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Abstract

We have carried out histological studies of the gastrointestinal tract of Laotian rock rat Laonastes aenigmamus. Most of the inner surface of
the stomach is a cardiac region having reduced glands. Generally the cardiac glands are located near the esophagus. The esophagus and the
ventricular groove are lined by keratinized stratified squamous epithelium. The region containing fundic (proper gastric) glands occupies
a small area of the stomach. The maximum thickness of the gastrointestinal wall has been determined for the hindstomach and duodenum.
The minimum wall thickness has been determined for ileum, colon, and cecum. In the large intestine, the glands are weakly developed and
this can mean that there is not an active digestion in this gut site. Our results confirm the fact that foregut fermentation is crucial in digestion
for this rodent. The topography of the regions, occupied by different types of mucosa in the stomach, has a convergent similarity to ones
that are found in ruminant-like marsupials and points to similar adaptations to the consumption of plant foods. Owing to the small body

mass of the rodents, the distribution of foregut fermentation is exceptionally rare in evolutionary history.
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Introduction

The Rodentia is the largest of all mammalian orders that
is characterized by wide morphological diversity of its
constituent species occupying various ecological niches
(MErrITT 2010). The forms and functions of the digestive
system are not yet fully explored in rodents, despite the
fact that the comparative morphology of the gut struc-
tures has been the subject of many reviews (TULLBERG
1899, Goracas 1967, BEHMANN 1973, CARLETON 1973,
VoronTsov 1979, Naumova 1981, LoveGrove 2010).
Recently, a new enigmatic rodent — the Laotian rock rat
Laonastes aenigmamus has been described (JENKINS e?
al. 2005). It differs significantly from all other members

of Rodentia and is considered a «living fossil» having
sciurognathous and hystricognathous characters (JENKINS
et al. 2005, DawsoN et al. 2006, HucHoN et al. 2007,
HAuTIER ef al. 2011, StereN 2011, HERREL et al. 2012,
Cox et al. 2013). «Living fossils» have always attracted
the attention of scientists because their study sheds light
on the origin and rates of evolution in the different taxo-
nomic groups (Janis 1984, FisHer 1990). Only the study
of a «living fossil» can give an opportunity to explore the
structures of the internal organs and their physiological
significance in ancient animals. The digestive tract rep-
resents an evolutionarily conserved pattern in a certain
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Fig. 1. Topography of epithelial regions in the stomach of Laonastes aenigmamus. (Es) — esophagus, (Du) — duodenum.

systematic group of mammals (GOorRGAS 1967, VORONTSOV
1979). The Laotian rock rat is the smallest foregut mam-
mal possessing the enlarged stomach with a sacculated
structure on the greater curvature. It is the unique diges-
tive structure in rodents. To date, the gross anatomy of the
digestive system was only described (ScopN et al. 2011;
LAAKKONEN et al. 2014). However, to perform a detailed
anatomical analysis of the digestive tract it is necessary to
complement this with histological studies (LANGER 2002).
Our study aimed to conduct the histological investigation
of the digestive tract to obtain more information and to
facilitate the understanding of the mechanisms of food
fermentation in this rare rodent.

Methods

Rock rats were procured from the food market in
Khammouane Province of Lao PDR in 2008. We se-
lected three animals, which had been dead for less than
one hour. No pathological disorders were found in these
individuals. The gastrointestinal tract was fixed in 70%
ethanol immediately after the dissection. We cut off sec-
tions of esophagus, stomach, duodenum, jejunum, ileum,
cecum, colon, and rectum. From each section we were
obtained 10 to 25 samples. The histological specimens
were prepared by standard methods using alcohol-xylene
scheme and embedded in paraffin (BANCROFT & GAMBLE,
2002). The paraffin blocks were then dissected in the lon-
gitudinal and transverse planes. The slides for the micro-
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scopic studies were stained by hematoxylin & eosin. For
quantitative analysis we used metric parameters of tunica
mucosa, lamina muscularis mucosae, tela submucosa,
tunica muscularis, tela subserosa, lymphonoduli solitari,
lymphonoduli aggregati. We calculated the ratio of tu-
nica mucosa : tunica muscularis. The stomach glands ar-
rangement was drawn in accordance with the guide by
STEVENS & HUME (1995). The measurements obtained
from samples were then averaged within sections. The
reliability of the results was determined by Student’s test
(t,) using Statistica 6.0. The nomenclature of the gastro-
intestinal tract was used in accordance with ‘Nomina
Anatomica Veterinaria’ (2012).

Results

Histological patterns of the digestive tract of Laonastes
resemble those of other herbivorous mammals, but spe-
cific features have also been observed.

The luminal surface of the esophagus is lined by
keratinized stratified squamous epithelium (KSSE). The
average thickness of the keratinized layer of KSSE (the
stratum corneum) is 14.0 = 1.95%, and the thickness of
the nonkeratinized layer of KSSE (the stratum basale
plus the stratum spinosum) is 20.1 + 2.53% of the thick-
ness of the esophageal wall. Lymphonoduli aggregati are
absent. There is lamina muscularis mucosae that is sepa-
rated from tunica muscularis by tela submucosa. Tunica
muscularis is represented by two layers of muscles. The
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inner layer of the striated muscle is predominant. The
average thickness of tunica muscularis is 53.3 £1.51%
of the thickness of the esophageal wall. The esophagus
performs the transit of ingesta into the stomach.

The internal part of a stomach is lined by the vari-
ous types of mucosa (Fig. 1). At the place where the
esophagus enters into the stomach, the inner surface is
lined by KSSE. The ventricular groove is also lined by
KSSE. The main difference is that the thickness of a
keratinized layer of KSSE is greater in the ventricular
groove (18.92 £2.61% of the wall thickness) as com-
pared with the esophagus, and conversely the thickness
of a nonkeratinized layer of KSSE is significantly lower
—13.17 £ 0.95 % (t, = 2.07, P = 0.049). The thickness of
tunica muscularis is 56.55 £+ 2.83% of the wall thickness
in the ventricular groove, this is not significantly differ-
ent with the esophagus (t, = 0.62, P = 0.544). The thick-
ness of keratinized epithelium may indicate a high inten-
sity of the passage of rough plant foods in this stomach
region.

The main part of the stomach is a region of cardiac
glands. The cardiac region is divided into two types - A
and B. The cardiac region of type A (CRA) includes typi-
cal glands that are common for rodents. The CRA has
a small area and is located around the pars cardiaca.
This region has well-developed columnar glandular epi-
thelium and wide tunica mucosa (Fig. 2a). The surface
layer of epithelial cells is lined with a significant layer of
lymphocytes. The average thickness of this layer is 6.0—
6.5% of the height of the wall thickness (maximum - up
to 13%). Tunica muscularis of the CRA consists of two
muscle layers. In esophagus and CRA, there are thick
lamina muscularis mucosae. In other sections of gut, the
tunica muscularis was also present in only two layers.

The main part of the forestomach (sac-like compart-
ments) is a cardiac region of type B (CRB). CRB is a
kind of simplified and reduced part of CRA. CRB is
located in fundus ventriculi and corpus vetriculi. 1t is
lined with the glandular mucosa that is a complex of
simple epithelial glands likely cardiac and fundic origin.
In glands of CRB, parietal cells are virtually absent. In
CRB the cardiac glands are prevail. These glands have
the form of short tubes and are also covered with a layer
of lymphocytes that demarcates the gut contents from the
wall of the stomach. In corpus vetriculi there are glands
without visually visible lumen that perhaps are reduced
fundic glands. The glands of CRB are rarely distributed
on the inner surface of the stomach and do not form a
continuous layer (Fig. 2b). The glands can be absent in
some parts of the CRB. As a consequence of the disap-
pearance of cardiac glands within some parts of CRB,
there is reduction of mucosa and lamina muscularis mu-
cosae (Fig. 3, 4). The disappearance of the glands within
the CRB was an evolutionary adaptation to reduce the
secretion of enzymes that degrade the symbiotic micro-
organisms. Further histochemical studies may provide an
answer to the origin of the glands of CRB.

Corpus vetriculi has two rows of large lymph patches
(lymphonoduli aggregati) occupying a large area and it

SENCKENBERG

is an important organ for gut-associated lymphoid tissue
(GALT). A feature of CRB is extremely low thickness
of the gastric wall (Fig. 3). The thickness of the muscle
layers, in the CRB, is 22.23+1.17 % of the stomach wall.
This is significantly less than in the CRA (t, =—3.65,
p = 0.002) and this suggests the possibility that the stom-
ach wall significantly dilates at filling with ingesta.

Sac-lake compartments of the stomach are separated
by plicae. Plicae are both temporary and permanent.
The form and the thickness of plicae greatly vary. The
network of plicae contribute to the maintenance of the
form of a stomach and its affixing to the abdominal cav-
ity. The first type of plicae is the temporary folds formed
by the heterogeneity of the mucosa. These folds are able
to stretch and can disappear. The second type is the per-
manent one-sided folds that always retain their form.
They start from the lesser curvature and run along the
stomach and are directed perpendicular to the side of
the greater curvature, where they end. These folds often
ramify near the greater curvature and this contributes to
covering of a larger surface of the forestomach. The folds
of the third type are the full permanent transverse folds.
Both the beginning and the ends of which lie on the
lesser curvature of the stomach i.e. the folds are located
around the stomach in the transverse plane. These folds
contains well-developed layer of tunica muscularis. The
full permanent transverse folds have a wall thickness of
533.454+19.84 um, compared with the permanent one-
sided folds (127.50+13.80 pm). These differences are
significant (t, = 14.54, p = 0.000).

The main function of folds is to facilitate the transit
of food and to maintain the internal volume of the stom-
ach. The function of the full permanent transverse folds
is an analogous to the function of taeniae that there are
in other non-ruminant foregut fermenters. As Laonastes
is a relatively small sized animal, the rapid evacuation
of digesta from the stomach into the small intestine is
an important task. The internal structure of the folds is
formed of two muscle layers. The reduction in the thick-
ness of stomach muscle layers contributes to the greater
ability to dilate the stomach wall and correspondingly to
the increase in the volume of ingesta entering into the
stomach. This is an important for processes of microbial
digestion.

The fundic (proper gastric) gland area occupies not
more than 10% of the total area of the stomach (Scopin et
al. 2011) depending on the stomach fullness and expan-
sion of its walls. Mucosa is well developed (Fig. 2c, 3,
4). The thickness of the muscle layers is less than 10%
of the whole wall. The fundic glands are characterized
by a lot of parietal cells that are located in the apical part
of tunica mucosa. The pyloric region is almost not ex-
pressed within the stomach. The region with pyloric-like
glands is located in mainly in ampulla duodeni.

The structures of the small intestine of Laonates re-
semble those in other herbivorous mammals. They per-
form one of the main roles in digestion. This section of
the intestine has the most well developed layer of mu-
cosa (Fig. 3, 4), which indicates that there is the intensive
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absorption of nutrients here. The maximum wall thick-
ness was shown in the duodenum. In the ileum, there is a
sharp reduction of the mucosa. Both the duodenum and
jejunum have a well developed GALT. There are a large
number of lymphonoduli aggregati and lymphonoduli
solitarii. In the jejunum, the number of lymphonoduli ag-
gregati is huge, but it is less than in the stomach (Fig. 5).
Lymphonoduli solitarii are large and interrupting lamina
muscularis mucosae. In consequence of this fact, the
lymphocytes penetrate into lumen through gastric pits.

The large intestine is characterized by a thinner wall
than in other gut parts. The mucosa is underdeveloped,
but its glands are present (Fig. 2d, 2e). Papillae are absent
in the cecum and colon. The intestinal wall is an average
of 15 times thinner in the colon than in the duodenum.
In the colon, the mucosa is better developed but muscle
layers are weaker comparing with the cecum (Fig. 3, 4).
These differences are statistically significant (t =—-2.11,
P =0.05372). Thus the colon and the cecum are not in-
volved in the processes of active digestion. These gut
sections are shortened in comparison to other parts of
intestines (ScopPIN et al. 2011), and this promotes more
rapid transit undigested food residues. There is thicken-
ing of the rectum wall mainly due to the development of
musculature for the evacuation of feces.

Discussion

Adaptive significance of the gut structures

Any compartmentalization of the digestive tract of her-
bivorous mammals is necessary for the existence of sym-
biotic microorganisms that promote the digestion of food
structural carbohydrates (LANGER 2002). In the course
of evolutionary history, the voluminous mammalian
forestomach as a core element of foregut fermentation
appears repeatedly in different taxonomic groups. This
convergence of the foregut structures has been noted in
five groups of mammals (ungulates, sloths, some her-
bivorous marsupials, primates, and rodents) and is taken
as an adaptation to herbivory (KARASOV & MARTINEZ DEL
Rio 2007).

Laonastes is definitely a foregut fermenter with pecu-
liar characteristics. Amongst other hystricognaths, it has
long been known that there is the most developed stom-
ach in Mysateles melanurus (DoBson 1884), which is a
plant-eating rodent. It feeds mostly on leaves, but it can
also consume fruit and gnaws bark (SiLva et al. 2007).
In the stomach of this rodent there is probably a partial

digestion of plant foods. Similar enzymatic and probably
microbial activities take place in the foregut in some her-
bivorous cricetids and murids (KarASOV & MARTINEZ DEL
Rio 2007). However, in all of these mammals, the stom-
ach is not the primary digestive organ. In rodents, the
hindgut fermentation is predominant. In the cecum and
colon, the high activity of microbiota is accompanied
by the increased size of this gut sites (STEVENs & HUME
1995). For example, in cricetids as hindgut fermenters,
the colon has a thick layer of the mucosa and tunica mus-
cularis (Naumova 1981). In the hystricognathous rodent
Myocastor coypus, the cecum is a large haustrated con-
struction and the mucosa of the proximal colon has co-
lumnar epithelium with goblet cells (SNiPEs ef al. 1988).
For Laonastes only the foregut fermentation is essen-
tial. There is no active digestion in the large intestine of
Laonastes: within the cecum and colon, the glands are
rare.

Surprisingly, the closest relative of Laonastes — Cte-
nodactylus gundi has a dissimilar digestive system. It has
a simple unilocular stomach and large cecum (GORGAS
1967). The presence of a simple stomach is a reflection
of the small body size and the reason why there is a limi-
tation in the development of active foregut fermentation
(Kay 1984, FLEAGLE 1988). Most likely, these gut differ-
ences have originated due to the specific niches occupied
by these rodents. The gundi is a dweller of the deserts,
where it is necessary to maintain water balance. Because
of this, the gundi has a strongly developed large intes-
tine, where there is high reabsorption of water and con-
sequently the output of very dry pellets (Gouar 1993).
The hindgut fermentation is most effective when the diet
contains large amounts of fibrous plant foods (Karasow
& MAaRTINEZ DEL R10 2007) and this is a common compo-
nent in desert communities. On the contrary, Laonastes
lives in humid tropical forest. Feces of this rodent are
soft, due to the lack of water reabsorption in the co-
lon. This may be the consequence of the presence of a
huge foregut. It is a fact that a large stomach confines
the space available for the other organs of the viscera.
Thereby the volume of colon and water-absorbing sur-
face are reduced (CrAuss ef al. 2004).

The closest external resemblance to the stomach of
Laonastes is found in marsupials. In the main, the topog-
raphy and the sequence of the gland regions in the stom-
achs of ruminant-like marsupials (potorids and macropo-
dids) (GEMMEL & ENGELHARDT 1977, HUME 1999) and
Laonastes have a clear functional similarity. The order
of gland distribution in sac-like compartments contrib-
utes to the activity of gut microbiota in the stomach of
Laonastes. Microbial activity is high in the voluminous
forestomachs (STEVENS & HUME, 1995). The main part of

« Fig. 2. Structures of some gastrointestinal regions of Laonastes aenigmamus. (a) cardiac region of type A (CRA) in the stomach; scale

bar = 100 pm. (b) cardiac region of type B (CRA) in the stomach; scale bar = 100 um. (c) proper gastric region in the stomach; scale

bar = 100 pm. (d) cecum; scale bar = 50 um. (e) colon; scale bar = 50 pm. (1) tunica muscularis, (2) lamina muscularis mucosae, (3)

cardiac glands, (4) proper gastric glands, (5) cecum glands, (6) colon glands.
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such forestomachs is the cardiac region that is common
for non-ruminant foregut mammals: marsupials, came-
lids, suids (CumMINGs et al. 1972, HumE 1999, LEusS et
al. 1999, 2004). The existence of foregut fermentation in
small mammals is aimed at selection of food with more
nutrients; for example, highly soluble carbohydrates
which can easily be absorbed directly into the stomach
(BarBOzA et al. 2009). Moreover, the forestomach of
various rodents has a set of amylases, lipases, chitinases
to contribute the utilization of highly digestible nutrients
of plant and animal origin (GARTNER 2001).

Additionally, the fundic region in Laonastes occupies
only 10% of the stomach area to maintain microbial and
enzymatic fermentation. A similar tendency was noted
for ruminant-like marsupials where the fundic region is
within 5.8—15.6 % of the stomach area (LANGER 1988).
Probably in the Miocene when there was the wide diver-
sification of mammalian herbivorous taxa, the similarity
in the structure of the stomach arose because it was the
most optimal adaptation to digest leaves and shoots of
tropical plants through microbial fermentation (ScopN et
al 2011).

The presence of KSSE in the foregut is common for
ungulates, ruminant-like marsupials and sloths (CHIVERS
& Hrapik 1980, OBENDORF 1984, HormaNN 1989). The es-
ophagus and a large part of the stomach in many rodents
are lined by stratified squamous epithelium (CARLETON
1981, Naumova 1981). The variability of cornification
(keratinization) may depend on the consumption of fi-
brous and rough diets (CARLETON 1973, VoroNTsov 1979,
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EureLL & Frappier 2006). However, in sciurognaths, the
keratinized layer of KSSE is thinner (Naumova 1981),
than that in Laonastes. Perhaps, Laonastes eats rough
forage. It has been noted that this rodent consumes dry
leaves (LAAKKONEN ef al. 2014). In ruminants, a thicker
cornified layer is inherent to grazers (roughage eaters)
and a thinner stomach cornification is inherent to concen-
trate selectors (HormMANN 1989).

The cornification is absent in the cardiac region of
Laonastes’ stomach, except the ventricular groove. The
ventricular groove plays an important role in the wean-
ing period. But adult rats only have a vestigial ventricu-
lar groove. This may be explained by the fact that the
weaning period is longer in small herbivorous mammals
that produce large amounts of methane and require a
long period for the settlement of gut bacterial microbi-
ota, that it is especially true for histricognaths (LANGER
2002). The presence of a ventricular groove in the nonru-
minant mammalian herbivores (Colobus, Dendrolagus)
is typical (BaucHor 1978). In many ways, the presence
of stratified squamous epithelium is an adaptation to the
preservation of food in the stomach of rodents (PERRIN &
Currtis 1980). For example, in Lophiomys, the sacculated
stomach is lined by KSSE (Naumova & Zuarova 2003).

We can assume that plant foods are not stored long
in the sacculated stomach of Laonastes, because it is
not lined by stratified squamous epithelium. Probably,
the digestion in the stomach of the rat occurs mainly by
amylolytic fermentation as is observed in the smallest
ruminants: easily digestible substances are absorbed; un-
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digested particles are quickly removed from the stomach
(HormanN 1989). The active absorption of nutrients in
the stomach is confirmed by the presence of lymphonod-
uli aggregati. However, the greatest degree of absorption
is observed in the jejunum and duodenum. The ampulla
duodeni has a great number of villi and is in essence a
pyloric part of the stomach.

The gastrointestinal tract of Laonastes has a strong
development of GALT, including a large number of
Peyer’s patches in the stomach and a small intestine
(ScopN et al. 2011). GALT is developed in areas where
there are the strongest antigenic effects on the body
and therefore GALT plays a key role in a host defense
(WiLLiams 2012). Commensal microflora is of great
importance in the development of mucosa-associated
lymphoid tissue (Rakorr-Nanoum & MEbpzuiTov 2006).
Unlike Laonastes, Peyer’s patches are absent in the stom-
ach of Mysateles melanurus. In M. melanurus Peyer’s
patches appear in the duodenum and a lot of them, like
other rodents, in the cecum (DoBsoN 1884). Probably, in
the stomach and small intestine of Laonastes, there are
the most highly developed processes of intestinal nutri-
ent absorption and neutralization of foreign microbes and
plant toxins. Strong development of the lymphoid tissue
and the presence of lymphocyte layer covering the lumi-
nal stomach surface implies strong exchange processes
between the contents and the cell wall, and is also likely
to contribute to microbial fermentation of ingesta. This
helps to maintain acid-base balance of the digestive pro-
cess and the tolerance to microbiota (Naumova 1981,
LENTLE & JANsseN 2011, WiLLiams 2012). Similar devel-
opment of GALT in the stomach and the penetration of
limphocytes into lumen were observed only in the py-
loric region of sciurognathous rodent - Spermophilopsis
leptodactylus (Naumova 1981). There is also GALT in
nonruminant primate stomachs. But in the stomach of
Colobus, lymphonoduli aggregati are not formed, and
there are many diffusely located lymphonoduli solitarii
which have large size, interrupting lamina muscularis
mucosae that contributes to a strong immune protection
of the mucosa (Kunn 1964).

The structure of intestinal muscles of Laonastes is
a very interesting phenomenon. In tunica muscularis,
there are two layers of muscles. For example, this pat-
tern was noted for rodents from the family Bathyergidae
(Naumova 1981), Nesomyidae (Mappock & PERRIN
1981), Cricetidae (DEARDEN, 1969). However, in other
rodents, including sciurognaths, the gut can have three
muscle layers (Naumova 1981). Two muscle layers with-
in tunica muscularis plus lamina muscularis mucosae are
typical for the esophagus of herbivorous macropodids
(OBENDORF 1984). The body of sac-like compartments,
that forms the stomach, has a thin wall that contributes to
being stretched to a great extent. This fact was noted for
other rodents (GENEST-VILLARD 1968). Laonastes as an
herbivorous rodent must consume a lot of food. In gen-
eral, the intake rate of dry food matter in foliage-eating
herbivores is more than three times that of omnivorous
mammals (McNaB 2002, Karasov & MARTINEZ DEL Rio
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2007). The folds facilitate the adjustment of the diges-
ta passage in the stomach. The secretion of enzymes is
reduced by weak development of the cardiac glands in
sac-like compartments (CRB). A similar phenomenon
occurs in ruminants where production of digestive gland
components may be attenuated at the enlargement of the
duodenum (Krause 1981). It is probably need to main-
tain a pH environment in the stomach, which is impor-
tant for the functioning of the microbiota, and also sup-
ports a longer effect of salivary amylases on the ingesta
(CArLETON 1981). In rodents with a high level of her-
bivory, the reduction of the glandular mucosa has been
observed (VoronTsov 1979).

The stomach of Laonastes separated by the folds is
similar to the enlarged forestomach (the sacciform and
tubiform forestomach) of marsupials (LANGER 1988,
HuME 1999). The stomach of these marsupials has been
described as plurilocular and composite haustrated struc-
ture (LANGER 1988). However, this still does not mean
that the stomach of Laonastes is a true multi-chambered
stomach. There are no orifices between compartments
in its forestomach and the sac-like compartments do not
differ from each other by morphological features. The
folds act as taeniae to preserve the form of a stomach
and to affix it to an abdominal cavity (ScopIN et al. 2011).
There are no differences in the size of the food particles
in sacculated compartments (LAAKKONEN ef al. 2014).
Interestingly, the particle-sorting mechanism is also poor-
ly developed in other nonruminant mammals (SCHWARM
et al. 2009). Nevertheless, the differentiation of food par-
ticles was observed in the stomach of Lophiomys, which
is described as multi-chamber (Naumova & ZHAROVA
2003).

In fact, the stomach of Laonastes is essentially a
maximum modified construction of the unilocular-
hemiglandular stomach by sacculation. A unilocular-
hemiglandular structure of the stomach is common
amongst rodents (CARLETON 1981). If it can be taken into
account that there is a division of the whole stomach into
a few sac-like compartments by deep folds, as argued by
LANGER (1988), then in accordance with this, the stom-
ach of Laonastes must be plurilocular, because there are
such permanent folds. The number of the compartments
is 9 or 10 (ScopN et al. 2011). However, in herbivorous
mammals, each of the chambers within a true multi-
chamber stomach has specific morphological and physi-
ological characteristics (LANGER 1988, DEHORITY 1997).
On this basis the stomach of Laonastes can not be a truly
multi-chamber in the strict sense. For example, the pres-
ence of the constant plica praepyloricus gives no ground
to assume that a single-chamber stomach with such fold
is to be considered as two-chambered (VoroNnTsov 1979).
In the stomach of Lophiomys, there are also many folds
and it is difficult to determine the number of individual
sacs. But there is nevertheless the presence of the ven-
ticular groove which gives us the opportunity to consider
the separate compartments as a whole chamber through
which the ventricular groove is passing (Naumova &
Zuarova 2003). This position could be also considered
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for Laonastes. If in foregut fermenters, the limitation of
food intake is due to a multi-chamber stomach (CLauss
et al. 2007), then, in small herbivorous mammals, the
origin of any multi-chamber stomach could slow down
a retention time of ingesta which would be incompatible
with the maintenance of energy balance.

In Laonastes, the small intestine plays a significant
role in the digestion and absorption of nutrients. Both the
duodenum and jejunum have a considerable length and
a large area of absorptive surface due to well-developed
villi and the thick mucosa. This is common for mam-
malian foregut fermenters (STEVENS & HuME 1995). The
active role of the large intestine is not so obvious in the
digestive processes of Laonastes. They have reduced
tunica muscularis and mucosa. The digestive glands of-
ten are absent. Therefore, it can be argued that these gut
parts do not participate in active digestion. The cecum
tissue reduction has also been observed in Lophiomys
(Naumova & Zuarova 2003). In nonruminant foregut
marsupials, there are no villi in the hindgut, however the
microbial fermentation is there (HumE 1999). On the oth-
er hand, in mammalian hindgut fermenters, the presence
of villi, thick tunica muscularis and mucosa and GALT
was noted. For example, these are the characteristic at-
tributes for sciurognathous and hystricognathous rodents
(BEHMANN, 1973, Naumova 1981, GABELLA 1981, StaNoO-
JEVIC et al. 1982, SNIPES ef al. 1982, 1988, KoTzE ef al.
2009).

In general, in herbivorous rodents, the morphologic
specialization of foregut structures occurs in different
ways: by increase of the size and the complexity of an
unilocular stomach (through increased forestomach) like
in Laonastes, or by increase of the number of chambers
in the stomach like in Lophiomys (NAUMOVA & ZHAROVA
2003) or by the development of the stomach papil-
lae which are necessary for the attaching of symbiotic
bacteria as in Mystromys, Cricetomys and Tachyoryctes
(VoronTsov 1979, PERRIN & KokkiN 1986, KNIGHT &
KniGHT-ELOFF 1987, NauMova ef al. 1995).

Our results imply the greatest functional develop-
ment of the stomach, duodenum, jejunum and confirm
their important functional role in digestion. In these parts
of the gut, the thickness of the intestinal wall and mu-
cosa is the most developed, especially in the proper gas-
tric region of the stomach (Fig. 3, 4). On the contrary,
the minimum thickness of the intestinal wall is registered
in the ileum, cecum, colon (Fig. 3, 4), which emphasizes
the smaller importance of these sections in digestion.

Remarks on foregut evolution in rodents

The diatomyids have originated in the Miocene (HucHoN
et al. 2007, FLynn & WEssSELs 2013), although the be-
ginning of the ancestral Ctenodactyloidea dates back
to an earlier time — Eocene (FABRE et al. 2012). There
is a great interest in the question — how prevalent was
the foregut system amongst rodents? In general, foregut
fermentation is not typical for this mammalian group.
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Mismatch of the chemical composition of plant-based
diet in the tropics and morpho-physiological structure of
the digestive system in rodents leads to extremely low
levels of food intake that does not exceed 10% of body
weight per day (Kuznetsov & Naumova 2004). It would
be interesting to determine the level of feed conversion
in Laonastes, perhaps its foregut is more efficient at nu-
trition of tropical plant mass than in rodents with hindgut
fermentation.

But there is the paradox that the efficiency of diges-
tion in foregut fermenters only increases with increasing
body weight, that changes the retention time of ingesta
(McNaB 2002). Maybe like other small folivorous mam-
mals Laonastes maintain its energy balance by means of
other more nutritious foods, like fruits or invertebrates,
or it has a specific microflora. For example, the ham-
ster Lophiomys imhausi has a voluminous stomach but
it is not the main digestive organ (NAUMOVA & ZHAROVA
2003). In small ruminants, the efficiency of fermentation
within the foregut is also increased by a highly selective
diet (PARRA 1978). Most important is perhaps the point
that Laonastes consumes mainly dicots, which are much
more nutritious than monocots although dicots also are
more toxic plants. The plants of tropical rainforest pro-
duce huge amounts of secondary compounds for protec-
tion against numerous herbivores, but these plants have
many nutrients (JANZEN 1975). Therefore, mammals of-
ten are faced with the need for detoxification of caloric
food resource (LinproTH 1989, Cork & FoLey 1991).
By foregut fermentation Laonastes has the opportunity
to detoxify eaten forage plants, like that in the rumen of
ungulates (McNaB 2002, KarAsOv & MARTINEZ DEL Rio
2007). In addition, with animals of smaller body size the
detoxication will be more effective (FOLEY & MCARTHUR
1994).

There is an assumption that the large foregut struc-
tures must have emerged after of development the hind-
gut because the foregut mammals have some fermen-
tation in the hindgut (HumME & WARNER 1980). It is not
surprising that hindgut fermenters are widely spread cur-
rently. Most rodents have a small body size and the most
of them are omnivores (LANDRY 1970) thereby these cir-
cumstances contributed to the physiological constraints
on the development of foregut fermentation. However in
Miocene the global changes of the productivity of terres-
trial ecosystem have led to the progressive evolution of
foregut mammals therefore the foregut and hindgut ways
of fermentation could have originated contemporane-
ously in some new-emerging taxonomic groups (LANGER
1991). The different evolution of the digestive systems
of closely related species (foregut fermenter - Laonastes
and hindgut fermenter — Ctenodactylus) confirms this
statement.

Additionally, the evolutionary trophic strategies are
often different within certain mammalian groups. That
is, if in a recent taxonomic group the dominant strate-
gy is herbivory it does not mean that all extinct species
which had a larger size were herbivores. Likewise, not
all representatives of macropodids — a herbivorous group
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with greater convergent similarity in gut structures with
Laonastes — were herbivores in the past (BLack ef al.
2012).

Nevertheless, taking into account the variability of
body weight in the group Ctenodactyloidea we can as-
sume the possibility of the presence of foregut fermenta-
tion in related species of extinct rodents with the same
or greater weight than for Laonastes. The reconstruction
of body weight, physiological functions and character-
istics of soft tissue in extinct vertebrates is largely built
on the basis of information about the morphology and
physiological functions in recent animals (REYNOLDs
2002, HorkiNns 2008, SCHACHNER et al. 2009, BRUSATTE
2012). Although the tooth system demonstrates a ro-
dent’s adaptation to diet to a lesser degree compared
with the morphology of the intestinal tract (VoroNTSOV
1979), it is in most cases the sole opportunity to evaluate
their weight (GINGERICH & SmiTH 1984, Hopkins 2008).
Correct forecasts of body weight have been given using
allometric scaling of such morphological parameters as
the length of the tooth row and the first molar (HopPkiNs
2008). We used these tooth parameters for analysis of
published paleodata. It has been revealed that most taxo-
nomic groups of Ctenodactyloidea were small animals.
The extinct genera of the families Diatomyidae and
Ctenodactylidae (Ageitonomys, Baluchimys, Birbalo-
mys, Bounomys, Diatomus, Distylomys, Euryodonto-
mys, Fallomus, Hodshibia, Huangomys, Karakoromys,
Lindsaya, Lophibaluchia, Marymus, Prodistylomys, Pro
sayimis, Sayimys, Willmus) have smaller teeth compared
with Laonastes (KowaLsk1 1974, HARTENBERGER 1982,
FLYNN ef al. 1986, BASKIN 1996, WANG 1997, MARIVAUX
& WELCOME 2003, MARIVAUX et al. 2004, JENKINS ef al.
2005, FLynN & Moraan 2005, FLynn 2006, 2007, WANG
2010) therefore these mammals probably had no foregut
system to sustain the digestion, because the body weight
of folivorous mammals is no less than 500-700 g (Cork
& FoLey 1991, Cork 1994). In contrast, other represent-
atives of Ctenodactylidae (Confiniummys, Ottomania,
Tataromys, Yindirtemys) were significantly larger than
Laonastes (L1 & Qiu 1980, WanG 1997, BRULN et al.
2003, ScHMIDT-KITTLER et al. 2007, BENDUKIDZE et al.
2009). If these rodents were herbivores, it is quite pos-
sible, the foregut fermentation was essential for them.
Thus, within the group Ctenodactyloidea, the foregut
fermentation as the main way of digestion is a fairly rare
occurrence and it was not widespread in evolutionary
history.
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