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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 (sCopin 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 et 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
no dactylus 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 (gouat 1993). 
The hindgut fermentation is most effective when the diet 
contains large amounts of fibrous plant foods (karasow 
& Martinez Del rio 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 (Clauss et 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 ruminantlike 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 µm. (b) cardiac region of type B (CRA) in the stomach; scale bar = 100 µm. (c) proper gastric region in the stomach; scale 
bar = 100 µm. (d) cecum; scale bar = 50 µm. (e) colon; scale bar = 50 µm. (1) tunica muscularis, (2) lamina muscularis mucosae, (3) 
cardiac glands, (4) proper gastric glands, (5) cecum glands, (6) colon glands.
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Fig. 4. Ratio of tunica mucosa to tunica muscularis along the alimentary canal. (Es) – esophagus, (sv) – sulcus ventriculi, (CRA) – cardiac 
region of type A, (CRB) – cardiac region of type B, (PGR) – proper gastric (fundic) region of stomach, (Dd) – Duodenum, (Jj) – jejunum, 
(Il) – ileum, (Cc) – cecum, (Cl) – colon, (Rc) – rectum.

Fig. 3. Thickness of the intestinal wall of Laonastes aenigmamus along the alimentary canal. (Es) – esophagus, (sv) – sulcus ventriculi, 
(CRA) – cardiac region of type A, (CRB) – cardiac region of type B, (PGR) – proper gastric (fundic) region of stomach, (Dd) – Duodenum, 
(Jj) – jejunum, (Il) – ileum, (Cc) – cecum, (Cl) – colon, (Rc) – rectum.
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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, leus 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 (sCopin et 
al. 2011).
 The presence of KSSE in the foregut is common for 
ungulates, ruminantlike marsupials and sloths (ChiVers 
& hlaDik 1980, obenDorf 1984, hofMann 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, 

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 et 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 (hofMann 1989).
 The cornification is absent in the cardiac region of 
Laonastesʼ 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 (bauChop 1978). In many ways, the presence 
of stratified squamous epithelium is an adaptation to the 
preservation of food in the stomach of rodents (perrin & 
Curtis 1980). For example, in Lophiomys, the sacculated 
stomach is lined by KSSE (nauMoVa & zharoVa 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-

Fig. 5. The relationship between the lymph patches and the intestinal surface in Laonastes aenigmamus.
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digested particles are quickly removed from the stomach 
(hofMann 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 
(sCopin 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 (rakoff-nahouM & MeDzhitoV 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 (kuhn 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 (MaDDoCk & 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 saclike 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 

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 
saclike 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 et 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 multichamber (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 (sCopin 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 twochambered (VorontsoV 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 & 
zharoVa 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 multichamber 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 & zharoVa 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, sta no-
Je ViC et al. 1982, snipes et al. 1982, 1988, kotze et 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 
bac teria as in Mystromys, Cricetomys and Tachyoryctes 
(Vo ron tsoV 1979, perrin & kokkin 1986, knight & 
knight-eloff 1987, nauMoVa et 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 & wessels 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. 

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 (linDroth 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 (huMe & 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 newemerging 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 



Scopin, A.E. et al: Histology of the gastrointestinal tract of Laonastes aenigmamus

160

with greater convergent similarity in gut structures with 
Laonastes – were herbivores in the past (blaCk et 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, hopkins 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 (hopkins 
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 (kowalski 1974, hartenberger 1982, 
flynn et al. 1986, baskin 1996, wang 1997, MariVaux 
& welCoMe 2003, MariVaux et al. 2004, Jenkins et al. 
2005, flynn & Morgan 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 500700 g (Cork 
& foley 1991, Cork 1994). In contrast, other represent-
atives of Ctenodactylidae (Confiniummys, Ottomania, 
Ta ta romys, Yindirtemys) were significantly larger than 
La o nastes (li & Qiu 1980, wang 1997, bruiJn 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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