data converge to identify seven Cobitoidea families, which we used as the
foundation for our study (Slechtova et al., 1997). However, the higher level sister group
relationships among these families remain unresolved, possibly owing to the limited
number of genes or taxa analyzed. According to Swofford and co-workers (1996), a
phylogenetic reconstruction should follow precise analytical methods, appropriate and
sufficient morphology, and molecular and behavioural data, in addition to appropriate
selection of taxa. Unfortunately, incomplete understanding of the families, subfamilies
and other groups still causes uncertainty (Mayden et al., 2009). However, there is an
ongoing international effort directed at investigating the systematics of the Cypriniformes,
so more information about their genealogical relationships is certain to emerge.
The controversies surrounding the morphological and phylogenetic classification
of loaches justify further study of diverse gastrointestinal tract characteristics as a novel
approach to clarification of loach systematics. Our study has established the stomach
phenotype with the presence of gastric glands and atp4a/Atp4a expression in members
of the Nemacheilidae, Balitoridae and Botiidae families, and absence of both
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characteristics in the Cobitidae. Yet to be investigated is the small Cobitoidea family
Vaillantellidae that is ancestral to the agastric Cobitidae family, and gastric families
Botiidae and Nemacheilidae/Balitoridae. We would predict that the Vaillantellidae are a
gastric family. Determination of the extent of the stomach loss in the Cobitidae, of which
we have studied only two of 18 genera, would be most informative.
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SUPPLEMENTAL MATERIAL

S.Table 1- Nucleotide sequence of primers for β-actin and Atp4a degenerate and consensus
primers.
Gene

Primer Name

β-actin

Atp4a

Sequence (5’-3’)

SbrAct-F*

GGCCGCGACCTACAGACTAC

SbrAct-R*

ACCGAGGAAGGATGGCTGGAA

ATP4A F1d**

GAYGARCARTGGAARGARGC

ATP4A R1d**

GGRAACCANCCYTCYTGNGCC

ATP4A_F318d**

NCTNCARTGYCTNATGTGGGT

DF4A_R1742

GTGGGGAAATTCATCTCAT

Observations
* Santos et al.,
1997

**Choe et al. 2004

S.Table 2- Nucleotide sequences of the different set of primers used to test the presence of
ATP4A sequence in C. macracanthus, B. histrionica, B. kweichowensis, M.anguillicaudatus

Name

Primers

ZBLoach4A_RACE_R2

CGAAAGACTGGATGGCACCTATCTG

ZBLoach4A_RACE_R1

TGAAGAGTCCCTGCTGGAAGAGAGA

ZBLoach4A_RACE_F2

GGGACTCTTCAGGAACAAGGTGCTT

ZBLoach4A_RACE_F1

CTGCAGGACAGTTACGGACAGGAGT

ZBloach4A2RACE_R2

AGGGAATAATGTCTGTGCCCAGCTC

ZBloach4A2RACE_R1

GTAGCCTTGTTCAGCCATCACGGTA

ZBloach4A2RACE_F2

CAAGGCTACCTTCCTGGAACACTGA

ZBloach4A2RACE_F1

GAGGAAGGTCGTCTGATCTTCGACA

degATP12A-R2

TTCGCTCCGGCgcnccyttcat

degATP12A-F2

CAAGCGGATGGCAAAGaaraaytgyyt

degATP12A-R1

CGCGATGGAAACAaaccartaytg

degATP12A-F1

CGCCGACATGATACTACTAGATgayaayttygc

HKA-a1-rev2

AACAGCTGGAAGACGATGG

HKA-a1-rev1

CCTGTTGGAAGATGGACAG

HKA-a1-fwd3

TGTCTCTGGCCTATGAGAAG

HKA-a1-fwd2

AGAAACTGATTATCGTGGAGA

HKA-a1-fwd1

GCATCATCTCAGAAGGCAGT

Choe4A_R1d

GGR AAC CAN CCY TCY TGN GCC

Choe4A_F1d

GAY GAR CAR TGG AAR GAR GC
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S1 Fig- Characteristic aminoacid residues for gastric HKα1 (ATP4A). Red: Potassium binding by
lysine (K) protonated at pH<3 and Glutamate (E) with two sites. Blue: Cystein (C) is inhibited by
omeprazole (SCH28080).

S2 Fig- Immunohistochemical localization of HKα1 using the C2 antibody in the stomach of the
outgroup (a) Siluriformes channel catfish (Ictalurus punctatus) and (b) Characiformes Mexican
tetra (Astyanax mexicanus). Images are overlaid with DAPI and DIC. Scale bar 100µm.
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ABSTRACT
The gastrointestinal tract (GIT) develops from a simple embryonic tube that then
regionalizes into highly differentiated regions. Each region has a specific structure and
gene expression signature enabling different functions. The origin of jawed vertebrates
coincides with the appearance of a novel GIT region, the stomach. This anatomical
structure is characterized by the presence of gastric glands that secrete HCl and pepsin
to aid in acid-peptic digestion. The developmental origin of the stomach during vertebrate
evolution may lay in molecular interactions established between the embryonic gut
endoderm and the underlying mesenchyme. In traditional model organisms, the
molecular mechanisms behind these endoderm/mesenchyme interactions involve the
expression of genes such as barx1, sox2, sfrps, and fgf10 which lead to gastric
epithelium development and cdx1 and cdx2, associated to the generation of the intestinal
phenotype. However, no information is available on the developmental mechanisms
operating during GIT differentiation in sharks, considered the living representatives of
the most basal jawed vertebrates. Here, the first gene expression analyses during GIT
development in a chondrichthyan representative, the catshark Scyliorhinus canicula is
provided. Results indicate the development of gastric glands close to hatching and
accompanied by the onset of gastric proton pump expression. Moreover, the molecular
regionalization of the embryonic gut assigned by the expression of barx1 and sox2 in the
anterior portion of the GIT and by the expression of cdx1 and cdx2 in its posterior portion
is clear. These findings suggest that regionalization of the gut and the differentiation of
the gastric glands involves developmental networks that can be traced back close to the
root of divergence of gnathostomes
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5.1- INTRODUCTION
The origin of digestive structures is considered one of the major steps in the
history of life (Nielson, 2008). The events involved in early evolution predate the origin
of Metazoans, when eukaryotic cells became predatory, capturing and accumulating
food in vacuoles by phagocytosis (de Nooijer et al., 2009). The formation of a tight
epithelium surrounding a digestive canal, which made possible the articulation between
extracellular and intracellular digestion, was then a decisive evolutionary step for
Metazoans (Yonge, 1937; Peterson et al., 2005; Nielson, 2008). This epithelial layer,
derived from the embryonic endoderm, has been evolving for more than 650 million years
and, in tight interaction with the underlying mesenchyme, gave rise to the highly complex
gastrointestinal tract found in vertebrates (GIT).
The morphological changes that took place within the vertebrate GIT involved an
antero-posterior regionalization at the level of its morphological structure, cells types and
gene expression profiles, adapting each compartment to a specific function during food
digestion (Figure 1A). The diversification of the GIT epithelium culminated with the origin
of the stomach, which in contrast with other regions of the GIT, houses 11 distinct cell
lineages embedded within deep pits and contiguous glandular structures (Karam et al.,
1997a; Karam et. al., 1997b). These glands are responsible for the secretion of the
gastric acid by the proton pump H+/K+-ATPase (Kimura et al., 2002), a heterodimer
composed of a catalytic α-subunit (encoded by the gene atp4a or HKα1), and the noncatalytic β-subunit (encoded by the gene atp4b or HKβ). In the presence of food or other
stimuli, protons are produced intracellularly through the action of carbonic anhydrase
and the gastric proton pumps assure the production of hydrochloric acid (HCl) (Hersey
and Sachs, 1995). In addition, the low pH of the stomach is essential to protein digestion
by initiating the conversion of the inactive pepsinogen precursors into their active forms,
the pepsins (Richter et al., 1998). However, this conversion also occurs by autocatalyzation of the pepsin since this proteolytic enzyme also converts pepsinogen in
more pepsin increasing the efficiency of the digestion (Wazna et al., 1977; Kageyama
and Takahashi, 1987; Fuentes et al., 2005).
The absence of a stomach in extant agnathans suggests that the origin of such
structures coincides with the radiation of gnathostomes (Castro et al., 2014). However,
the limited information regarding the internal anatomy of chordate fossils makes the
transition between an unregionalized into a regionalized GIT unclear (Xiang-guang et al.,
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2002; Zhang and Hou, 2004). Within fossil agnathans, a recognizable stomach-like
structure was exclusively detected in Thelodontes, although there is no evidence
regarding its function (Figure 1a) (Wilson and Caldwell, 1998). Then, in basal
gnathostome fossils, abdominal muscles in Placodermes suggest that these animals had
a stomach but, again, there is no further data supporting the existence of such a structure
(Trinajstic et al., 2013). Other basal gnathostome representatives, such as the ancestral
lineage of Holocephali, comprising the extant Chimaera, is stomach-less and their
genomes lack genes involved in acid-peptic digestion, as demonstrated for the gene that
encode the β subunit of the gastric proton pump (atp4b) (Castro et al., 2014). In contrast,
however, the sister chondrichthyan lineage Elasmobranchii, in which sharks, skates and
rays are included, does have an acidified stomach in which gastric glands have been
identified (Michelangeli et al., 1988; Wood et al., 2009). Moreover, their genome contain
atp4a (Choe et al., 2004; Smolka et al., 1994), atp4b (Castro et al., 2014) and several
pepsinogens, and acid-peptic digestion has been well characterized. (Holmgren and
Nilsson, 1999). Thus, the most basal extant gnathostome group with an unequivocal
stomach, characterized by gastric glands and a specific gene expression profile is the
Elasmobranchii (figure 1b) (Michelangeli et al, 1988).
The elaboration of the GIT in jawed vertebrates apparently occurred
concomitantly with the origin of differential distances between the somatic and visceral
mesoderm layers along the antero-posterior (AP) and dorso-ventral (DV) axes during
development, which has been proposed to have also contributed to the origin of paired
fins (Nuno de la Rosa et al., 2014). Thus the regionalization of the GIT, not only
influenced the radiation of the feeding modes, but may have also contributed to the origin
of novel morphological structures such as locomotory appendages. Moreover, the
acquisition of a highly specialized digestive organ as is the stomach, may have expanded
the spectrum of protein sources in the diet (Castro et al., 2014) facilitating protein
denaturation and the action of endopeptidases (Kageyama, 2002). The low pH of the
stomach improved calcium and phosphate uptake while working as a barrier against
pathogen entry to the intestine (Sugiura et. al., 2006; Bucking and Wood, 2007). Lastly,
the retention of food in the stomach lumen may have allowed optimization of the
enzymatic action within a period of time (Yonge, 1937). Therefore, the origin of the
stomach may have largely contributed to the vast radiation experienced by the
gnathostomes, which make up more than 99% of all living vertebrates (Coates, 2009;
Brazeau and Friedman, 2015).
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Interestingly, throughout the evolution of gnathostomes, numerous lineages have
lost the stomach, such as several teleost lineages, the dipnoids and even the enigmatic
monotremes (Ordoñez et al., 2008; Castro et al., 2014). In particular, in teleosts, a
minimum of 15 independent stomach loss events was estimated covering seven families
and 20–27% of species (Wilson and Castro, 2010). A correlation has been established
between this particular phenotype and the loss or pseudogenization of genes related
with the stomach function, as it has been demonstrated for genes involved in HCl
secretion (atp4a, atp4b) and in protein digestion (pgc) in agastric species (Castro et al.,
2012; Castro et al., 2014). Questions that remain unresolved are what molecular
mechanisms made possible the differentiation of the stomach during vertebrate evolution
and might explain its loss in particular lineages.

Figure 1- Evolution of the gastrointestinal tract (GIT). a) Absence of stomach in extant
representatives of basal vertebrates (lampreys) versus prominent stomach in extant representatives
of basal gnathostomes (sharks). b) Phylogenetic relationships of distinct chordate lineages. Arrows
on top indicate the origin of the vertebrate and gnathostome lineages. (-) absence of stomach; (+)
presence of stomach; (+/-) lineages in which stomach-loss events took place; (+?) presence of
functional stomach not confirmed. Note that chondrichthyes represent the most basal extant group of
gnathostomes with differentiated stomach.
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Data mostly from avian and mammalian development shows that the GIT is
formed from an embryonic tubular structure, the gut, which then compartmentalizes into
a foregut, midgut and hindgut (Wells and Melton, 1999). The regionalization of the gut is
preceded by a differential gene expression profile along its antero-posterior axis, which
is decisive in allowing alternative paths in GIT differentiation (Kim et al., 2005). Thus,
acquisition or up-regulation of particular genes may have triggered the antero-posterior
regionalization of the GIT during the evolution of vertebrates. The encoded proteins of
genes such as barx1, sox2, shh, fgf10, cdx1 and cdx2 have been recognized by their
role in the definition of a stomach versus an intestine phenotype (Beck et al., 2000;
Silberg et al., 2000; Fukuda and Yasugi, 2005).

The expression of barx1, in the posterior foregut, which is the prospective
stomach region, is essential for the differentiation of the gastric epithelium, inhibiting the
Wnt signaling operating in the uncommitted endoderm through regulation of the Wnt
antagonists Sfrps (Kim et al., 2005). Lack of inhibition of the Wnt signaling within the gut
endodermal cells leads them to differentiate into intestine epithelial cells (Kim et al.,
2005). In addition, sox2 seems to have a pivotal role in generating morphologically and
physiologically distinct types of epithelial cells in the foregut and midgut contributing to
the formation of the gastric glands (Ishii et al., 1998; Fukuda and Yasugi, 2005). Also
reported in gastric glands development are the Fgf10 proteins (Shin et al., 2006; Nyeng
et al., 2007). Moreover, they are mesenchymal regulator that act on the endodermal
layer, strongly impacting epithelial elaboration during intestinal development (Kanard et
al., 2005). Finally, cdx1 and cdx2 are involved in the early patterning and maintenance
of the intestinal epithelium (Silberg et al., 2000; Hryniuk et al., 2012).
To understand the evolutionary history of the molecular processes, leading to the
origin of the stomach, the shark model Scyliorhinus canicula was used as an extant
representative of basal gnathostomes, performing the first molecular characterization of
stomach development in an Elasmobrachii. The onset of gastric gland development
accompanied by the up-regulation of atp4a and pgc (pepsinogen C) was identified and
the molecular mechanisms involved in GIT regionalization were explored in sharks
studying the expression of barx1, sox2, sfrp2, fgf10. Results demonstrate that expression
of barx1 and sox2 mark the anterior portion of the GIT, in the prospective stomach region
while the expression of cdx1 and cdx2 is mostly seen posteriorly, in the prospective
intestinal region. These findings indicate that regionalization of the GIT and the onset of
gastric function, involve molecular networks that can be traced back to the root of
divergence of jawed vertebrates.
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5.2- MATERIAL AND METHODS
5.2.1- COLLECTION AND STAGING OF EMBRYOS

Scyliorhinus canicula eggs were obtain from Roscoff Marine Station (France) or
from pregnant females kept in tanks in BOGA - bioterium of aquatic organisms of Ciimar
(Portugal) (see supplemental material table 1). The embryos were excised from their egg
cases, dissected from the yolk sac and staged according to Ballard and colleagues
(1993). Specimens were then saved in RNA-Later and stored at -20°C for RNA extraction
conducting to the production of cDNA or fixed in 4% paraformaldehyde in phosphate
buffered saline (pH 7.4) for 24h at 4°C, dehydrated in a methanol series and stored at 20°C to be used in in situ hybridizations, immunohistochemistry and histology.

5.2.2- HISTOLOGY AND IMMUNOCHEMISTRY

Histological sections (5µm) of paraffin embedded tissue was stained with
hematoxylin-eosin (H&E) or alcian blue (pH 2,5), periodic acid-Schiff (AB-PAS) and
hematoxylin (Mowry, 1956). Sections were used to characterize stomach development
in S. canicula and to detect the production of acid mucins (blue) and basic mucins
(purple). Additionally, eosin fluorescence allowed visualization of the highly eosinophilic
zymogen granules typically found in the acinar cells of the gastric glands (Takei et al.,
2010) and immunohistochemistry (IHC) with the rabbit polyclonal antibody (C2) against
the H+/K+ ATPase α- or catalytic subunit (HKα1) (Smolka and Swinger, 1992), was used
to identify the onset of the gastric HKa1 expression during S. canicula development. For
IHC, sections were rehydrated in TPBS (0.05% tween-20 in Phosphate Buffered Saline,
pH 7.4) and blocked with 5% normal goat serum in 1% BSA/TPBS. They were then
incubated with C2 antibody diluted 1:200 in 1% BSA/TPBS overnight at 4°C. After TPBS
washes, slides were incubated in the secondary conjugated antibody goat anti-rabbit
Alexa Fluor 488 diluted 1:500 in 1% BSA/TPBS during 1 hour at 37°C. Slides were
counter stained with DAPI and cover-slipped using glycerol based fluorescence
mounting media (10% mowiol, 40% glycerol, 0.1% 1, 4-diazabicyclo [2.2.2] octane
(DABCO), 0.1 M Tris (pH 8.5). Histological images were acquired with a Leica
DFC300FX digital colour camera and immunohistochemistry images were acquired
using a cooled digital camera (Leica DFC 340 FX) mounted on a Leica DM6000 B wide
field epi-fluorescence microscope.
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5.2.3- CLONING AND REAL-TIME QUANTITATIVE PCR (RT-QPCR)
Degenerate primers previously designed for chondrichthyans (Choe et al., 2004)
were used to isolate by RT-PCR a first fragment of Atp4a. Primer walking and Race-PCR
were then used to obtain a partial length fragment (1485pb), which were cloned into
pGEM-T Easy vectors. The remaining fragment was obtained from genome database of
S.Mazan team at Roscoff. Together both fragment perform the full-length fragment
(3128pb), that was cloned and submitted to the GeneBank after sequencing (Accession
number: KX519315).
RT-qPCRs were used to evaluate gene expression profiles of barx1, sfrp2, fgf10,
sox2, cdx1, cdx2, atp4a and pgc along the antero-posterior axis of the developing gut in
S. canicula. RNA was extracted separately from the anterior part of the GIT,
corresponding to the region of the prospective stomach, and from the posterior part of
the gut, corresponding to the region of the prospective intestine. The cDNA was then
synthesized from 1µg of total RNA (High Capacity cDNA RT kit, Applied Biosystems).
The RT-qPCR assays were performed using iQ Supermix with SYBR Green (Bio-Rad)
using the primers indicated in Supplemental material Table 2. All reactions were
performed in duplicate, and negative controls (without template) were run for each
master mix. The relative expression levels were normalized with β-actin gene
expression, which was shown to be constant throughout S. canicula GIT development.
The relative gene expression levels during S.canicula development were calculated
using 2

-ΔCT

method

43

. Two way ANOVA was used to compare the data from anterior

and posterior regions of the GIT and to compare gene expression between stages.
Values were expressed as the mean ± SD, and differences were considered statistically
significant at P<0.05, representing the 95% confidence interval.

5.2.4- IN SITU HYBRIDIZATION (ISH)

Gene expression patterns were evaluated using in situ hybridizations with
riboprobes labeled with digoxygenin 11 UTP (DIG), which were synthetized from cDNA
obtained from an embryonic cDNA library constructed in the pSPORT1 vector. In situ
hybridization followed previously established protocols for embryos at distinct
developmental stages. The probes (barx1, sox2, sfrp2, fgf10, cdx1 and cdx2) were
prepared from cloned Scyliorhinus canicula sequences obtained from a large-scale
project of cDNA sequencing as cited in Coolen et al., 2007. Cleaned plasmids for barx1,
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sox2, sfrp2, fgf10, cdx1, cdx2, atp4a and pgc were amplified using pSPORT1 primers
(see supplemental material Table 2). See table 3 for PCR conditions. PCR product was
cleaned with High Pure Spin Filter tubes (RocheTM). The probes were labeled with DIG
11 UTP and cleaned with Quick Spin columns from RocheTM.

5.3- RESULTS
5.3.1- DEVELOPMENT OF THE STOMACH IN S. CANICULA

Gut development in tetrapods generically involves the early endoderm
specification, the endodermal tube formation, the cephalocaudal regionalization forming
the foregut, midgut and hindgut segments, the cyto-differentiation within these segments
and the activation of their function. Several studies helped to clarify many of these steps
(Godard et. al., 2014; Freitas et. al., 2006, Freitas et. al., 2007; Oulion et. al., 2011).
However, it remains poorly characterized the timing of the events that take place during
stomach development in sharks, which are living representatives of basal
gnathostomes., such as the cyto-differentiation of the epithelium and the activation of its
function, in this case, the onset of the gastric pump H+/K+ ATPase and the production of
pepsinogen that is then converted into pepsin. A radially enlarged gastric anlage in the
posterior foregut region was identified as early as st.24, which presented a stratification
of the epithelium, in clear contrast with the columnar epithelium of the anterior foregut,
corresponding to the presumptive esophagus (Figure 2A,B). Within this prospective
stomach region, AB-PAS staining highlighted a thin layer of acid mucins in the
mesenchyme contacting with the epithelium between st.24 and st.28 (Figure 2A-D). After
st.29, however, this type of mucin appeared throughout most of the mesenchyme
surrounding the epithelium (Figure 2E-F). In contrast, the basic mucins that are normally
constituents of the gastric mucous layer are detectable in the epithelial layer contacting
with the lumen between st.26 and 32 (figure 2C-J). This suggests that mucus production
starts before the onset of gastric gland formation. In addition, differentiation of the spiral
intestine is detectable between st.23 and 32, closely resembling other descriptions for
elasmobranchs (Balfour, 1878; Scammon, 1911; Freitas et al., 2006; Wotton et al.,
2008).
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Figure 2- Stomach development in S. canicula. Alcian-Blue-PAS staining performed in
histological sections of S.canicula at stages (st.) 24 (A,B), 28 (C,D), 29 (E,F), 31 (G,H) and 32
(I,J). Right panels show higher magnifications of the prospective stomach depicted from
adjacent left panel (boxed). A, B, E and F are sagittal section and C, D, G-J are coronal
sections. A-B: Initiation of gastric differentiation at st.24. Single epithelial layer (ep1) in the
esophagus (es) contrasting with stratified epithelium (ep2) in the prospective stomach (st).
Layer of acid mucins (hmc) between the mesenchyme (mes) and the epithelium. ov: otic
vesicle; np: nasal pit; m: mouth; nt: neural tube. C-D: Gastric enlargement at st.28. Layer of
basic mucins detectable in the epithelium surface contacting with the lumen (lu). ph: pharyngeal
arches; int: intestine; lu: lumen; bmc: basic mucins.E-F: Thickening of the epithelial and
mesenchymal tissue layers forming the stomach at st. 29. Mesenchymal layer with cells
surrounded by acid mucins. fb: forebrain; mb: midbrain ; hb: hindbrain; nc: notochord; ht: heart;
sv: spiral valve. G-H: Stomach positioning between the liver lobes (li) and adjacent to the
pancreas (p) at st. 31. ey: eye. I-J: Mesenchyme layer forming differentiated domains with
apparent distinct levels of acid mucins at st.32. Inserted panel in J shows additional detail of
the gastric epithelium and adjacent mesenchyme. Scale bars:A, C, E, G, I-1000µm; B,D, H100µm; F-200µm; J-50µm.

By stage 33, cyto-differentiation of the stomach region has led to the formation of
cell layers that typically characterize this structure in tetrapods (Smith et al., 2000). The
mucosa is formed by a thick folded epithelium adjacent to the mesoderm and a thin layer
of smooth muscle (muscularis mucosae). The submucosa is formed by undifferentiated
connective tissue after which it is possible to distinguish a circular muscularis internally
and a longitudinal muscularis externally (figure 3A). The serosa appears as a thin layer
of epithelial tissue (not shown). As in earlier stages, a thin layer of basic mucins is
detected at the luminal surface of the developing stomach. However, the gastric proton
pumps (H+/K+ ATPase) is not yet expressed since there is showing no positive
immunoreactivity with the C2 antibody against the catalytic subunit (figure 3E). Moreover,
no zymogen granules are detected using fluorescent eosin staining (Figure 3I), which
would point to the presence of pepsinogen (Takei et al., 2010). However, gene
expression analyses revealed that the genes that encode the catalytic α-subunit (atp4a)
and the non-catalytic β-subunit (atp4b) of H+/K+-ATPase are expressed in the epithelium
of the prospective stomach from st.27 (Figure 4A,B). This can suggest a difference in
sensitivity of used techniques, being more easily detected the expression of the gene by
RT-qPCR than presence of the protein by immunohistochemistry. However, these
results can also suggest that the events that culminate with the assembly of the
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heterodimeric proton pump H+/K+-ATPase start before the activation of the gastric
function.

Figure 3: Activation of the gastric function in S. canicula. A-D. Alcian-Blue-PAS staining
performed in histological sections of S.canicula stomach regions from stage (st.) 33 to
adulthood. A. Production of basic mucins (bmc) and presence of distinct mucosa layers (mm)
detectable from st.33: epithelial (epi) and mesenchymal (mes). It is equally detected the
longitudinal (lm) and circular (cm) muscle layers. B. Detection of gastric glands (gg) and
mucous producing cells from st.34: neck cells (nk) and surface mucous cells or foveolar cells
(mc). C. Well-demarked gastric pit (gp) in one day post-hatching sections (ph) with foveolar
cells at the surface of the epithelium and within the gastric pits. D. Morphology of the gastric
glands during adulthood showing foveolar cells within the gastric pit and visible lumens in the
gastric glands (arrowheads). E-H. Immunoreactivity of the antibody C2 detecting the
production of a protein component of the gastric pump, the H+/K+ATPase (HKα1, in green)
from st. 34 to adulthood within the acinar cells of the gastric glands. I-L. Pepsinogen (zm)
secretion detected with the alcoholic eosin in the acinar cells of the gastric glands, from stage
34 to adulthood. Figures I-L are courtesy of Patricia Ferreira.

114

Chapter 5- Gut development in sharks and the origin of the stomach

The first sign of gastric proton pump protein expression is detected during st.34,
when C2-positive cells become detectable in the presumptive gastric glands embedded
within glandular mucosa, which extends under layer of epithelial secretory mucous cells,
also known as foveolar cell, filled with basic mucins (Figure 3F). Mucous neck cells are
also found at this stage within the gastric pits (Figure 3B) and zymogenic cells appear
within this glandular mucosa (Figure 3J). Gene expression analyses reveal that during
this developmental stage the expression of genes directly related with the gastric
function, such as atp4a and pgc, drastically increase specifically in the prospective
stomach region (Figure 4C, D).

Figure 4- Onset of the gastric function during S. canicula development. A-B. Stages (st.) of
development indicated at the bottom of each panel. In situ hybridizations performed in
dissections of the GIT showing expression of atp4a (A) and atp4b (B) in the epithelium of
the foregut (fg), located between the lobed-liver (li). Insert in A shows a transversal section
throughout the foregut in which atp4a expression is detected lining the luminal surface of
the epithelium (arrowhead). C-D. Rt-qPCR performed with tissues dissected from the
anterior GIT, in the prospective stomach region and from the posterior GIT, in the
prospective intestine region. Note drastic increase in the expression of atp4a (C) and pgC
(D) during st. 34. Embryos selected as representatives of st.34 were 160 to 165 days old
and as representatives of st.34+ were 170-175 days old. Age was calculated according with
when eggs were laid.

The expression of these genes between the anterior and posterior gut along the
development stages are statistically different for a significance level of 99,9% (pvalue<0,001). Specifically in stages 34 and 34+, the expression between anterior and
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posterior gut is statistically different for a significance level of 99,5% (p-value<0,05). One
day after hatching, the foveolar cells producers of basic mucins form a layer in contact
with the lumen of the stomach and also lay in within the gastric pits (Figure 3C). The
active state of the gastric function is also clearly inferred from the presence of HKα1 and
zymogen granules in the prospective tubular gastric glands (Figure 3G,K). In adult
catsharks, the gastric mucosa appears further elaborated with the superficial mucous
cells along the epithelium. The mucosa extend until the muscularis and open to the
lumen by the gastric pits. The mucous neck cells are also present and the tubular gastric
glands present the oxynticopeptic cells., Evidence of the gastric proton pump activity and
accumulation of zymogen granules within their walls are also visible (Figure 3D,H,L
These results suggest a functionality of the stomach before hatching in Scyliorhinus
canicula since the formation of the active gastric glands is clear at stage 34.

5.3.2- MOLECULAR REGIONALIZATION OF THE GIT DURING S. CANICULA DEVELOPMENT

The regionalization of the gut tube into distinct foregut, midgut, and hindgut
segments is orchestrated by epithelial-mesenchymal signaling interactions, which are
essential for the organogenesis of the stomach (Montgomery et al., 1999). The fibroblast
growth factors (FGFs) are involved in the developmental processes of many
osteichthyans (Basilico and Moscatelli, 1992; Szebenyi and Fallon, 1999; Powers et al.,
2000). In particular, fgf10 has been shown to be involved in the epithelial-mesenchymal
interactions that occur during the morphogenesis of the limb bud, (Ohuchi et al., 2000),
mammary gland (Mailleux et al., 2002), lacrimal gland (Makarenkova et al., 2000), inner
ear (Alvarez et al., 2003) and gastric glands (Shin et al., 2006; Nyeng et al., 2007). Then,
the expression of fgf10 was evaluated during S. canicula gut development. The
expression of fgf10 was identified throughout the GIT of S. canicula at st.27 (Figure 5A),
Moreover, RT-qPCR analyses using the presumptive stomach region and the
presumptive intestine region revealed particular higher levels of fgf10 transcripts in the
posterior portion of the GIT, when comparing with the anterior portion between st.27 and
st.29 being statistically different for a significance level of 99,5% (p-value<0,05) at stages
28 and 29) (figure 5B) suggesting a role in the development of the intestine, as
demonstrated for osteichthyans (Kanard et al., 2005; Shin et al, 2005). In general, the
expression of fgf10 between the anterior and posterior gut is statistically different for a
significance level of 99,9% (p-value<0,001). Together these data point to a conservation
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of the epithelial-mesenchymal interactions involved in the gut regionalization since the
origin of gnathostomes.

Figure 5: Expression of fgf10 (A,B), barx1 (C,D), sfrp2 (E,F,I) and sox2 (G,H) in different
developmental stages of the gastrointestinal tract of Scyliorhinus canicula. Graphics
represent expression of the same genes in anterior and posterior gut. Legend- st-stomach;
int-intestine; ph-pharyngeal pouch; sv-spiral valves; Figure A is courtesy of Dr. Renata
Freitas.
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Within the prospective stomach region (posterior foregut), signals produced by
the endoderm-derived layer specify the adjacent mesoderm, which in turn patterns the
phenotype of the endoderm (Kedinger et. al., 1986). The regionally restricted expression
of homeodomain-containing transcription factors has been shown to respond to local
cues providing essential positional information along the GI tract (Kim et al., 2005). The
gene barx1, for example, is exclusively expressed in the mesodermal component of the
foregut in the osteichthyans studied (Tissier-Sata, 1995), triggering the expression of
signaling molecules (e.g. sfrp1 and sfrp2) that then inhibit local Wnt activity leading to
the differentiation of the highly specialized gastric epithelium of the stomach (Kim et al.,
2005). Thus, these reports strongly point to barx1 as a key gene for the evolution of the
stomach (Miletich et al., 2005). The question is how far back in evolution did barx1
expression become restricted to the posterior foregut mesenchyme potentiating the
origin of the gastric epithelium? To gain insight into this question the expression of this
gene was evaluate during development of S. canicula. First, the developmental stage
from which the expression levels of barx1 were detectable with our methodological
approach was identified by RT-qPCR, which lead us to study a developmental range
from stage 27 to stage 34. Then the analyses were performed independently in anterior
GIT sample, corresponding to the presumptive stomach region, and posterior GIT
sample corresponding to the presumptive intestine region. Results indicate that levels of
expression of barx1 are higher in the presumptive stomach region throughout
development, drastically increasing from st.30 onward (Figure 5C,D). In general,
comparing anterior and posterior gut along the development stages, the expression is
statistically different for a level of significance of 99,9% (p-value <0,001). Analyzing
differences between the anterior and posterior gut per stages, the expression is
statistically different for a level of significance of 99,5% (p-value >0,05) in stages 30 to
34+ (Figure 5C). This suggests that barx1 may have produced mesenchymal signals
involved in the specification of the stomach since the origin of gnathostomes. The
expression of sfrp2 was also found within the mesenchyme associated to the GIT of S.
canicula (figure 5E,F). This gene presents dynamic expression levels statistically
different within the anterior and posterior segments of the GIT for a level of significance
of 99,9% (p-value<0,001). From stage 27, sfrp2 was expressed at higher levels
statistically different in the foregut, when comparing with hindgut, for a level of
significance of 99,5% (p-value <0,05) (Figure 5E). However, its expression then
gradually increases in the intestinal segment up to st.29. Then, after st.31 it is again
detected in higher levels in the prospective stomach region. These results suggest that
sfrps may interfere with the wnt signaling in distinct moments of development to generate
the highly polymorphic epithelium along the GIT.
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The extent to which epithelial signals involved in stomach development are
conserved in representatives of basal gnathostomes was also investigated. Thus,
additionally, the expression of sox2 was studied during S.canicula development. Sox2 is
a transcription factor typically expressed in the endoderm-derived components of
osteichthyans (Ishii et al., 1998) and involved in the antero-posterior patterning of the
GIT and in the differentiation of the gastric epithelium, namely in its stratification and
glandular morphogenesis (Que et al., 2007; Sherwood et al., 2009). In the shark S.
canicula, the expression of sox2 was found restricted to the epithelium of the prospective
stomach region, being hardly detected in the prospective intestine region (figure 5G,H).
The differences between the prospective regions of the stomach and the intestine are
statistically significant for a significance level of 99,9% (p-value<0,001) at long of the
development stages. Moreover, stages 31, 33, 34 and 34+ present differences in the
expression of sox2 between the anterior and posterior gut for a significance level of
99,5% (p-value<0,05) (Figure 5G). Thus, this suggests that sox2 is involved in gastric
development since the radiation of gnathostomes. The conservation of the molecular
mechanisms underlying intestine development in a basal gnathostome representatives
was also investigated. The expression of genes encoding intestine-specific transcription
factors in osteichthyans, cdx1 and cdx2 (Silberg et al., 2000) was studied and restriction
of their expression pattern to the developing intestinal region of S. canicula were found
(figure 6A-D). In this species, cdx1 is detected along the mesenchyme surrounding the
hindgut and midgut segments, including in the forming spiral valve, since st.24 (Figure
6A,B). In addition, cdx2 is expressed in much higher levels in the prospective intestine
than in the prospective stomach region, in particular since stage 30, where the
expression between anterior and posterior gut is statistically differente for a significance
level of 99,5% (p-value<0,05) (Figure 6C,D). In general, comparing the expression of
cdx2 between anterior and posterior gut along the development stages, it is statistically
different for a significance level of 99,9% (p-value<0,001).

Taken together, the

expression profiles found in our Elasmobranchii representative of this work reinforce the
deep conservation of the molecular mechanisms involve in the GIT regionalization.
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Figure 6- Cdx1 and cdx2 expression obtained from the gastrointestinal tract of Scyliorhinus
canicula embryos. A) Expression of Cdx1 in different zones of the gastrointestinal tract
(GIT) and in the heart (ht) at stage 24. B) Histological section representing the expression
in spiral valves (sv) of the intestine. C) Cdx2 expression in several developmental stages in
anterior and posterior gut. D) Expression of cdx2 at stage 25 is visible in hindgut (hg) and
heart (ht).

5.4- DISCUSSION
5.4.1- GASTRIC GLANDS DEVELOP BEFORE HATCHING
The stomach represents an important morphological innovation in vertebrates,
which may have evolved concomitantly with the jaws in basal gnathostomes. This organ
creates an extremely acidic environment that provides a protective function against
pathogen passage into the lower GIT, especially in case of predators and omnivores
(Beasley et al., 2015), but is mainly characterized by the gastric glands and their function
in digestion. In mammals, gastric glands are formed by two type of cells: the parietal or
oxyntic cells, containing the gastric proton pump (H+/K+-ATPase) that will secrete
hydrochloric acid (HCl) (Wolfe and Soll, 1988; Katz, 1991; Lewin, 1992; Stevens and
120

Chapter 5- Gut development in sharks and the origin of the stomach

Hume, 1995; Lopina and Rubtsov, 1997) and chief or peptic cells that will secrete
precursors of pepsin, the pepsinogen (Samloff, 1971; Stevens and Hume, 1995).
Pepsinogen require an extremely acid environment to converts to pepsin which, by his
turn, has auto-catalyzation properties in this environment (Wazna et al., 1977; Kageyama
and Takahashi, 1987; Fuentes et al., 2005). The strongly acid environment will allow an
optimal activity of the pepsin to proceed to protein digestion. In amphibians, reptiles,
birds and fishes, both HCl and pepsinogen are secreted by the oxynticopeptic cells of
the gastric glands. Nevertheless, some authors have also identified characteristic of
mammalian oxyntic cells in some elasmobranchs (Smolka et al., 1983; Faraldi et al.,
1984, Michelangeli et al., 1988). These species present oxyntic cells very similar to the
oxynticopeptic cells found in non-mammalian for the acid secreting, however these cells
present many differences comparing with the mammalian oxyntic cells since they don’t
have a characteristic intracellular canaliculi and they have a separation of the two
different cell zones instead in mammal case, wher the oxyntic and parietal cells are
mixed (Michelangeli et al., 1988).
The data of this work show that, in the catshark, gastric glands develop close to
hatching, at stage 34, That is also the case of the common wolfish (perciform) (FalkPeterson and Hansen, 2001). Interestingly, in several osteichthyan fish the development
of these glands is just detected after hatching (Buddington and Christoffersen, 1985;
Moyano et al., 1996; Huang et al., 1998; Zambonino-Infante and Cahu, 2001; Darias et
al., 2005; Camacho et al., 2011). Considering the long time that S.canicula requires to
develop inside the eggshell (approximately 5 months), that is not surprising. In fact, in
spite of the secretion of the hatching glands, these animals remain in their eggshell for a
long time before hatching (Ballard et. al., 1993). The eggshell will be fundamental to
protect the embryo from any external danger from predators or even infections. Several
fishes have a hatching gland cell, an unicellular holocrine gland where hatching enzymes
are formed and stored. The function of these enzymes is to breakdown the chorion just
at the time of hatching (Inohaya et al., 1999). Since the gastric glands are not developed
at the time of the hatching glands are secreted, that can be a good reason to a future
predator to stay so many time inside the protective eggshell.

5.4.2- CATSHARK HAS A FUNCTIONAL STOMACH BEFORE HATCHING
Many authors recognized the presence of alkaline proteolytic enzymes in several
species that will digest proteins until the stomach develops (Buddington and
Christofferson, 1985; Govoni et al., 1986; Moyano et al., 1996; Kurokawa and Suzuki,
121

Chapter 5- Gut development in sharks and the origin of the stomach

1996; Gawlicka et al., 2000; Kolkovski, 2001; Kurokawa et al., 2004). On the other hand,
the appearance of gastric glands has commonly been considered as an indicator of a
fully developed stomach (Darias et al., 2007). However, Yúfera and co-workers (2004)
referred that the gastric glands alone not determine the complete functionality of the
stomach since the pepsin activity is required to accomplish the digestive function
(Douglas et al., 1999). Demonstrated asynchrony between gastric glands development
and gastric glands activation has been studied in some teleosts (Huang et al., 1998;
Yúfera at. al., 2004; Darias et al., 2005; Darias et al., 2007). As an example, red porgy
(Pagrus pagrus) and seabream (Sparus aurata) present a functional stomach, with
pepsinogen and gastric proton pump, several days/weeks after the development of the
gastric glands (Yúfera et al., 2004; Darias et al., 2005; Darias et al., 2007). However, in
case of the winter flounder (Pleuronectes americanus), Douglas and co-workers (1999)
identified the development of one type of pepsinogen and the gastric proton pump
simultaneously with gastric glands development, 20 days post hatching. In this work, a
drastic increase of atp4a and pgc expression was identified in the developmental stage
in which gastric glands develop (st.34), accompanied by the appearance of a layer of
active mucous cells facing the lumen of the stomach. These cells are recognized by their
function in the protection of the stomach epithelium against the low pH resulted from the
hydrochloric acid secretion (Gisbert et al., 1999; Wilson and Castro, 2010). Thus, all
these facts confirm that S.canicula hatch with a morphologically functional stomach. In
spite of that, along this work, it was possible to observe that the juveniles rejected food
for ten days after hatching, after which time they eat voraciously pieces of ragworm or
mussel. It can be speculate that, in nature, juveniles may not find food so soon after
hatch. Thus, the food rejection can be a sign that they take advantage of the yolk reserve
after hatching.

5.4.3- GIT

DEVELOPMENT GENES ARE CONSERVED IN A REPRESENTATIVE BASAL

GNATHOSTOME.

The molecular mechanisms behind cell fate specification, differentiation and
morphogenesis are commonly associated with homeobox genes that act as regulators
of gene expression (Mark et al., 1997; Barros et al., 2012). Barx1 is an example of a
homeobox restricted to stomach mesenchyme during gut organogenesis (Kim et al.,
2007). Its role is fundamental in the differentiation of the stomach since it indirectly
inhibits Wnt signaling without which intestinal cells will then differentiate (Kim et al.,
2007). Curiously, the stomachless zebrafish Danio rerio, conserve this gene in his
122

Chapter 5- Gut development in sharks and the origin of the stomach

genome and express it specifically in the foregut segment (Sperber and Dawid, 2008;
Nichols et al., 2013). However they fail to develop a stomach structure with cells
characteristic of the gastric function. The data of this work show that in S.canicula , barx1,
sox2, and sfrp2 are expressed in the prospective stomach region closely resembling the
expression patterns found in mammals and birds (Kim et al., 2005; Fukuda and Yasugi,
2005). Moreover, the results obtained with Fgf10 are consistent with the literature and it
is clear that is an important gene for the development of both stomach and intestine.
Thus, this suggests that the contribution of these genes for the development of the
stomach can be traced back down to the origin of the gnathostomes. Nevertheless, in
organisms that loss secondarily the stomach the levels of expression of this gene may
not be sufficient to trigger stomach develop due to changes in their transcription
regulation (loss of enhancers for example). It is equally possible that alteration in the
levels of expression of their downstream targets may have affected the generation of the
stomach phenotype in these species.
Cdx1 and cdx2 belong to caudal-related homeobox family based on their
sequence homology to the caudal gene of Drosophila melanogaster (Duprey et al., 1988;
James et al., 1994; Suh et al., 1994). These genes are considered transcription factors
crucial for the early differentiation and maintenance of the intestinal epithelial cell (Silberg
et al., 2000; Beck et al., 2002) and have a tumour suppressor function in adult colon
(Bonhomme et al., 2008; Gross et al., 2008). In S.canicula these genes were markedly
expressed in intestine, which also suggest conserved mechanism involved in the
posterior gut development.

5.4.4- Scyliorhinus canicula, a good model to gastrointestinal development
studies
Haeckel’s (1874) illustrations describe vertebrate embryos as highly similar
during their early development. However, a controversial discussion has take place for
several years regarding the heterochronic variation during the development of different
species making it impossible to define a conserved stage at which all vertebrate embryos
have the same organ arrangement (Richardson, 1997; Richardson, 1998). The Table 1
(Supplemental material), is also a good example of the variety of embryonic stages that
make it difficult for any comparisons between vertebrates during development.
The catshark Scyliorhinus canicula is a cartilaginous fish that can growth up until
one meter or more. This animal has a long generation time given that more than five
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months can be required for the hatching of a fully developed juvenile. On the other hand,
this species belongs to the chondrichthyes, the sister clade of osteichthyes, and this key
phylogenetic position can be very useful in comparative developmental studies (Coolen
et al., 2007). Thus, knowledge about development in species such as Scyliorhinus
canicula is very important to understanding morphological and molecular evolution in
vertebrates.
The fact that S. canicula shares a common set of genes involved in
gastrointestinal tract development is fundamental to suggest that the function of these
genes might be conserved amongst gnathostomes. However, several gnathostome
lineages secondarily lost their stomachs during evolution (Barington, 1941; Castro et al.,
2014). Zebrafish is one of these cases and currently is an emerging model in gastric
cancer studies, for example (Kim et. al., 2011). The understanding that the molecular
mechanisms responsible for stomach proper development in catsharks can help to
explain the loss of stomach in stomachless fish as zebrafish that eventually will improve
the analyses coming from this model organism. Moreover, this degree of understanding
of shark stomach development also inspires that in the future technological advances
may allow gene function experiments in these organisms, making them a preferential
model to study stomach development and disease.
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SUPPLEMENTAL MATERIAL

S.Table 1- Eggs collection obtained for this work. *Based on Ballard et. al., 1993

Development

Early

Intermediate

Late

Characteristics *

Stages

3 pharyngeal pouches
opening of C1
opening of C3
opening of C4, gill buds 2, 3
later 4
opening of C5, gill buds 2-5
opening of C6, yolk sac with
vessels
gill filaments in spiracular
clefts
mouth traverse oval
mandibula crowd into
mouth
buds in tail, black pigment
rostrum is a detectable
protrusion
rostrum becomes prominent
external yolk sac small
external yolk sac is almost
empty

18
20
22

Post-hatching
Total of eggs collected

Origin
BOGA-CIIMAR
1
7

24

15

-

25

16

21

26

26

26

27

30

29

28

8

-

29

12

6

30

12

31

31

4

3

32
33

12
12

-

34

12

-

1 day
14 days
28 days

3
3
3
176

158
334

137

Roscoff
20
9
13
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S.Table 2- Primers used in this work.
Gene
Choe4Ad
DF4A_R387
DF4A_R471
DF4A_3RACE_F1
DF4A_3RACE_F2
Sc_ATP4A_F1
Sc_ATP4A_R1
Sc_ATP4A_F2
Sc_ATP4A_R2
Sc_atp4a_ORF_F1
Sc_atp4a_ORF_R1
pSPORT1
ZFBactin2
Barx1Sc1
Sox2Sc1
Cdx1Sc1
Cdx2Sc1
ScAtp4a
ORF1
PepC1Fexp

Forward
Reverse
5’RACE
5’RACE
3’RACE
3’RACE
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev

Primers (5’-3’)
GAYGARCARTGGAARGARGC
GGRAACCANCCYTCYTGNGCC
GCGATGAAACAGATAACAGA
CACCACCACCACAGCAATAAG
CTCGTCAGGACCGACTAGTCAACGA
ATGCCGCTGACATGATACTCTTGGA
TTACGGACAGGAATGGACCTTTTGG
TTGCCGAAAGCAAGACTTTGTTCCT
GAAGGAGGCATTTCAAACAGCGTACAT
GCCGTCCTACATTTAACCACAGCATCT
GAGCACCCCATCTTCACAAG
TAAATCAGGACACCGATAATCATC
AAAGCTGGTACGCCTGCA
AAGCTCTAATACGACTCACT…
ACTGTATTGTCTGGTGGTA
TACTCCTGCTTGCTAATCCACATC
AAGAAAAATGATGCAGAACCCCCTGGA
AAATTTGAGGAGCTCTCCCCCATTCGT
CAACATGATGGAAACCGACCTCAAACC
TTGCTGATCTCCGAGTTGTGCATTTTG
TAATGCCTTGAACCCCTCAG
TTCCAGCTCAAGCCTCTGAT
CTTCTCCTTATGGCCCTTCC
AAGGCTGTATGGCAGCAGAT
GAGCACCCCATCTTCACAAG
TAAATCAGGACACCGATAATCATC
CAGATTACCTGGGTGCCACT
GTAGGCATGTTTGGGACGTT

138

Observations
Choe et al. 2004

S.canicula atp4a

Clone amplification
Reference gene
RT-PCR
Real time qPCR
RT-PCR
Real time qPCR
RT-PCR
Real time qPCR
RT-PCR
Real time qPCR
RT-PCR
Real time qPCR
RT-PCR
Real time qPCR
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S.Table 3 - RT-PCR and Real-time qPCR conditions used in this work. Legend: ‘ minutes; ‘’ seconds a-Phusion Flash High-Fidelity PCR Master Mix (Finnzymes, Espoo,
Finland); b- DyNAzyme II DNA polymerase (Finzymes Oy, Keilaranta, Finland); c- Go taq. qPCR were all done with SYBR Green enzyme.

a
a

b
c
a
a
a
a
a

Denaturation
(1/2)
98°C
98°C
10’’
1’’

RT-PCR
Annealing
Extension
(3)
(4)
56°C
72°C
5’’
15’’

98°C
10’’

98°C
1’’

58°C
5’’

72°C
5’’

95°C
5’
98°C
10’’
98°C
10’’
98°C
10’’
98°C
10’’
98°C
10’’
98°C
10’’

95°C
30’’
98°C
1’’
98°C
1’’
98°C
1’’
98°C
1’’
98°C
1’’
98°C
1’’

58°C
45’’
60°C
5’’
66°C
5’’
66°C
5’’
58°C
5’’
60°C
5’’
58°C
5’’

72°C
2’
72°C
5’’
72°C
15’’
72°C
15’’
72°C
15’’
72°C
15’’
72°C
15’’

Cycles
(2-4)
40
40
40
40
40
40
40
40
40

Final
extension
72°C
1’
72°C
1’
72°C
4´
72°C
1’
72°C
1’
72°C
1’
72°C
1’
72°C
1’
72°C
1’

GENE
Primers
DEGENERATED ATP4A
Choe4Ad
SPECIFIC S.CANICULA
ATP4A
ScAtp4a ORF1
CLONE AMPLIFICATION
pSPORT1
Β-ACTIN
ZFBactin2
BARX1
Barx1Sc1
SOX2
Sox2Sc1
CDX1
Cdx1Sc1
CDX2
Cdx2Sc1
PROGASTRICSIN
PgC
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Denaturation
(1/2)

Real time qPCR
Annealing
Extension
(3)
(4)

Cycles
(2-4)

Final
extension

-

-

-

-

-

-

95°C
3’

95°C
5’’

64°C
10’’

64°C
10’’

40

72°C
1’

-

-

-

-

-

-

95°C
3’
95°C
3’
95°C
3’
95°C
3’
95°C
3’
95°C
3’

95°C
10’’
95°C
10’’
95°C
10’’
95°C
10’’
95°C
10’’
95°C
10’’

60°C
10’’
66°C
10’’
66°C
10’’
58°C
10’’
60°C
10’’
58°C
10’’

72°C
15’’
72°C
15’’
72°C
15’’
72°C
15’’
72°C
15’’
72°C
15’’

40
40
40
40
40
40

72°C
1’
72°C
1’
72°C
1’
72°C
1’
72°C
1’
72°C
1’
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CHAPTER 6

FINAL DISCUSSION

“Loss is nothing else but change, and change is Nature’s delight”
Marcus Aurelius, AD 121-180
(see McLynn, 2009)

Chapter 6- Final discussion

6.1-LIVING WITHOUT A STOMACH
The stomach evolved 450 MYA, probably in response to an increase of predation
behavior (Beasley et. al., 2015). Despite the overall functional conservation across
gnathostomes, a remarkable diversity in shapes and sizes is observed in extant species
(Smith et. al., 2000). However, as reported at length throughout this thesis, several fishes
do not have a functional stomach which is associated with the recurrent loss of gastric
proton pump and pepsinogen genes. But following Day and co-workers (2011), the
attention should be concentrated into find out the form or function of the stomach-less
alimentary canal. Although this is very helpful, studies around the loss of the stomach
should proceed since relatively less is known about the process that originated the loss
of the stomach in so many species. Moreover, the diversity of fishes makes it difficult to
identify the causes of this loss (Wilson and Castro, 2010). This thesis has confirmed that
secondary loss of the stomach has occurred independently multiple times within fish
lineages. It was also very helpful to understand several points illustrated in Figure 6.1
and described below.

One of the principal objective of this thesis was achieve and the work described
in chapter 2 was fundamental in understand the molecular basis for the independent loss
of the stomach in several gnathostome lineages. The results discussed show that the
stomach-less teleost and chondrichthyan fishes already had a functional stomach and
associated genes, and lost them. Some hypothesis were proposed to justify the stomachloss. The alkalinization of the gastric juices by seawater swallowed with the food (see
Wilson and Castro, 2010), a diet rich in calcium carbonate (Lobel 1981) or even a
historically unstable post-larval food supply (Kobegenova, 1988). However, it is difficult
to identify a single adaptive driver for the stomach loss (Wilson and Castro, 2010). Thus,
It can be speculate that an environmental pressure was present resulting in a reduced
requirement of the acidification, and thus, the genes begun to be lost (figure 6.1). Genes
can be lost for several reasons through inactivating mutations resulting in
pseudogenization and gene deletion (Wessinger and Rausher, 2015). On the other hand,
a constant exposure to natural and/or anthropogenic stressors can cause several
physiological changes in fishes through neuronal and endocrine pathways resulting in
stress-induced modifications in populations (Karila et al., 1998; Barton, 2002; Wang et.
al., 2015). These modifications can certainly be reflected in genes mutations or loss. The
case of the pufferfishes (discussed in chapter 3) represents a good example, since they
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seem to display an evolutionary ability to adapt their gastrointestinal tract from a lost
digestion characteristic to a defense mechanism.

Physiological changes resulting from stress can be primary responses as
endocrine level, secondary responses related with metabolism functions or even tertiary
responses, and then, resulting in whole-animal changes (Barton, 2002). The
gastrointestinal tract is the most important site of regulatory peptides, hormones and their
associated receptors in vertebrates (Holst et. al., 1996) including fishes (Kurokawa et.
al., 2003; Buddington and Krogfahl, 2004). Among numerous hormonal/regulatory
Figure 1- Representative scheme of the stomach-less condition in fishes.
*Sources:
Zebrafish
draw:
White
et.
al.,
2013;
Pufferfish
picture:
aquariovirtualdobrasil.blogspot.pt/2012/04/peixes-cofre-e-baiacus.html;
Loach
picture:
smithsonianmag.com/science-nature/no-good-news-for-oceans-as-climate-changes2097869/
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peptide system, gastrin and cholecystokinin (CCK) were extensively studied and, in spite
to be dependent of others (Holst et. al., 1996), they are indispensable to explain the
regulation of digestion. CCK has several forms also found in the intestine of different
fishes (Kurokawa et. al., 2003) and inhibit feeding (Himick and Peter, 1994; Peyon et al.,
1999). The gastrin is a CCK family related and is a stomach hormone that stimulates
gastric acid secretion (Gregory et. al., 1964) but curiously, Kurokawa and co-workers
(2003) found this gastric hormone in pufferfish Tetraodon nigroviridis intestine. This is
probably due to his multirole in gastrointestinal since gastrin can be related with other
secretion as pancreatic (Cheng et. al., 2016). Differences in phylogeny, feeding habits
and environmental conditions can cause different regulatory peptide responses (Murat
et al., 1981) and what is the role of the gastrin, a stomach related hormone, in a stomachless fish is an interesting issue to develop in future.
Together with chapter 3, chapter 4 clarify more about the gastric condition of two
orders well known for their diversity and agastric species: the Tetraodontiformes and the
Cypriniformes. It was demonstrated that these orders cover several cases of secondary
loss of the stomach. Moreover, it was possible to test and obtain results in accordance
with Dollo’s principle (chapter 4). In spite of controversy around the reacquisition of lost
organs along evolution, it was possible to confirm that the stomach did not reemerge in
the Cypriniformes. However, it was also particularly clear that phylogenetic classification
of the species is extremely important in this matter. Loaches such as the agastric
Misgurnus anguillicaudatus also have an alternative function in the intestine since they
use it for respiration (McMahon and Burggren, 1987; Gonçalves et al, 2007).
Interestingly, the stomach is also used by several catfish species as an accessory airbreathing but maintaining the gastric function (Podkowa and Goniakowska-Witalinska,
2003).
Finally the chapter 5 demonstrate that the principal genes related with the gastric
development of the vertebrates, such as barx1, sox2 , sfrp2 and fgf10 or the homologues
cdx1 and cdx2 (Beck et al., 2000; Silberg et. al., 2000; Fukuda and Yasugi, 2005; Kim
et. al., 2005; Shin et. al., 2006) are also present in a Chondrichthyan model Scyliorhinus
canicula. Then the regionalization of the gut and the differentiation of the gastric glands
involves developmental networks that can be traced back close to the root of divergence
of gnathostomes. Moreover, this study determined that this animal hatches with a
functional stomach that finish development in the last stage. Curiously, these genes have
also been related with gastric tumors. In the case of sox2, Sarkar and co-workers (2016)
detect its dispensability in normal tissue renewal in adult mouse glandular stomach,
144

Chapter 6- Final discussion

however, it seems to work as a tumor suppressor. In its turn, cdx1 is dispensable for
intestinal development and it was reported that its overexpression can increase
malignancy in early stages of tumorigenesis (Bonhomme et. al., 2008). In contrast, cdx2
controls intestine morphogenesis (Beck et. al., 1999) and it has an important role in tumor
suppression in colon (Aoki et. al., 2003; Bonhomme et al., 2003).
A comparison between gut development in two teleosts as the gastric stickleback
(Gasterosteus aculeatus) and the agastric zebrafish (Danio rerio) should certainly be a
good way to better understand the developmental mechanisms that differentiate the
gastric/agastric conditions.

6.2-THE STOMACH: ADVANTAGES AND DISADVANTAGES
The Vertebrates share several characteristics and the functional stomach is one
of them. Between the 18th and 20th century the significance of gastric secretion and the
identification of its principal components, as pepsinogens A, C and Prochymosin and the
heterodimeric gastric proton pump, were elucidated (Hersey and Sachs, 1995). Thus,
the stomach works as a reservoir where ingested food is broken-down and the proteins
denatured (Adbi, 1976). The stomach also provides an important advantages as a barrier
against pathogen entry into the lower gastrointestinal tract (Cook, 1985; Martinsen,
2005). Some studies have suggested that the extreme acidic environment of the stomach
has a protective role to the intestine being an ecological filter that kills microbial taxa that
would otherwise colonize it (Koelz, 1992; Smith, 2003; Martinsen, 2005). This fact should
be taken into account in a time where the proton pump inhibitors (PPI’s) have been widely
used (Gill et. al., 2011) and can contribute to colonization of bacteria in the stomach
(Smith, 2003). This filter can block or difficult the acquisition of beneficial bacteria.
Besides, the stomach acidity has a double cost since a significant amount of energy is
invested for both acid production and protective function from acid-related damage
(Koelz, 1992). Thus, an acidic stomach should be primarily present in adaptive cases or
where it was adaptive in a recent ancestor. Some studies compared the acidity of the
stomach and the type of diet. Davies and Pedersen (2008) suggested carnivores and
omnivores would be expected to have a higher acidity than herbivores since germs found
in prey are mostly apt at infecting the predator than plant-associated microorganisms. In
turn, Beasly and co-workers (2015) also observe a high acidity in scavenger stomachs
justifying it because of the pathogens present in the dead animal or plants they
consumed. In spite of being a herbivore, the rabbit also has a relatively low pH in the
stomach certainly due to their habit of coprophagy (Beasley et. al., 2015). However, in
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contrast to what would be expected, the phylogenetic position seems to influence more
the type of digestive enzyme of a certain fish than properly its diet, Chan and co-workers
(2004) compared the digestive enzyme activity in four prickleback fishes which two were
herbivores and two were carnivores. The higher enzyme activity was observed in the two
more related species independently of their diet (Chan et. al., 2004). Interestingly, the
marine flatfish Solea senegalensis has a small stomach, a long intestine and lacks pyloric
caeca, furthermore, the digestion occurs primarily in its long intestine in a lightly alkaline
environment (Yúfera and Darías, 2007). Could it be that the flatfish is on the process of
losing its stomach? Recently some references have been made to the dispensability of
the genes since gene loss is considerably common (Albalat and Cañestro, 2016). Some
genes can be considered non- essential for an organism or even susceptible to loss
because their loss has no impact or a minor negative impact on the population.
Consequently, in spite of the advantages of the stomach, its loss does not seem to be
ruinous for the success of the species. Besides that, diseased as gastric cancer result in
consequences that force some humans to live with some conditioning without a stomach
(Fernandes et. al., 1990). Humans already have some pepsinogen pseudogenes (Castro
et. al., 2012; Castro et. al., 2014), thus, it will not be surprising if this organ or related
genes will be lost in other taxa in future.
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