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Abstract

The digestive system is a functional unit consisting of an endodermal tubular structure (alimentary canal) and accessory organs that
function in nutrition processing in most triploblastic animals. Various morphologies and apparatuses are formed depending on the
phylogenetical relationship and food habits of the specific species. Nutrition processing and morphogenesis of the alimentary canal
and accessory organs have both been investigated in vertebrates, mainly humans and mammals. When attempting to understand the
evolutionary processes that led to the vertebrate digestive system, however, it is useful to examine other chordates, specifically
protochordates, which share fundamental functional and morphogenetic molecules with vertebrates, which also possess non-
duplicated genomes. In protochordates, basic anatomical and physiological studies have mainly described the characteristic traits
of suspension feeders. Recent progress in genome sequencing has allowed researchers to comprehensively detail protochordate
genes and has compared the genetic backgrounds among chordate nutrition processing and alimentary canal/accessory organ
systems based on genomic information. Gene expression analyses have revealed spatiotemporal gene expression profiles in
protochordate alimentary canals. Additionally, to investigate the basis of morphological diversity in the chordate alimentary canal
and accessory organs, evolutionary developmental research has examined developmental transcription factors related to morpho-
genesis and anterior-posterior pattering of the alimentary canal and accessory organs. In this review, we summarize the current
knowledge of molecules involved in nutrition processing and the development of the alimentary canal and accessory organs with
innate immune and endocrine roles in protochordates and we explore the molecular basis for understanding the evolution of the
chordate digestive system.

Keywords Digestive system - Lancelets - Tunicates - Gene expression - Evolution

Introduction

The digestive system is a functional unit. The digestive system
functionally performs nutrition processing and morphologically
consists of an epithelial tubular structure (alimentary canal) and
accessory organs in most triploblastic animals, which are het-
erotrophic organisms (Ruppert et al. 2003; Schmidt-Rhaesa
2007). The morphology of the alimentary canal and accessory
organs varies greatly among triploblastic animals depending
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upon habitat (aquatic, amphibious, or terrestrial) and food
habits (carnivorous, herbivorous, or omnivorous) (Fig. 1).
Alimentary canals with accessory organs, however, have shared
functional sequential processing stages for nutrition processing,
including ingestion, digestion, absorption and elimination that
occur from the mouth to the anus (Reece et al. 2011).
Developmentally, the alimentary canal and accessory organs
are formed as endodermal derivatives (Schmidt-Rhaesa 2007).
Generally, the endoderm is specified into three regions (foregut,
midgut and hindgut). Each region is subdivided into several
digestive compartments, such as the pharynx, esophagus, stom-
ach and intestine, with the addition of accessory organs includ-
ing the pancreas and liver, that exhibit various shapes in each
animal group. Although the nomenclature for each digestive
compartment is based on the homologous structure in closely
related animals, occasionally, a specific name is used in a cer-
tain animal group and some traits are given the same name in
spite of the fact that their shape is greatly divergent and unclear
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Fig. 1 Phylogenic relationships of chordates and their habitat, food habit
and morphology of the alimentary canal and accessory organs. Chordates
consist of lancelets, tunicates and vertebrates. Lancelets and tunicates are
collectively called “protochordates”. The habitats of chordates are diverse
(aquatic, amphibious, or terrestrial) and therefore their food habits are also
divergent (carnivorous, herbivorous, or omnivorous). The alimentary

homology (e.g., the stomach). Therefore, morphologies and
nomenclature of the alimentary canal and accessory organs
can be confusing and the evolution of digestive systems among
animal groups should be examined with care, particularly
among different taxa.

To investigate the evolution of digestive systems, knowledge
of phylogenetically varied animals is useful; however, among
the deuterostomes, studies of the digestive system have been
mostly carried out in mammals. Therefore, descriptions of the
digestive system in general biology textbooks are typically fo-
cused on vertebrates, while descriptions of the digestive system
of other animals are limited. This biased knowledge limits the
evolutionary understanding of the digestive system (Reece et al.
2011). Thus, further study in invertebrates provides us with new
insight into the evolution of this organ system.

Protochordates (lancelets and tunicates) are invertebrate
chordates that are closely related phylogenetically to vertebrates
(Dehal et al. 2002; Putnam et al. 2008). Molecular phyloge-
netics studies demonstrate that tunicates are a sister group of
vertebrates and lancelets (also called amphioxus), with the tu-
nicates and the vertebrates, constitute the phylum Chordata
(Putnam et al. 2008). Protochordates with non-duplicated ge-
nomes that arose prior to the whole genome duplication in the
vertebrate lineage have been emerging as a key animal group
for evolutionary research on the origin of vertebrates.
Additionally, the number of protochordate species whose ge-
nomes have been sequenced has increased in recent years.
Thus, genome-wide and molecular research on the evolution
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canal and accessory organs are developmentally divided into three
regions (foregut, midgut and hindgut). The morphology of the
alimentary canal and accessory organs varies depending on their
phylogenetic relationship and food habit. esp, esophagus; hc, hepatic
cecum; ph, pharynx; st, stomach

of vertebrate traits is progressing (Dehal et al. 2002; Putnam
et al. 2008; Brozovic et al. 2018).

In this review, we summarize the current knowledge of
protochordate digestive systems in view of recently accumulat-
ed protochordate genomic information, as this information in-
creases our understanding of vertebrate digestive system evo-
lution. We first present current anatomical, histlogical and phys-
iological knowledge as fundamental information. Then, we ex-
amine the recent state of genome-wide research from molecular
and evolutionary perspectives, with a special focus on the di-
gestive system genes related to the nutrition processing and
morphogenesis of the alimentary canal and accessory organs
(i.e., differentiation marker genes and developmental transcrip-
tion factor genes). We also describe the spatiotemporal expres-
sion patterns of digestive and absorptive differentiation marker
genes and developmental transcription factor genes in
protochordates. Finally, we discuss the evolution of the chor-
date digestive system based on the current knowledge of gene
expression profiles in protochordates.

Anatomical and histological features
of the protochordate alimentary canal
and accessory organs

Lancelets and tunicates are marine chordates and they capture
food particles in seawater through the pharynx as suspension
feeders (Satoh 2009) (Fig. 1). The morphology of the
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alimentary canal and accessory organs of protochordates varies
among protochordate species; however, the sequence of diges-
tive compartments of the alimentary canal along the anterior-
posterior axis (mouth, pharynx, esophagus, stomach/chamber,
intestine and anus) is shared in protochordates (Fig. 1).

Lancelets possess a straight alimentary canal

Lancelets, which are fish-like marine chordates, possess an
alimentary canal that exhibits morphologically less diversity
among species. The alimentary canal extends linearly with
several digestive compartments along the anterior-posterior
body axis (Kaji et al. 2013). The pharynx is the domain re-
sponsible for filtering food particles suspended in seawater
and it occupies half of the animal’s body length (Riisgard
and Svane 1999; Nielsen et al. 2007). In the pharynx, a bran-
chial sac (also called the branchial basket or pharyngeal bas-
ket) with numerous gill slits (also called pharyngeal slits) plus
an endostyle are formed for filtering. The endostyle is a
unique structure for mucus secretion in the protochordate
pharynx. The post-pharyngeal region is divided into the
esophagus, the midgut, the hepatic cecum and the hindgut.
Occasionally, the midgut is called a stomach but the midgut
does not appear to exhibit a distinct swelling structure like the
vertebrate stomach. The hepatic cecum (also called the hepatic
diverticulum or midgut diverticulum), which is a structure not
found in vertebrates, arises from the midgut and expands an-
teriorly along the right side of the pharynx (Barrington 1937;
Ruppert et al. 2003; Kaji et al. 2013). The boundary region
between the midgut and hindgut is termed the ilio-colon ring
and is covered with cilia to promote food transport. The hind-
gut runs straight and opens at the anus.

Histologically, the lancelets’ alimentary canal appears to
mostly consist of a single endodermal epithelial layer, while
the vertebrate alimentary canal consists of multiple cellular
layers: the mucosa layer, submucosa layer and muscularis
layer, which are derived from the endoderm, mesoderm and
ectoderm, respectively. Sphincters, however, are found at both
the velum and anus (Ruppert 1997). In the endodermal epi-
thelium, two types of cells are found in the hepatic cecum and
midgut (Barrington 1937). In addition, phagocytic cells are
observed in the hepatic cecum and midgut (van Weel 1937,
He et al. 2018). However, an understanding of other types of
cells and their distributions are unclear.

Tunicates possess morphologically diverse alimentary
canals and accessory organs

Tunicates possess morphologically diverse alimentary canals
and accessory organs in relation to their lifestyle (swimming,
free-floating, sessile, solitary, or colonial) (Ruppert et al.
2003). In recent phylogenomic analyses, tunicates are divided
into three (or four) major clades by recent phylogenomic

analyses: (1) Appendicularia, (2) Thaliacea +
Phlebobranchia + Aplousobranchia and (3) Stolidobranchia
(Kocot et al. 2018; Delsuc et al. 2018). In this section, we
focus on appendicularians, thaliaceans and ascidians
(phlebobranchs, aplousobranchs and stolidobranchs).

Appendicularians, known as free-swimming tunicates and
the sister group of all other tunicates, possess a different sus-
pension feeding mode compared with that of other tunicates
that use a unique mucus net called a “house.” They do not
need to filter food particles in the pharynx and they possess
only a single pair of gill pores instead of numerous gill slits in
the pharynx (Brena et al. 2003; Burighel et al. 2005; Onuma
et al. 2017). The endostyle is generally formed on the ventral
side of the pharynx. The pharynx leads to the esophagus and it
connects to the stomach. The stomach is divided into the left
stomach and right stomach in some species (Brena et al.
2003). The intestine opens to the exterior at the anus in the
ventral side of the trunk.

Thaliaceans, which are free-floating tunicates, generally
possess a branchial sac, also called the branchial basket or
pharyngeal basket, with gill slits, also called pharyngeal slits
and an endostyle in the large pharynx. This is followed by the
esophagus, stomach and intestine as an alimentary canal
(Piette and Lemaire 2015). As an accessory organ, they devel-
op a pyloric gland at the boundary region between the stom-
ach and intestine.

Ascidians (phlebobranchs, aplousobranchs and
stolidobranchs), known as sessile tunicates, generally possess
a U-shaped alimentary canal including the pharynx, esopha-
gus, stomach and intestine (Ruppert et al. 2003). The pharynx
includes a large branchial sac with numerous gill slits and an
endostyle and leads to the esophagus. The stomach exhibits a
divergent epithelial structure among ascidians (Koyama et al.
2012). For example, Ciona intestinalis possesses a folded ep-
ithelial stomach, while the stomach of Cibacapsa gulosa is
smooth (Lescano et al. 2011). Ascidians also possess a hepa-
topancreas (also called a pyloric gland), which is a branching
structure developed from the boundary between the stomach
and intestine (Hirano and Nishida 2000; Orito et al. 2015).

Histological observations suggest that the tunicate alimen-
tary canal consists mostly of a single endodermal epithelium
layer and neither a muscular nor a tissue layer (including
sphincters) is found in the alimentary canal. In an
appendicularian Oikopleura dioica, three types of cells are
observed in the endodermal epithelium: ciliated microvillar
cells, globular cells and gastric band cells (Burighel et al.
2005). These cells show regional distributions in the alimen-
tary canal. In an ascidian Polyandrocarpa misakiensis, several
types of cells are found in the endodermal epithelium of the
esophagus and stomach: absorptive cells, zymogenic cells,
endocrine cells, ciliated mucous cells, undifferentiated cells
and band cells (Koyama 2011; Koyama et al. 2012). These
types of cells are found in other tunicates (Koyama 2011).
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Physiological studies of protochordate
nutrition processing

Physiological aspects of nutrition processing differ between
protochordates and vertebrates as protochordates are suspen-
sion feeders and their lifestyle and food habits differ from
those of vertebrates. Physiological studies regarding the nutri-
tion processing in protochordates are classified into studies on
food habit, the suspension system in the pharynx, flow of food
through the alimentary canal, digestive process and nutrient
absorption.

Lancelet suspension feeding system

Lancelets suck in seawater containing food particles (e.g.,
algae), which enter the pharynx and are trapped by mucus
secreted from the endostyle. This combination of food parti-
cles and mucus is formed into a mucus cord by the movement
of cilia in the pharynx and then the mucus cord is transported
posteriorly to the midgut through the esophagus (Barrington
1937; Riisgard and Svane 1999; Nielsen et al. 2007). In the
midgut, food particles within the mucus cord are mixed with
digestive enzymes secreted from the cells of the hepatic cecum
and midgut. Food particles are partially released from the mu-
cus cord and digested intracellularly in the cells of the hepatic
cecum epithelium (Barrington 1937; He et al. 2018). Food
particles within mucus are transiently pooled around the ilio-
colon ring and transported into the hindgut (Nakashima et al.
2018). Biochemical studies have detected the activities of
carbohydrate-degrading enzymes and lipolytic enzymes in
the hepatic cecum, midgut and hindgut and protease activity
is detected in the hepatic cecum and hindgut (Barrington
1937).

Tunicates possess diverse suspension feeding systems

Tunicates possess various suspension feeding systems de-
pending on the lifestyle of the given species. Free-swimming
appendicularians accumulate food particles in the house,
which is mucus secreted outside the body (Satoh 2009;
Onuma et al. 2017). Condensed food particles are captured
in the pharynx by mucus. In the appendicularian gastrointes-
tinal tract, the digestion and absorption processes are unclear.

Ascidians and thaliaceans, which are sessile or free-float-
ing, take in seawater containing food particles and capture the
food particles through the use of mucus nets that include von
Willebrand factor-like proteins secreted from the endostyle
(Petersen 2006; Sasaki et al. 2003; Nakashima et al. 2018).
These filtered food particles pass through the esophagus as a
mucus cord and are digested in the stomach (Yonge 1925;
Nakashima et al. 2018). In addition to extracellular digestion,
in some tunicates, intracellular digestion as lancelets was ob-
served (Burighel and Cloney 1997; Cima and Brena 2002).
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Biochemical studies have detected carbohydrase activity and
lipolytic activity within the gastrointestinal tract of tunicates
but protease activity is weak (Yonge 1925). Although the ab-
sorption process and underlying mechanism are unclear,
absorbed saccharides are stored in the hepatopancreas/
pyloric gland (Ermak 1977; Gaill 1980; Gaill 1981).

Genome-wide characterization of digestive
system-related differentiation marker genes
in protochordates

Among protochordates, C. intestinalis, O. dioica and
Branchiostoma floridae genomes were sequenced in the
2000s and the comparative genomic research based on their
genome information determined the phylogenetic relation-
ships among lancelet, tunicates and vertebrates (Dehal et al.
2002; Delsuc et al. 2006; Putnam et al. 2008). In addition,
genomic information provided by these genome research en-
able us to compare and evaluate specific genetic backgrounds
that correlate to traits on a genome-wide scale (Satou et al.
2005; Holland et al. 2008).

Phylogenetic position of protochordates revealed
by genome research

Clarifying the phylogenetic relationship among vertebrates,
tunicates and lancelets is necessary to trace the evolution of
traits in protochordates. Traditionally, lancelets were consid-
ered to be phylogenetically closer to vertebrates than tunicates
based on morphological similarity; however, genomic infor-
mation and genome-wide molecular phylogenetic analyses in
chordates demonstrate that tunicates are a sister group of ver-
tebrates and lancelets are the sister group of vertebrates plus
tunicates (Dehal et al. 2002; Delsuc et al. 2006; Putnam et al.
2008). After these initial studies, the genome projects of other
lancelet (Branchiostoma belcheri, Branchiostoma
lanceolatum), tunicate (Halocynthia roretzi), echinoderm
(Strongylocentrotus purpuratus) and hemichordate
(Ptychodera flava and Saccoglossus kowalevskii) species
were implemented. Genome-wide molecular phylogenetic
analyses reveal the phylogenetic position among deutero-
stomes, indicating that the phylogenetic basis for tracing trait
evolution to vertebrates has been established.

Annotation and cataloging of genes
in the protochordate genome

Genome sequencing studies not only reveal the entire geno-
mic DNA sequence but also comprehensively assess the genes
present in the genome. Genes within a given genome are
modeled by prediction algorithms, annotated and listed as
genetic catalogs. Currently, the genomes of 2 lancelet species
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and 14 tunicate species are publicized with gene annotations
(Satou et al. 2005; Putnam et al. 2008; Huang et al. 2014;
Brozovic et al. 2018). The comprehensive evaluation of the
entire genome facilitates the construction of objective and
reliable evolutionary scenarios.

Lancelet digestive system-related differentiation
marker genes

The lancelet genome information is available in the genome
databases of B. floridae (https://genome.jgi.doe.gov/Brafll/
Brafl1.home.html) and B. belcheri (http://genome.bucm.edu.
cn/lancelet/) (Putnam et al. 2008; Huang et al. 2014). In lance-
let genome databases, genes can be identified using BLAST
and keyword searches. Additionally, many identified genes
within the lancelet genome are registered to public databases
(e.g., NCBI). According to the known digestive system—
related genes contained in the NCBI, particularly digestive
enzyme genes, brush-border membrane enzyme genes, trans-
porter genes, innate immune-related genes and peptide hor-
mone genes, lancelet genomes possess pancreatic exocrine
digestive enzyme genes, including alpha-amylase, pancreatic
lipase, trypsin, chymotrypsin and carboxypeptidase A/B,

despite the observation that lancelets do not possess a mor-
phologically distinct pancreas (Fig. 2). The gene encoding the
gastric exocrine digestive enzyme pepsin is not reported in the
NCBI database and the lancelet genome databases (Fig. 2). In
mammals, absorptive genes including the brush-border mem-
brane enzyme genes maltase, sucrase, lactase, dipeptidase and
aminopeptidase N and the intestinal transporter genes sodium
glucose cotransporter (SGLT) 1, glucose transporter (GLUT)
5 and peptide transporter (PEPT) 1 and 2 have been investi-
gated (Fig. 2). Lancelets also possess homologs of maltase,
lactase, dipeptidase, aminopeptidase N, SGLT1, GLUTS
and PEPT1/2 (Fig. 2). For innate immune-related genes,
intelectin genes are shared among lancelet and vertebrate
genomes (Yan et al. 2013). Among genes encoding diges-
tive system-related peptide hormone and neuropeptide, an
insulin/insulin-like growth factor (IGF)-like gene (Guo
et al. 2009; Lecroisey et al. 2015), calcitonin (CT)/CT
gene-related peptide (CGRP) family peptide genes
(Sekiguchi et al. 2016) and pituitary adenylate cyclase-
activating polypeptide (PACAP)/glucagon-like peptide
genes (On et al. 2015) have been characterized, while
other homologs of digestive system-related peptides, hor-
mones and neuropeptides have not been reported.

Lancelet Tunicate Cyclostome Fish Amphibian Avian Mammal
B. belcheri C. intestinalis P. marinus D. rerio X. laevis G. gallus H. sapiens
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Fig. 2 Current state of knowledge about chordate genomes and shared
basis on developmental, digestive and absorptive genes. The size of the
gray circle over each animal name reflects the number of species whose
genomes are sequenced according to the NCBI (https://www.ncbi.nlm.
nih.gov/) or Ensembl (https://asia.ensembl.org/index . html). The numbers
in black boxes represent genome size. The numbers in dark gray boxes
represent the number of genes. The numbers in pale gray boxes represent
the number of Hox clusters. Representative genes were listed based on the
public database: H. sapiens (NCBI), G. gallus (NCBI), X. laevis (NCBI),
D. rerio NCBI), P. marinus (Ensembl), C. intestinalis type A (NCBI and
Ghost DB) and B. belcheri (NCBI and Lancelet DB). Colored circles

indicate the state of representative digestive system-related genes; each
color shows developmental transcription factors (orange), exocrine diges-
tive enzyme genes (blue), terminal enzyme genes (green), or transporter
genes (yellow); the size of colored circle corresponds to the number of
genes (1,2, 3,4, 5, ormore). Asterisk indicates the gene registered only in
Ghost DB or Lancelet DB. AMY, amylase; APN, aminopeptidase N; CP,
carboxypeptidase A/B; CHY, chymotrypsin; DPD, dipeptidase; GLUT,
glucose transporter 5; LCT, lactase; MAL, maltase; PEP, pepsin; PEPT,
peptide transporter 1/2; PL, pancreatic lipase; SC, sucrase; SGLT, sodium
glucose cotransporter 1; TRY, trypsin; WGD, whole-genome duplication
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Tunicate digestive system-related differentiation
marker genes

Genomic information for the tunicate C. intestinalis is pub-
lished in genome databases (http://ghost.zool.kyoto-u.ac.jp/,
https://www.aniseed.cnrs.fr/) (Satou et al. 2005; Brozovic
et al. 2018) and various comprehensive genome-wide
searches have been performed in C. infestinalis. Recent geno-
mic and morphological studies suggest that C. intestinalis in-
cludes two cryptic species, C. intestinalis Type A (C. robusta)
and Type B (C. intestinalis) (Suzuki et al. 2005; Sato et al.
2012; Brunetti et al. 2015). In this review, we unify the names
C. intestinalis Type A and Type B into C. intestinalis for
convenience, as a distinct morphological or molecular differ-
ence has not been reported between their digestive systems.

Although tunicates have lost many genes through the rapid
evolution of their genomes, many digestive enzyme genes,
brush-border membrane enzyme genes and transporter genes
are basically shared (Dehal et al. 2002; Nakayama and
Ogasawara 2017). C. intestinalis possesses gene encoding
pancreatic exocrine digestive enzymes, including alpha-amy-
lase, pancreatic lipase, trypsin, chymotrypsin and carboxypep-
tidase A/B; however, an orthologous gene to the vertebrate
gastric digestive enzyme gene, pepsin, has not been reported
(Fig. 2) (Nakayama and Ogasawara 2017). With regard to
absorptive genes, brush-border membrane enzyme gene
encoding maltase, lactase, dipeptidase and aminopeptidase N
and the transporter gene encoding SGLT1 are registered in the
NCBI (Fig. 2). According to BLAST and keyword searches
within the genome database, other absorptive transporter ho-
mologs of GLUTS and PEPT1/2 exist in the Ciona genome
(Hayashibe et al. 2017). Other tunicates O. dioica and
H. roretzi possess homologs of vertebrate pancreatic exo-
crine digestive enzyme genes, brush-border membrane en-
zyme genes and transporter genes except pepsin genes.
Regarding innate immune-related genes, gene encoding
intelectin (Hayashibe et al. 2017), Toll-like receptor
(TLR) (Sasaki et al. 2009) and variable region-containing
chitin-binding proteins (VCBPs) (Liberti et al. 2014) are
reported in Ciona genome. For peptide hormone and neu-
ropeptide genes, homologs of insulin (Olinski et al. 2006),
tachykinin (Satake et al. 2004), CT (Sekiguchi et al. 2009),
galanin/galanin-like peptide (Kawada et al. 2011),
neurotesin-like peptide (Kawada et al. 2011) and CCK/
gastrin peptide (Johnsen and Rehfeld 1990; Sekiguchi
et al. 2010) are identified in C. intestinalis. PACAP has
been identified from Chelyosoma productum (McRory
and Sherwood 1997); however, other peptide hormone
genes (e.g. secretin, glucagon, somatostatin, ghrelin and
pancreatic polypeptide) have not been reported in
C. intestinalis and other tunicate genomes. These peptide
hormone genes might have been lost in the tunicate lineage
or acquired in an ancestral vertebrate.
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Expression of digestive system-related
differentiation marker genes
in protochordates

Gene function is analyzed using various methods at the
gene, mRNA, or protein level. The temporal and spatial
localization of gene transcripts are both particularly funda-
mental with regard to functional analyses. Temporal and
spatial gene expression patterns are revealed by methods
that are appropriate for the purpose, including RT-PCR,
expressed sequence tag (EST) analysis, microarray, RNA-
seq, or in situ hybridization (ISH).

Sequence level evaluations of gene expression

Transcriptional profiles have been performed in lancelets and
tunicates, mainly via RNA-seq and EST analyses. Although
RNA-seq and EST analyses focusing on the digestive system
are rare, comprehensive RNA-seq and EST analyses in devel-
opmental stages and major tissues including the alimentary
canal have been reported.

In lancelets, several RNA-seq analyses have been re-
ported in Branchiostoma species (B. floridae, B. belcheri,
and B. lanceolatum) (Marlétaz et al. 2018). According to
RNA-seq data published in the B. belcheri genome data-
base (http://genome.bucm.edu.cn/lancelet/), pancreatic
exocrine digestive enzyme genes and brush-border mem-
brane enzyme genes are expressed. Also, an EST analysis
of the alimentary canal in B. belcheri demonstrated that the
transcripts of pancreatic exocrine digestive enzyme genes
and innate immune-related molecules are detected in the
hepatic cecum and midgut (He et al. 2018). Additionally,
ESTs of lysosomal protease genes are abundant in the he-
patic cecum and these may be related to intracellular di-
gestion (He et al. 2018).

In tunicates, RNA-seq analyses are reported mainly in
C. intestinalis, H. roretzi and O. dioica. In representative
species, gene expression determined by RNA-seq at each
developmental stage is shown in the genome database
Aniseed (https://www.aniseed.cnrs.fr/). EST analyses
have been performed in C. intestinalis at each
developmental stage and in adult tissue and the data sets
are presented in each gene page in the Ghost DB (http://
ghost.zool.kyoto-u.ac.jp/). This EST data in adult tissues
identified the expression of genes encoding pancreatic
exocrine digestive enzymes and absorptive proteins in the
alimentary canal (Hayashibe et al. 2017; Nakayama and
Ogasawara 2017). Additionally, ESTs of several innate
immune-related genes are present in the alimentary canal.
Transcriptional profiling by RNA-seq and EST analysis
indicate that lancelet and tunicate digestive and absorptive
genes are functional within the alimentary canal.
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Special evaluations of transcripts at the tissue
or individual level

To analyze the localization of a specific transcript within a tissue,
ISH analysis is effective for revealing the localization of specific
nucleic acid sequences (e.g., RNA transcripts) in a section of
tissue or an entire tissue. In protochordates, gene expression
knowledge based on ISH analysis has been accumulated, includ-
ing expression patterns of digestive system-related differentia-
tion marker genes.

Expression of lancelet digestive system—related genes has
been analyzed mainly in Branchiostoma species; however, the
number of analyzed genes is small. Thus, our understanding of
functional regionalization within the lancelet alimentary canal
is incomplete. The gene encoding the pancreatic exocrine di-
gestive enzyme, trypsin, is expressed in the hepatic cecum and
midgut (Feng and Zhang 2012). Another pancreatic exocrine
digestive enzyme gene, the gene encoding chymotrypsin-like
protease, is also expressed in the hepatic cecum and midgut
(Sun et al. 2010). Lysosomal protease-encoding genes are also
expressed in the hepatic cecum epithelium, which may be nec-
essary for intracellular digestion (He et al. 2018). The expres-
sion patterns of brush-border membrane enzyme genes and
transporter genes remain unclear. Regarding other absorptive
genes, the gene encoding fatty acid binding protein (FABP),
which is involved in lipid absorption, is expressed widely in
the hepatic cecum, midgut and hindgut (Orito et al. 2015).
Regarding innate immune-related genes, intelectin genes are
expressed in the hepatic cecum and gut epithelium (Yan et al.
2012). Several genes encoding the endocrine peptide hormone
homologs have been characterized. An insulin/ IGF-like gene is
detected in the alimentary canal in both embryo and adult in
B. belcheri and Branchiostoma lanceolatum (Guo et al. 2009;
Lecroisey et al. 2015). It is reported that CT/CGRP family
peptide genes are expressed in the midgut in B. floridae, sug-
gesting that the CT/CGRP family peptide possesses a function
in the alimentary canal like a vertebrate CT/CGRP family mem-
ber, amylin (Sekiguchi et al. 2016). Also, the expressions of
vertebrate liver-related genes such as plasminogen,
antithrombin, glutathione-S-transferase and G6Pase have been
detected in the hepatic cecum (Liang et al. 2006; Fan et al.
2007; Liu and Zhang 2009; Wang et al. 2015).

Tunicate digestive system—related differentiation marker gene
expressions have been reported. In C. intestinalis, the regionality
of gene expression within the alimentary canal and accessory
organs has been particularly revealing. Digestive genes, includ-
ing genes encoding pancreatic exocrine digestive enzymes, are
expressed specifically in the stomach (Nakayama and
Ogasawara 2017) (Fig. 3). Regarding absorptive genes, genes
encoding the brush-border membrane enzyme maltase and ami-
nopeptidase N, are expressed in the stomach and intestine and a
transporter gene, PEPT1/2, is expressed in the stomach and in-
testine (Hayashibe et al. 2017). Other absorptive genes, such as

FABP, are expressed widely from the esophagus to the intestine.
In particular, the gene homologous to a liver-type of FABP (L-
FABP) gene of vertebrates is expressed strongly in the pyloric
gland (Fig. 3) (Orito et al. 2015). Genes encoding the endocrine
peptide hormone homologs insulin (Thompson and Di Gregorio
2015), tachykinin (Satake et al. 2004) and CT (Sekiguchi et al.
2009) are expressed in the alimentary canal.

Developmental patterning
of the protochordate alimentary canal

The morphology of the digestive system is determined by
developmental processes based on the specific expression pat-
terns of transcription factors. Fundamental developmental
transcription factors are shared among triploblastic animals

mammal
B P L ]
h st ]
ascidian
HP )
hindgut
ParaHox  Pdx e
Cdx ——————
developmental  Ti1 cumies
TS SoX e —
Mnx ———
Ptfla onnle—
digestive PEP
genes AMY @ on——
PL ——
TRY Ee—
CHY on——
cpP on—
absorptive ~ MAL R —
genes  APN =
PEPT R —
L-FABP =

Fig. 3 Comparison of developmental, digestive and absorptive gene
expression patterns between mammals and ascidians. A schematic
diagram of the alimentary canal and accessory organs of mammals and
ascidians is shown with three regions: foregut (pink), midgut (orange) and
hindgut (green). Black bars indicate mammalian gene expression
domains and gray bars indicate ascidian gene expression domains.
AMY, amylase; APN, aminopeptidase N; CP, carboxypeptidase A/B;
CHY, chymotrypsin; esp, esophagus; HP, hepatopancreas/pyloric gland;
L, liver; LB, lung/bladder; L-FABP, liver-specific type of fatty acid bind-
ing protein; MAL, maltase; P, pancreas; PEP, pepsin; PEPT, peptide trans-
porter 1/2; ph, pharynx; PL, pancreatic lipase; SG, salivary gland; st,
stomach; TG, thyroid gland; TRY, trypsin
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and their expression patterns are similar (Annunziata et al.
2014; Boyle et al. 2014). Among the developmental transcrip-
tion factors in the alimentary canal and accessory organs, Hox,
ParaHox, Ttfl, Sox2, Ptfla and Mnx1 are well known and
their expression patterns have been analyzed in vertebrates
(Grapin-Botton and Melton 2000; Murtaugh 2007).

Partial understanding of developmental expression
in the lancelet alimentary canal

In lancelets, the expression of several developmental tran-
scription factors has been reported by ISH analysis but most
expression patterns have been analyzed in early developmen-
tal stages. Therefore, the expression patterns in late develop-
mental stages when the alimentary canal is formed are less
understood. With regard to Hox genes that pattern the alimen-
tary canal along the anterior-posterior axis, the lancelet ge-
nome contains 15 Hox genes and their expression patterns
have been reported in early developmental stages (Holland
and Holland 1996; Schubert et al. 2005; Pascual-Anaya
et al. 2012). Only HoxI and Hox14 are expressed in the en-
doderm. Hox! is expressed in the pharynx and Hox/4 is
expressed in the hindgut. Endodermal expression of other
Hox genes has not yet been reported in lancelets. Analyses
of later developmental stages are required to confirm if other
Hox genes are expressed in the endoderm. Regarding
ParaHox genes (Gsx, Pdx and Cdx), which pattern the midgut
and hindgut along the anterior-posterior axis in mice (Gamer
and Wright 1993; Jonsson et al. 1994), Pdx is expressed in the
midgut in early larvae (Brooke et al. 1998). Another ParaHox
gene, Cdl, is expressed in in the hindgut in early larvae. Gisx,
however, is not expressed in the alimentary canal, which is
consistent with the expression pattern observed for vertebrate
Gsx (Grapin-Botton and Melton 2000).

A developmental transcription factor in the alimentary ca-
nal, SoxBlc, is expressed in the pharyngeal endoderm and is
homologous to Sox2, which specifies the esophagus and stom-
ach in vertebrates (Meulemans and Bronner-Fraser 2007).
Ttf1, which is an essential factor in the thyroid and lung of
vertebrates, is expressed in the endostyle (Ogasawara 2000).
The expression of other representative developmental tran-
scription factors (e.g., Ptfla and Mnx) known in vertebrates
has not yet been reported. Although additional expressional
analyses of lancelet developmental transcription factors are
necessary, the current data appear to show that expression
patterns of lancelet ParaHox genes (Pdx and Cdx), Sox2 and
Ttf1 are essentially shared with vertebrates.

Shared developmental patterning in the alimentary
canal of tunicates

The genome of the tunicate C. intestinalis contains 9 Hox genes
(Hoxl1, Hox2, Hox3, Hox4, Hox5, Hox6, Hox10, Hox12 and
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Hox13) with a broken Hox cluster and these 9 Hox genes are
all expressed in the alimentary canal with the anterior-posterior
ordered expression pattern in juveniles (Ikuta et al. 2004;
Nakayama et al. 2016) (Fig. 3). In ParaHox genes, Pdx and
Cdx are expressed in the stomach and intestine of juveniles,
respectively, except for Gsx (Fig. 3) (Nakayama et al. 2016).

In functional analyses of Ciona Hox genes, knockout of
Hox10 results in the absence of the posterior intestine and knock-
out of Hox12 results in abnormal formation of the posterior in-
testine (Kawai et al. 2015; Sasakura and Hozumi 2018).
Developmentally, the posterior intestine expressing Hox/0 and
Hox12 in the juvenile is derived from the endodermal strand in
the larva (Nakazawa et al. 2013). Therefore, Hox10 and Hox12
are thought to be related to the endodermal strand cell migration
and/or intestinal formation (Kawai et al. 2015). Also, other Hox
genes and ParaHox genes (Pdx and Cdx) may play developmen-
tal roles in the alimentary canal in tunicates.

Other developmental transcription factor genes, SoxBl,
Ttf1, Ptfla and Mnx, are expressed in the Ciona alimentary
canal with similar expression patterns to those of vertebrates.
SoxB1, which is homologous to the vertebrate gene Sox2, is
expressed from the pharynx to the stomach (Nakayama and
Ogasawara 2017). Ttf] is expressed in the endostyle
(Ogasawara et al. 1999). Ptfla and Mnx, which specify the
pancreas in vertebrates, are also expressed in the stomach with
the positional relationship along the dorsal-ventral axis as the
vertebrate pancreas (Nakayama and Ogasawara 2017).
Additionally, the expression domain of P¢fla, which
upregulates the transcription of exocrine digestive enzyme
genes in the vertebrate pancreas, overlaps with the expression
of pancreatic exocrine digestive enzyme genes in the stomach.
In C. intestinalis, these gene expression patterns of the tran-
scription factors suggest that part of the gene regulatory net-
work (GRN) is shared between the tunicate stomach and ver-
tebrate pancreas (Fig. 3). Comparing the expression patterns
of developmental transcription factors among chordates in-
creases our understanding of morphological divergence in
the alimentary canal and accessory organs.

Future perspectives

Finally, we discuss some topics in the evolution of the diges-
tive system in chordates based on the knowledge about the
system in protochordates, as described above.

Origin of the vertebrate liver

The liver is a characteristic organ in vertebrate digestive systems.
The origin and evolution of the vertebrate liver has been
discussed in studies on protochordates. The tunicate
hepatopancreas/pyloric gland has been regarded as a structure
homologous to the liver based on histological and histochemical
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studies (Willey 1893; Ermak 1977). Recent molecular analyses
on C. intestinalis also showed that L-FABP gene is expressed in
the pyloric gland, suggesting homology between the
hepatopancreas/pyloric gland and the liver (Orito et al. 2015).
Furthermore, morphologically both the hepatopancreas/pyloric
gland and the liver show a branching structure, indicating their
shared developmental mechanism. However, the developmental
mechanism of the hepatopancreas/pyloric gland is unclear and
so, further studies to reveal the developmental process and the
underlying molecular mechanism need to be conducted.

The lancelet hepatic cecum has also been regarded as a
homolog of the liver (Miiller 1844). Several homologs of ver-
tebrate liver-related genes are expressed in the hepatic cecum
(Liang et al. 2006; Fan et al. 2007; Liu and Zhang 2009; Wang
et al. 2015) and this finding may contribute to the notion that
there is homology between the hepatic cecum and the liver.
However, other investigations have revealed that the hepatic
cecum expresses extracellular and intracellular digestion-
related genes and that it is functionally different from the liver
(Sun et al. 2010; Feng and Zhang 2012; He et al. 2018). These
inconsistent findings suggest two different evolutionary sce-
narios for the origin of the liver. The first scenario is that the
lancelet hepatic cecum is not a homologous structure of the
vertebrate liver and that the ancestral organ of the liver was
acquired as a common ancestor of vertebrates or olfactores
(vertebrates and tunicates). The second scenario is that al-
though the hepatic cecum is a homologous structure of the
liver, their functions have been diverged through the evolu-
tionary process of chordates. Therefore, to elucidate the evo-
lutionary origin of the liver, functional as well as developmen-
tal investigations are essential. In conclusion, the
hepatopancreas/pyloric gland in tunicates is thought to be ho-
mologous to the liver in vertebrates. However, the evolution-
ary relationship between the lancelet hepatic cecum and ver-
tebrate liver is controversial.

Evolution of digestion in chordates

Many animals carry out the digestion of food by extracellular
digestion only. In vertebrates, digestive enzymes for extracellular
digestion are secreted by the stomach or pancreas. Homologs of
the vertebrate pancreatic digestive enzyme genes (e.g., alpha-
amylase, pancreatic lipase, trypsin, chymotrypsin and carboxy-
peptidase A/B) are found in the genomes of tunicates and lance-
lets and are expressed in their digestive systems (Feng and Zhang
2012; Nakayama and Ogasawara 2017). Gene expression pro-
files indicate that protochordates share the molecular basis of
extracellular digestion with vertebrates. Furthermore, in sea ur-
chins, homologs of vertebrate pancreatic digestive enzyme genes
are expressed in the alimentary canal, indicating that the molec-
ular basis of extracellular digestion is shared among deutero-
stomes (Perillo et al. 2016). In contrast, no orthologs of pepsin
genes, which are known as vertebrate gastric digestive enzyme

genes, are found in protochordate genomes. Pepsin genes might
have been acquired in the vertebrate lineage with the vertebrate
stomach. In this context, the tunicate stomach may not be a
structure homologous to the vertebrate stomach.

In addition to extracellular digestion, intracellular digestion
is observed in protochordates (Burighel and Cloney 1997,
Cima and Brena 2002; He et al. 2018). Recent analysis in
lancelets demonstrates that intracellular digestion is observed
mainly in the hepatic cecum and that cathepsins are involved
in the underlying molecular mechanism (He et al. 2018). In
chordates, cathepsins are known as lysosomal proteases,
which are crucial enzymes in lysosomal digestion.
Mechanisms underlying intracellular digestion in
protochordates may thus be similar to those of underlying
lysosomal digestion and therefore, intracellular digestion
might have arisen in an ancestral chordate by evolution of
the lysosomal digestion system. However, intracellular diges-
tion might have been lost in an ancestral vertebrate with the
development of extracellular digestion systems (e.g., stomach
and pancreas). The scenario regarding protochordate intracel-
lular digestion is still speculative and more investigations fo-
cusing on the molecular mechanisms involved in several
protochordate species are required.

Conclusion

In this review, we focus on the chordate digestive system in
triploblastic animals and summarize the current knowledge of
protochordate (lancelets and tunicates) digestive systems
based on the digestive system—related differentiation marker
genes and developmental transcription factor homologs re-
vealed by genome-wide studies. A recent increase in genome
sequencing has enabled the efficient identification of digestive
system-related genes in chordates, including protochordates
and vertebrates and aids in the understanding of the molecular
basis of nutrition processing and morphological diversity of
the alimentary canal and accessory organs. Currently, knowl-
edge of the expression of each digestive system—related gene,
especially digestive/absorptive genes and developmental tran-
scription factors, is accumulating. Further studies are required
to elucidate the GRN structure constituted by these develop-
mental transcription factors and digestive/absorptive genes
and to reveal the underlying developmental mechanism in
the protochordate digestive system. Peripheral functions of
nutrition processing (immune system, mucus system and en-
docrine system) are also crucial for understanding the evolu-
tion of the digestive system. Additionally, to understand the
morphological diversity and evolution of the alimentary canal
and accessory organs, ecological knowledge such as habitat,
food habit and the lifestyle of each animal group will be con-
sidered along with the molecular information.
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