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Abstract
The object of this study was to describe the prenatal development and histochemical properties of

mucins in the sheep gastrointestinal tract. To determine changes in the mucin profile, the sections

were stained with specific histochemical stains for carbohydrates. While neutral and mixed mucins

were observed in the superficial epithelial cells of the abomasal pyloric region, acidic mucins were

detected in the secretory ducts and corpus of the glands. Acidic mucins consisted predominantly

of sialomucins. In the duodenal villi, the number of goblet cells containing neutral mucins increased

toward the end of gestation, whereas Brunner’s glands contained acidic mucins until the 95th day

of gestation and both acidic and neutral mucins thereafter. The jejunal goblet cells contained either

acidic, neutral, or mixed mucins. Goblet cells containing acidic mucins, which were mainly localized

to the ileal crypts and villi, mostly contained sulfated mucins. While villi were observed in the prox-

imal colon until the 115th day of gestation, later the typical crypt structure emerged. During the

period in which the villi were found in the proximal colon, the goblet cells containing sulphomucins

were predominant, whereas the goblet cells containing sialomucins were predominant after

the typical crypt structure was formed. In conclusion, gastrointestinal mucins may be involved in

the formation of meconium during the prenatal period, and acidic mucins may contribute to the

strength of the intestinal barrier against pathogens and digestive enzymes, as the barrier is not fully

functional after birth.
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1 | INTRODUCTION

The gastrointestinal tract is the largest body surface, which is in contin-

uous contact with the external environment. It not only contains every-

thing we swallow and eat, but also harbors a huge colony of bacteria in

the intestines. Potential hazards are not all exogenous as potentially

dangerous molecules such as bile salts, digestive enzymes and hydro-

chloric acid are secreted into the gastrointestinal tract (Pelaseyed et al.,

2014). The functional integrity of the gastrointestinal mucosa mainly

depends on the regular mucus layers, intercellular tight junctions, host

innate, and adaptive immune responses and epithelial cells (Deplancke

& Gaskins, 2001; Kim & Ho, 2010; Pelaseyed et al., 2014). Mucus is

essential to the protection of the epithelial layers from self-digestion

(Graziani et al., 2016; Schade, Flemstr€om, & Holm, 1994). Mucus also

constitutes a microenvironment for microflora, allowing a biofilm to

form on the mucosal surface, which maintains intestinal homeostasis

(Corfield & Shukla, 2003; Peterson & Artis, 2014; Probert & Gibson,

2002). Mucus content continuously changes with different secretions

and cells sloughed from the epithelium (Atuma, Strugala, Allen, & Holm,

2001). The physiological and physical characteristics of the mucus bar-

rier are mainly determined by highly glycosylated high-molecular-

weight proteins, referred to as mucins. Histochemically, mucin can be

classified as neutral or as acidic when its nonreducing terminal is modi-

fied by sialic acid or a sulfate group, which results in an overall negative

charge (Brockhausen, 2003). Neutral mucins predominate in the gastric

mucosa (Deplancke & Gaskins, 2001), whereas acidic mucins are present

in the entire intestinal epithelium and predominate in the large intestine

(Deplancke & Gaskins, 2001). To date, more than 20 mucin-encoding
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(MUC) genes have been determined in humans and a few homologous

MUC genes have been identified in other animal species (Corfield,

2015). Mucins are classified as secreted gel forming mucins, secreted

nongel forming mucins and membrane-bound mucins (Boonzaier, Van

der Merwe, Bennett, & Kotz�e, 2013). Among the secreted mucins, the

main gel-forming molecules are MUC2, MUC5AC, MUC5B, and MUC6

(Lesuffleur, Zweibaum, & Real, 1994) and MUC2 is the predominant

mucin in the small and large intestines (Holm�en Larsson, Karlsson,

Sj€ovall, & Hansson, 2009). Membrane-bound mucins are found in glyco-

calyx in the apical surface of the gastrointestinal epithelium (Hattrup &

Gendler, 2008). While intestinal mucins are mainly secreted by goblet

cells, membrane-bound and secreted mucins are produced by intestinal

epithelial cells (Atuma et al., 2001). Fresh mucus is always produced by

goblet cells, in particular in the crypt openings (Ermund, Sch€utte, Johans-

son, Gustafsson, & Hansson, 2013). Mucus produced in the crypts mixes

with the secretion of Paneth cells, which contains antibacterial peptides,

lysozyme, DMBT1, and MUC2 (Pelaseyed et al., 2014). Mucin distribu-

tion in different part of the gastrointestinal tract varies with anatomical

region, cell type, pathology, and species (Scillitani, Zizza, Liquori, & Ferri,

2007). Types of mucin found in the gastrointestinal tract have been his-

tochemically described in several mammals (Filipe, 1979; Forman, 1971;

Karakoç, Sa�gs€oz, & Ketani, 2016; Kotz�e & Coetzee, 1994; Krause, 2000;

Schumacher, Duku, Katoh, J€orns, & Krause, 2004; Sheahan & Jervis,

1976). Information available on the prenatal distribution of mucins in the

TABLE 1 Proportion of staining epithelial and goblet cells in the gastrointestinal tract mucosa of the sheep fetuses during the various
gestational ages obtained with traditional histochemistry

Gestational ages

Gastrointestinal tract Stains 70–100 101–120 121–136

Abomasum AB -PAS AB 1111
PAS 1111
Mixed 1

AB 1111
PAS 111
Mixed 11

AB 1111
PAS 11
Mixed 11

HID-AB HID 1
AB 11111
Mixed 1

HID 1
AB 11111
Mixed 1

HID 1
AB 11111
Mixed 1

a-amylase -PAS 11 11 11

Duodenum AB -PAS AB 1111
PAS 111
Mixed 11

AB 111
PAS 111
Mixed 11

AB 111
PAS 111
Mixed 11

HID-AB HID 11
AB 111
Mixed 11

HID 111
AB 111
Mixed 11

HID 111
AB 111
Mixed 11

a-amylase -PAS 11 11 11

Jejunum AB -PAS AB 11
PAS 1111
Mixed 11

AB 11
PAS 111
Mixed 11

AB 11
PAS 11
Mixed 11

HID-AB HID 1111
AB 1
Mixed 1

HID 11111
AB 1
Mixed 1

HID 11111
AB 1
Mixed 1

a-amylase -PAS 1 1 1

Ileum AB -PAS AB 11
PAS 1111
Mixed 1

AB 111
PAS 111
Mixed 11

AB 111
PAS 111
Mixed 11

HID-AB HID 111
AB 111
Mixed 11

HID 111
AB 11
Mixed 11

HID 1111
AB 11
Mixed 1

a-amylase -PAS 11 11 11

Proximal colon AB -PAS AB 11
PAS 1111
Mixed 1

AB 111
PAS 111
Mixed 1

AB 1111
PAS 11
Mixed 1

HID-AB HID 111
AB 11
Mixed 11

HID 11
AB 111
Mixed 11

HID 11
AB 111
Mixed 11

a-amylase -PAS 11 11 11

Proportion of staining epithelial and goblet cells was scored on a scale of – (–5 no cells with staining,15 0% to 10% of cells with staining; 115 11%
to 25%; 111526% to 50% of cells with staining; 11115 51% to 75% of cells with staining; 111115 76% to 100% of cells with staining) to
11111. AB-PAS: Alcian Blue- Periodic Acid Schiff, HID-AB:High Iron Diamine-Alcian Blue, a-amylase-PAS: Periodic Acid Schiff.
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mammalian gastrointestinal tract is scarce (Beyaz & Liman, 2009; de

la Hoz, Eyheramendy, Felipe, & Díaz, 2016; Felipe, Callejas, & Cabo-

devila, 1998; Tano de la Hoz, Flamini, & Díaz, 2014). To the best of

knowledge, the presence and distribution of mucins in the gastroin-

testinal tract of sheep fetuses has not been investigated before.

Therefore, the purpose of this study was to draw a map of prenatal

mucin secretion by the different epithelial cell types in different

parts of the gastrointestinal tract in sheep fetuses by applying vari-

ety of histochemical techniques.

2 | MATERIALS AND METHODS

Twenty clinically healthy Akkaraman sheep fetuses of varying gesta-

tional age, from 70 to 136 days, were obtained from slaughterhouses

FIGURE 1 The histochemical distribution of gastric mucins in the pars pylorica of the abomasum during the prenatal development of
sheep fetuses. (a) 70-day-old fetal lamb, superficial cells containing acidic mucins (arrows), AB–PAS pH 2.5 staining. Bar; 20 lm. (b) 115-
day-old fetal lamb, superficial cells containing neutral (red arrow), acidic (blue arrows) and mixed (black arrow) mucins, gastric gland cells
containing acidic mucins (curved arrow), AB–PAS pH 2.5 staining. Bar; 20 lm. (c) 136-day-old fetal lamb, superficial cells containing neutral
(red arrow) and mixed (black arrow) mucins, superficial glandular epithelial cells containing acidic mucins in the opposing surfaces of the gas-
tric foveola (arrow head) and cells of the corpus glandula containing acidic mucins (curved arrow), AB–PAS pH 2.5 staining. Bar; 20 lm.
(d) 70-day-old fetal lamb, superficial cells containing sialomucins (arrows). HID-AB pH 2.5 staining. Bar; 20 lm. (e) 105-day-old fetal lamb,
superficial cells containing sialomucins (arrows) and cells of the corpus glandula containing sialomucins (curved arrow), HID–AB pH 2.5 stain-
ing. Bar; 20 lm. (f) 120-day-old fetal lamb, superficial cells containing sialomucins (arrows) and cells of the corpus glandula containing sulfo-
mucins (curved arrows), HID–AB pH 2.5 staining. Bar; 20 lm [Color figure can be viewed at wileyonlinelibrary.com]
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in Ankara and its surrounding villages. Of the animals included in this

study, 7 were of a gestational age ranging from 70 to 100 days, 8 from

100 to 120 days, and 5 from 120 to 136 days. The distribution of ages

studied was as follows: 70 days (n51), 74 days (n51), 84 days (n51),

88 days (n51), 90 days (n51), 95 days (n51), 100 days (n51), 105

days (n51), 107 days (n51), 111 days (n51), 112 days (n52), 115

days (n51), 118 days (n51), 120 days (n51), 122 days (n51), 124

days (n51), 126 days (n51), 130 days (n51), and 136 days (n51).

The age of the fetuses was calculated using Richardson’s equation:

x52.1 *(171 y), where “x” is the age of the fetus in days, and “y” is the

distance between the crown and rump in centimeters (CRL) (Richard-

son, Hebert, & Terlecki, 1976).

FIGURE 2 The histochemical distribution of duodenal mucins during the prenatal development of sheep fetuses. (a) 70-day-old fetal lamb,
goblet cells containing neutral (red arrows), acidic (blue arrows) and mixed (black arrows) mucins in the villi and crypts, glycogen accumula-
tion in epithelial cells in the villi (green arrows), AB–PAS pH 2.5 staining. Bar; 20 lm. (b) 105-day-old fetal lamb, increased number of goblet
cells containing neutral (red arrows) mucins in the villi, goblet cells containing acidic mixed (black arrows) mucins, Brunner’s glands contain-
ing acidic mucins (curved arrows), AB–PAS pH 2.5 staining. Bar; 20 lm. (c) 130-day-old fetal lamb, goblet cells containing neutral (red
arrows), acidic (blue arrow) and mixed (black arrow) mucins, Brunner’s glands containing acidic mucins (curved arrow), AB–PAS pH 2.5 stain-
ing. Bar; 20 lm. (d) 115-day-old fetal lamb, Brunner’s glands containing acidic mucins (blue arrows), Brunner’s glands containing neutral
mucins (red arrows), AB–PAS pH 2.5 staining. Bar; 20 lm. (e) 120-day-old fetal lamb, Brunner’s glands containing acidic mucins (blue
arrows), Brunner’s glands containing neutral mucins (red arrows), AB–PAS pH 2.5. Bar; 20 lm. (f) 126-day-old fetal lamb, Brunner’s glands
containing acidic mucins (blue arrows), Brunner’s glands containing neutral mucins (red arrows), AB–PAS pH 2.5. Bar; 20 lm [Color figure
can be viewed at wileyonlinelibrary.com]
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Fetal tissue samples were taken from the pyloric region of the abo-

masum, duodenum, jejunum, terminal ileum, and proximal colon. The

samples were fixed in formol-alcohol solution for 18 hr. Fixed tissues

were embedded in paraffin using routine histological procedures. Five-

mm-thick sections were cut and mounted on microscopic slides. Various

staining procedures were applied to the sections for the histochemical

description of mucins. The periodic acid-Schiff (PAS) staining method

was employed for the detection of glycogen, epithelial sulfomucins,

FIGURE 3 The histochemical distribution of duodenal mucins during the prenatal development of sheep fetuses. (a) 130-day-old fetal
lamb, Brunner’s glands containing acidic mucins (blue arrows), Brunner’s glands containing neutral mucins (red arrows), AB–PAS pH 2.5. Bar;
20 lm. (b) 70-day-old fetal lamb, goblet cells containing sialomucins (arrows) and sulfomucins (arrowheads) in the villi, epithelial cells of the
Brunner’s glands containing sialomucins (curved arrow), HID–AB pH 2.5 staining. Bar; 50 lm. (c) 88-day-old fetal lamb, goblet cells contain-
ing sialomucins (arrows) and sulfomucins (arrowheads) in the villi and crypts, epithelial cells of the Brunner’s glands containing sialomucins
(curved arrows), HID–AB pH 2.5 staining. Bar; 50 lm. (d) 115-day-old fetal lamb, increased number of goblet cells containing sulfomucins
(arrowheads) in the villi, epithelial cells containing sulfomucins in the Brunner’s glands (black curved arrows), epithelial cells containing sialo-
mucins in the Brunner’s glands (blue curved arrows), HID–AB pH 2.5 staining. Bar; 50 lm. (e) 120-day-old fetal lamb, goblet cells containing
sulfomucins (arrowheads) in the villi, epithelial cells containing sulfomucins in the Brunner’s glands (black curved arrows), epithelial cells con-
taining sialomucins in the Brunner’s glands (blue curved arrows), HID–AB pH 2.5 staining. Bar; 50 lm. (f) 130-day-old fetal lamb, goblet cells
containing sulfomucins (arrowheads) in the villi, epithelial cells containing sulfomucins in the Brunner’s glands (black curved arrows), epithe-
lial cells containing sialomucins in the Brunner’s glands (blue curved arrows), HID–AB pH 2.5 staining. Bar; 50 lm [Color figure can be
viewed at wileyonlinelibrary.com]
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neutral mucins, vicinal diols and N-acetyl sialomucins (Bancroft & Cook,

1994). The a-amylase–PAS staining protocol was employed to distin-

guish glycogen from other PAS-positive elements, such as mucins that

could be present in the tissue sample (Spicer, Horn, & Leppi, 1967).

Alcian Blue (AB)-PAS (pH: 2.5) combined staining (Mowry, 1956) was

performed for the distinction of neutral and acidic mucins and high iron

diamine (HID)-AB (pH: 2.5) staining was performed for the detection of

sulfo- and sialomucins (Spicer, 1965).

Furthermore, the presence of mucin core proteins (MUC) within

the gastrointestinal tract of sheep fetuses during the prenatal period

was determined by immunohistochemistry. Because specific antibodies

targeted to ovine MUCs are not available, the MUC1 (Santa Cruz

FIGURE 4 The histochemical distribution of jejunal mucins during the prenatal development of sheep fetuses. (a) 73-day-old fetal lamb,
goblet cells containing acidic mucins in the villi (blue arrows), glycogen accumulation in the epithelial cells (black arrows), AB–PAS pH 2.5

staining. Bar; 20 lm. (b) 95 day-old fetal lamb, goblet cells containing acidic (blue arrows), neutral (red arrow) and mixed (black arrows)
mucins in the villi, AB–PAS pH 2.5 staining. Bar; 20-lm. (c) 130-day-old fetal lamb, goblet cells containing acidic (blue arrows) and mixed
(black arrows) mucins in the villi, AB– PAS pH 2.5 staining. Bar; 20 lm. (d) 84-day-old fetal lamb, goblet cells containing sialomucins
(arrow) in the villi, goblet cells containing sulfomucins in the crypts (arrowhead), HID–AB pH 2.5 staining. Bar; 20 lm. (e) 115-day-old
fetal lamb, goblet cells containing sulfomucins (arrows) in the villi, HID–AB pH 2.5 staining. Bar; 20 lm. (f) 126-day-old fetal lamb,
goblet cells containing sulfomucins (arrows) in the villi, HID–AB pH 2.5 staining. Bar; 20 lm [Color figure can be viewed at wileyonlineli-
brary.com]
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Biotechnology, sc-53381), MUC2 (Santa Cruz Biotechnology, sc-

73146), MUC5AC (Santa Cruz Biotechnology, sc-33667), and MUC6

(Santa Cruz Biotechnology, sc-33668) antibodies recommended for

detection of Mucin 1, Mucin 2, Mucin 5AC, and Mucin 6 of mouse, rat

and human origin were used in this study. They are unknown if they

are reactive for sheep tissues. Four slides were prepared from each

sample, and each slide contained a minimum of three sections cut at 5

lm thickness. After the processes of blocking endogenous peroxidase

activity and antigen retrieval, the sections were washed in PBS (pH

7.4), incubated in blocking serum (Ultra V Block; TA-125UB; Thermo

Fisher Scientific Lab Vision Corporation) for 5 min at room temperature

to block nonspecific binding, and then left in the corresponding primary

antibodies overnight at 48C. Next, the slides were washed in PBS, and

then treated with biotinylated anti-mouse secondary antibodies

FIGURE 5 The histochemical distribution of ileal mucins during the prenatal development of sheep fetuses. (a) 70-day-old fetal lamb, gob-
let cells containing acidic (blue arrows) mucins in the villi and crypts, glycogen accumulation in the epithelial cells (green arrows) AB–PAS
pH 2.5 staining. Bar; 20 lm. (b) 126-day-old fetal lamb, goblet cells containing neutral (red arrows) and acidic (blue arrows) mucins, PP
(Peyer’s patches), AB–PAS pH 2.5 staining. Bar; 20 lm. (c) 130-day-old fetal lamb, goblet cells containing acidic (blue arrows) and mixed
(black arrow) mucins, Paneth cells containing granules (green arrows) positive for Alcian blue, PP (Peyer’s patches), AB–PAS pH 2.5 staining.
Bar; 20 lm. (d) 70-day-old fetal lamb, goblet cells containing sialomucins (arrows) and sulfomucins (arrowheads) in the villi and crypts, HID–
AB pH 2.5 staining. Bar; 20 lm. (e) 105-day-old fetal lamb, goblet cells containing sialomucins (arrows) and sulfomucins (arrowheads) in the
villi and crypts, HID–AB pH 2.5 staining. Bar; 20 lm. (f) 130-day-old fetal lamb, increased number of goblet cells containing sulfomucins
(arrowheads) in the villi and crypts, goblet cells containing sialomucins (arrow), HID–AB pH 2.5 staining. Bar; 20 lm [Color figure can be
viewed at wileyonlinelibrary.com]
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(Thermo Fisher Scientific Fremont, USA) for 20 min. Next, the slides

were incubated with enzyme-conjugated streptavidin (Thermo Fisher

Scientific Fremont, USA) for 20 min. Immunoreactions were visualized

with 3,3ʹdiaminobenzidine tetrahydrochloride (DAB) (Thermo Fisher

Scientific Fremont, USA) and Gill’s hematoxylin was used to counter-

stain the sections. The negative control sections were stained with the

same procedures except the replacement of the primary antibodies

with nonspecific mouse IgG (sc-2025, Santa Cruz Biotechnology, Santa

FIGURE 6.
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Cruz, CA). Human colon and rabbit ileum slides served as positive con-

trols for MUC-2, while the sections obtained from archival blocks of

mammary gland and human colon used as positive controls for MUC6,

MUC5AC, and MUC-1.

Tissue sections were investigated by light microscopy and assessed

for both histochemical and immunohistochemical staining. The slides

were photographed using a digital camera (Olympus DP72) attached to

an Olympus BX51 microscope. This study was approved by the Com-

mittee for Animal Care and Use of Ankara University (2014-04-07).

In this study, the histochemical staining was semiquantitatively

evaluated using a score (proportional score, PS) based on the percent-

age of positively stained cells as previously reported by Alan and Liman

(Alan & Liman, 2010). Two independent observers performed all histo-

chemical scoring. Proportion of staining epithelial and goblet cells was

scored on a scale of – to 11111 (–5 no cells with staining;15 0%

to 10% of cells with staining; 11511% to 25%; 111526% to 50%

of cells with staining; 1111551% to 75% of cells with staining;

11111576% to 100% of cells with staining) (Table 1).

3 | RESULTS

3.1 | Histochemistry

The results of histochemical staining reactions are summarized in Table

1. In the present study, in slides that were employed combined staining

with AB–PAS (pH 2.5), blue regions demonstrated the presence of

acidic mucins, a magenta color indicated the presence of neutral mucins

and purple colored regions showed the existence of neutral and acidic

mucins together. To investigate the presence of sialomucins and sulfo-

mucins, the sections were double stained with HID–AB (pH 2.5), where

black or brown regions demonstrated the presence of sulfomucins and

green or blue areas indicated the presence of sialomucins. Furthermore,

a-amylase-PAS staining was used to differentiate glycogen from other

PAS-positive elements such as mucins.

3.1.1 | AB–PAS (pH 2.5) and HID–AB (pH 2.5) stainings

The pyloric region of the abomasum

On the 70th day, combined AB–PAS (pH 2.5) staining revealed that

while acidic mucins were found only in the apical cytoplasm of the

superficial glandular epithelial cells, since the glandular corpora have

not formed yet (Figure 1a). As of the 115th day, while some of the

superficial cells contained neutral mucins and some mixed mucins,

the secretory ducts of the glands and the glandular corpus contained

only acidic mucins (Figure 1b). On the122nd day, it was observed

that the superficial cells contained mainly neutral and mixed mucins.

On the 130th day, the superficial glandular epithelial cells of the

proximal foveola gastrica contained mostly neutral mucins while

those in the opposing foveolar surfaces and those lining the glandu-

lar corpus contained acidic mucins (Figure 1c). Throughout the pre-

natal period, the cells lining the glandular corpus contained only

acidic mucins (Figure 1b,c).

Combined HID–AB pH 2.5 staining revealed that, between

days 70 and 100, the superficial epithelial cells and the cells lining

the glandular corpus contained only sialomucins (Figure 1d,e). Fol-

lowing this period, while some of the cells lining the glandular cor-

pus contained sulfated mucins, the majority contained primarily

sialomucins (Figure 1f).

Duodenum

Combined AB–PAS (pH 2.5) staining revealed that neutral, acidic and

mixed mucin-secreting goblet cells were present in both the duodenal

crypts and villi on the 70th day of gestation (Figure 2a). The distribution

of neutral mucin-secreting goblet cells gradually increased from the

105th day of gestation until parturition (Figure 2b). Following this

period, goblet cells secreting neutral mucins predominated in the duode-

nal villi and crypts (Figure 2c). In the Brunner’s glands, only acidic mucins

were present until the 115th day of gestation, whereas neutral mucins

also appeared thereafter (Figures 2d–f & 3a).

HID–AB (pH 2.5) staining demonstrated that, from the 70th day of

gestation until birth, the goblet cells in the duodenal crypts and villi con-

tained mostly sulfomucins. Brunner’s glands contained only sialomucins

until the 115th day of gestation, while some glands were determined to

contain sulfomucins as well as sialomucins thereafter (Figure 3b–f).

Jejunum

Combined AB–PAS (pH 2.5) staining showed that the number

of goblet cells in the jejunum was relatively lower than that in

the other intestinal segments. Nevertheless, goblet cells secreting

neutral, acidic and mixed mucins were present in the jejunal

crypts and villi throughout the prenatal period (Figure 4a–c).

FIGURE 6 The histochemical distribution of colonic mucins during the prenatal development of sheep fetuses. (a) 70-day-old fetal lamb,
goblet cells containing acidic (blue arrows) mucins in the colon with villi, glycogen accumulation in the epithelial cells (arrowheads), AB–PAS
pH 2.5 staining. Bar; 20 lm. (b) 84-day-old fetal lamb, goblet cells containing neutral (red arrows) and acidic (blue arrows) mucins in the
colon with villi, glycogen accumulation in the epithelial cells (arrowheads), AB–PAS pH 2.5 staining. Bar; 20 lm. (c) 120-day-old fetal lamb,
goblet cells containing acidic (blue arrows) mucins in the colon with well-defined crypts, AB–PAS pH 2.5 staining. Bar; 20 lm. (d) 130-day-
old fetal lamb, goblet cells containing acidic (blue arrows) mucins in the colon with well-defined crypts, AB–PAS pH 2.5 staining. Bar; 20
lm. (e) 70-day-old fetal lamb, large number of goblet cells containing sulfomucins (arrowhead) and small number of goblet cells containing
sialomucins (arrow) in the colon with villi, HID–AB pH 2.5 staining. Bar; 50 lm. (f) 115-day-old fetal lamb, large number of goblet cells con-
taining sulfomucins (arrowhead) and small number of goblet cells containing sialomucins (arrow) in the colon with villi, HID–AB pH 2.5 stain-
ing. Bar; 50 lm. (g) 120-day-old fetal lamb, increased number of goblet cells (arrow) containing sialomucins in the colon with well-defined
crypts, goblet cells containing sulfomucins (arrowhead), HID–AB pH 2.5 staining. Bar; 50 lm. (h) 126-day-old fetal lamb, colon with well-
defined crypts, goblet cells containing sialomucins (arrow), goblet cells containing sulfomucins (arrowhead), HID–AB pH 2.5 staining. Bar; 50
lm [Color figure can be viewed at wileyonlinelibrary.com]
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Combined HID–AB (pH 2.5) staining showed that the vast major-

ity of goblet cells in the villi and crypts contained sulfated mucins

(Figure 4d–f).

Ileum

Combined AB–PAS pH 2.5 staining demonstrated the presence

of acidic mucin-containing goblet cells in the ileal villi and crypts

FIGURE 7.
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during the early prenatal period, and mixed and neutral mucin-

containing goblet cells as well in the later phases of the prenatal

period. However, acidic mucin-containing goblet cells predomi-

nated in the ileal crypts and villi throughout the prenatal period

(Figure 5a–c).

HID–AB (pH 2.5) staining demonstrated that while goblet cells

containing both sialomucins and sulfomucins were observed in the ileal

crypts and villi in early and mid-gestation, goblet cells containing sul-

fated mucins were dominant in late pregnancy (Figure 5d–f).

Colon

While the mucosa of the proximal colon harbored villi until the 115th

day of gestation, as of the 120th day the villi were observed to have

completely regressed and well-defined crypts emerged. The vast major-

ity of the goblet cells in the villi contained acidic mucins, while very

few contained neutral mucins. Once the well-defined crypts formed,

only acidic mucin-secreting goblet cells existed in the crypts (Figure

6a–d).

HID–AB (pH 2.5) combined staining showed that, goblet cells con-

taining sulfomucins were more common in the villi, and the number of

goblet cells containing sialomucins gradually increased after the emer-

gence of the crypts. Goblet cells containing sulfated mucins were

mostly localized to the neck of the crypts and the surface of the crypts

facing the lumen, whereas sialomucin-secreting goblet cells were

observed at the base of the crypts (Figure 6e–h).

3.1.2 | PAS & a-amylase–PAS stainings

In the abomasum, throughout the prenatal period, while moderate PAS

reactions were observed in the cells lining the glandular corpus, strong

PAS reactions were detected in the superficial glandular epithelial cells

and glandular ducts. a-amylase–PAS staining showed that glycogen

granules stored in the epithelial cells gradually decreased toward the

end of gestation. In the intestinal sections examined, a-amylase–PAS

staining demonstrated that the number of glycogen granules stored in

the epithelial cells lining the villi and crypts decreased toward the end

of gestation. No significant alteration was detected in the Brunner’s

glands and goblet cells strongly positive for PAS after being employed

a-amylase (Figures 7–9).

In addition to all these findings, Paneth cells with supranuclear

acidophilic granules were also present in the duodenal, jejunal, and ileal

crypts as demonstrated by combined AB–PAS pH 2.5 staining (Figure

10a–d).

3.1.3 | Immunohistochemistry

In the present study, immunohistochemical staining was performed

with the Strept-ABC method using monoclonal antibodies raised

against MUC1, MUC2, MUC5AC, and MUC6. Rabbit ileum and human

colon were used as positive controls. While only some cells in the villi

and crypts of the rabbit ileum reacted to the MUC2 protein (Figure

10e), the majority of the crypts reacted in the human colon (Figure

10f). Conversely, no immune reaction was observed in fetal and adult

ovine tissues (Figure 10g,h).

4 | DISCUSSION

We have studied the histochemical staining pattern of the epithelial

mucins in sheep fetuses at various gestational ages, to determine their

developmental changes and the localizations in the gastrointestinal

tract. To our knowledge, althoughmucin types found in the gastrointes-

tinal tract have been described in several mammals (Filipe, 1979; For-

man, 1971; Karakoç et al., 2016; Kotz�e & Coetzee, 1994; Krause,

2000; Schumacher et al., 2004; Sheahan & Jervis, 1976), up to now,

the presence and distribution of mucins in the gastrointestinal tract of

sheep fetuses has not been investigated. Furthermore, we checked

whether the different MUCs (MUC1, MUC2, MUC5AC, and MUC6)

were expressed in sheep fetal abomasums, small intestine and colon

using conventional primary antibodies.

The gastrointestinal mucosal epithelium has various functions in

sustaining the health of the digestive system. A mucus layer composed

of ions, water, lipids, proteins, and glycoproteins covers the mucosal

epithelium and provides protection against both mechanical, chemical

and enzymatic damage and pathogenic microorganisms (Karakoç et al.,

2016; Rose & Voynow, 2006). Gastric mucins are secreted by the lumi-

nal epithelial cells and gastric glands in some animal species and

humans (Lacunza, Bara, Segal-Eiras, & Croce, 2009a, 2009b; Liman,

Alan, and K€uç€uk Bayram, 2010; Terada, 2013; Vernygorodskyi, 2013).

In humans and the opossum, superficial cells of the gastric mucosa and

glandula pylorica secrete only neutral mucins, while in the vole, rat,

bison, rabbit, Japanese macaque, Rhesus monkey, raccoon dog, white-

tailed deer, guinea pig, and cat, they produce both acidic and neutral

mucins (Karakoç et al., 2016; Schumacher et al., 2004). Ganesh,

FIGURE 7 Developmental changes of glycogen and mucin in abomasum and duodenum of sheep fetuses. (a) 74-day-old fetal lamb, glyco-
gen accumulation in the epithelial cells (arrows). Abomasum, PAS staining. Bar; 50 lm. (b) 74-day-old fetal lamb, decreased number of glyco-
gen granules in the epithelial cells. Abomasum, a-amylase–PAS staining. Bar; 50 lm. (c) 126-day-old fetal lamb, glycogen accumulation in
the epithelial cells (arrows). Abomasum, PAS staining. Bar; 50 lm. d) 126-day-old fetal lamb, decreased number of glycogen granules in the
epithelial cells. Abomasum, a-amylase–PAS staining. Bar; 50 lm. (e) 70-day-old fetal lamb, glycogen accumulation in the epithelial cells
(black arrows), goblet cells (red arrows), Brunner’s glands (blue arrows). Duodenum, PAS staining. Bar; 50 lm. (f) 70-day-old fetal lamb,
decreased number of glycogen granules in the epithelial cells but no significant changes in Brunner’s glands (blue arrows) and goblet cells
(red arrows). Duodenum, a-amylase–PAS staining. Bar; 50 lm. (g) 130-day-old fetal lamb, glycogen accumulation in the epithelial cells (black
arrows), goblet cells (red arrows), Brunner’s glands (blue arrows). Duodenum, PAS staining. Bar; 50 lm. (h) 130-day-old fetal lamb, decreased
number of glycogen granules in the epithelial cells but no significant changes in Brunner’s glands (blue arrows) and goblet cells (red arrows).
Duodenum, a-amylase–PAS staining. Bar; 50 lm [Color figure can be viewed at wileyonlinelibrary.com]
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Subramani, and Halagowder (2007) reported that in humans, while the

gastric mucosa secretes a low level of sialomucins, neutral mucins are

localized to the mucosal glands and foveolar epithelial cells in the

antrum, the latter of which also contain sulfomucins. Karakoç et al.

(2016) demonstrated that, in rams and bulls, the abomasum contains

acidic (sulfated and carboxylated) and neutral mucins, as well as glyco-

gen. However, these researchers also reported that the two species

differ for mucin localization in the abomasum. While the superficial epi-

thelial cells of the cardia and fundus contain neutral mucins, the deeper

glandular epithelial cells mainly contain sulfomucins. Conversely, the

cardia and fundus contain less carboxylated mucins, which are found at

high levels in the epithelial cells of the pyloric glands. On the contrary

to the case in bulls, a large amount of carboxylated mucins was

detected in the deeper layers of the pars cardiaca and the superficial

FIGURE 8 Developmental changes of glycogen and mucin in jejenum and ileum of sheep fetuses. (a) 70- day-old fetal lamb, glycogen accu-
mulation in the epithelial cells (arrows). Jejenum, PAS staining. Bar; 50 lm. (b) 70-day-old fetal lamb, decreased number of glycogen granules
in the epithelial cells. Jejenum, a- amylase–PAS staining. Bar; 50 lm. (c) 130-day-old fetal lamb, glycogen accumulation in the epithelial cells
(black arrows), goblet cells (red arrows). Jejenum, PAS staining. Bar; 50 lm. (d) 130-day-old fetal lamb, decreased number of glycogen gran-
ules in the epithelial cells but no significant changes in goblet cells (arrows). Jejenum, a-amylase–PAS staining. Bar; 50 lm. (e) 70-day-old
fetal lamb, glycogen accumulation in the epithelial cells (black arrows), goblet cells (red arrows). Ileum, PAS staining. Bar; 50 lm. (f) 70-day-
old fetal lamb, decreased number of glycogen granules in the epithelial cells but no significant changes in goblet cells (arrows). Ileum,
a-amylase–PAS staining. Bar; 50 lm [Color figure can be viewed at wileyonlinelibrary.com]
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glandular epithelial cells of the pars pylorica in rams (Karakoç et al.,

2016). The prenatal abomasal mucin profile of sheep has not been

investigated before. In the present study, alterations were detected in

the mucin content of the pyloric abomasum. While neutral mucin was

absent in the pyloric epithelial cells and gastric gland cells, acidic mucin

was detected in the superficial cells until the 115th day of gestation. In

agreement with the results of previous studies performed in adult

animals (Karakoç et al., 2016; Schumacher et al., 2004) and humans

(Ganesh et al., 2007), thereafter both acidic and neutral mucins were

detected in the abomasal pylorus. Neutral mucins were found in the

superficial epithelial cells of the proximal foveola gastrica, whereas

acidic mucins were detected in the opposing foveolar surfaces and the

corpus glandula. Sulfated mucins were detected in some of the gastric

glands only after the 115th day of gestation. Throughout gestation, a

FIGURE 9 Developmental changes of glycogen and mucin in ileum and colon of sheep fetuses. (a) 126-day-old fetal lamb, glycogen accu-
mulation in the epithelial cells (black arrows), goblet cells (red arrows). Ileum, PAS staining. Bar; 50 lm. (b) 126-day-old fetal lamb, decreased
number of glycogen granules in the epithelial cells but no significant changes in goblet cells (arrows). Ileum, a-amylase–PAS staining. Bar; 50
lm. (c) 70-day-old fetal lamb, glycogen accumulation in the epithelial cells (black arrows), goblet cells (red arrows). Colon with villi, PAS
staining. Bar; 50 lm. (d) 70-day-old fetal lamb, decreased glycogen granules in the epithelial cells (black arrows), goblet cells (red arrows).
Colon with villi, a-amylase–PAS staining. Bar; 50 lm. (e) 130-day-old fetal lamb, glycogen accumulation in the epithelial cells (black arrows),
goblet cells (red arrows). Colon with well-defined crypts, PAS staining. Bar; 50 lm. (f) 130-day-old fetal lamb, decreased number of glycogen
granules in the epithelial cells but no significant changes in goblet cells (arrows). Colon with well-defined crypts, a-amylase–PAS staining.
Bar; 50 lm [Color figure can be viewed at wileyonlinelibrary.com]
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high level of sialomucins was present in both the mucous epithelial cells

and the gastric gland cells. The findings obtained in the present study

are largely concordant with previous results obtained for the mucin

profile of adult ruminants (Karakoç et al., 2016).

The continuous mechanical effect of ingested food results in the

abrasion of the duodenal mucosa. Furthermore, the secretion of bile

acids and hydrochloric acid into the digestive tract also damages the

epithelium (Ermund et al., 2013). Different from the other intestinal

FIGURE 10.
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segments, the duodenum releases mucin from both goblet cells and the

Brunner’s glands in the submucosa into the lumen, which enables its

protection from damage. Thus, in mammals, the proximal duodenum

has a complex cellular structure composed of several types of secretory

cells (Collaco et al., 2013). Previous research in mammals has demon-

strated that duodenal glands predominantly produce neutral mucins,

and a lower level of acidic mucins (Krause, 2000). However, the glyco-

sylation pattern of duodenal glands varies greatly among animal species

(Erg€un, Erg€un, K€ur€um, €Ozen, & Bayraktaro�glu, 2010). In bisons, voles,

guinea pigs, deer, and domestic and cotton-tailed rabbits, the glandular

secretion is composed of acidic mucins (sulfated and carboxylated),

whereas in Rhesus macaques, Japanese macaques rats, cats, and rac-

coons the glandular secretion is comprised of neutral mucins (Schu-

macher et al., 2004). Furthermore, in research conducted in the coypu

(M. coypus bonariensis) (de la Hoz et al., 2016), cattle (Krause, 2000;

Takehana, Mitsuo, Iwasa, Hiraga, & Miyata, 1991), sheep (Krause,

2000), goats (Krause, 2000), and fallow deer (Scocco, Pedini, Fagioli, &

Ceccarelli, 2001) duodenal glands were found to contain both acidic

and neutral mucins. The differences observed in the feature of the duo-

denal secretion are not considered to be related to the phylogenetic

relationship between the mammalian species or to their diet. For

instance, although the rat and vole are both rodents, the Brunner’s

glands produce only acidic mucins in the vole, and neutral mucins in

the rat. The results of the present study are in agreement with the

results of a previous study performed to investigate the Brunner’s

glands of 27 bat species with different diets (fish-, insect-, plant-,

nectar-, blood-), which demonstrated the presence of only neutral

mucins in the glandular secretion of all of the species (Forman, 1971).

A study on the alterations in the fetal mucin profile of the fallow deer

demonstrated that, as labor approached, not only did neutral mucins

significantly increase in both the goblet cells and duodenal glands, but

also carboxylated mucins predominated over sulfomucins (Scocco et al.,

2001). In consistent with the results of Scocco et al. (2001), our results

indicated that, toward the end of gestation, neutral mucin-producing

goblet cells predominated in the crypts and villi. In the present study,

we noted that Brunner’s glands produced only acidic mucins until the

95th day of gestation and thereafter, neutral mucins as well. Further-

more, we observed that goblet cells contained both sialomucins,

although few, and sulfomucins in the second trimester of gestation and

those containing sulfomucins outnumbered the others in the third tri-

mester of gestation. Brunner’s glands mainly produced acidic mucins

throughout pregnancy and some started to produce sulfomucins as of

the 115th day. In this study, while the mucin profile of the Brunner’s

glands of sheep fetuses resembled that of adult sheep, acidic mucins

consisted of both sialomucins and sulfated mucins, and postnatal acidic

mucins were comprised of sialomucins (Krause, 2000). Based on the

increase observed in neutral mucin-producing goblet cells in the villi

toward the end of gestation, it could be suggested that neutral mucins

help protect the epithelial layer from corrosion by offsetting the acidic

content of the abomasum.

In newborn small ruminants, the jejunum has an essential role in

the first line of defense as the cells in this segment are involved in

immunoglobulin absorption in the first few hours after birth, when neo-

nates are highly vulnerable to the outer world (Clarke & Hardy, 1971;

Machado-Neto, Grigolo, Moretti, Kindlein, & Pauletti, 2011; Nordi

et al., 2012). The presence of colostrum-containing vacuoles in the jeju-

nal enterocytes of goat kids during the first hours postpartum suggests

the possible occurrence of absorption at macromolecular level (Clarke

& Hardy, 1971; Machado-Neto et al., 2011; Moretti et al., 2012; Nordi

et al., 2012). Twenty-four to 36 hr after birth, the membrane of entero-

cytes undergoes drastic changes resulting in the loss of absorptive

capacity and intestinal closure, which ends macromolecule transfer

across the intestine within a few hours or days after delivery in certain

species (e.g., pigs, sheep, cows, rabbits, and guinea pigs). Machado-

Neto, Pontin, Nordi, Lima, and Moretti (2013) reported that the num-

ber of jejunal goblet cells significantly altered between the 16th and

96th hours after birth in goat kids. Kleessen, Hartmann, and Blaut

(2003) and Machado-Neto et al. (2013) suggested that alterations in

the composition or mucin content of the jejunal mucosa could signifi-

cantly alter absorption in the small intestine. In our study, the jejunum

contained a relatively small number of goblet cells when compared to

the other intestinal segments. Goblet cells, which contained mixed,

neutral and acidic mucins, were localized to the villi and crypts and

acidic mucins mostly consisted of sulfomucins. The relatively small

number of goblet cells in the jejunum could be related to the high num-

ber of columnar epithelial cells required for the maximal absorption of

colostrum after birth.

The ileum, which is the final section of the small intestine, is

responsible not only for nutrient absorption, but also the protection of

the intestines against microbial colonization and overgrowth owing to

the Peyer’s patches it contains. In a previous study on the fetal bovine

ileum, goblet cells containing neutral mucins were reported to gradually

decrease, while those containing acidic and mixed mucins were deter-

mined to increase toward the end of gestation. Moreover, research

has demonstrated that as from the 6th month of pregnancy, in parallel

with the development of Peyer’s patches in the ileum, sulfomucin-

FIGURE 10 AB-positive Paneth cells in the small intestines (a–d). Positive controls for MUC2 (e, f) and negative control MUC (g, h). (a)
Duodenum of a 130-day-old fetal sheep, a Paneth cell with granules containing acidic mucins (arrow) in the crypts, AB–PAS pH 2.5 staining.
Bar; 10 lm. (b) Jejunum of a 130-day-old fetal sheep, a Paneth cell with granules containing acidic mucins (arrows) in the crypts, AB–PAS
pH 2.5 staining. Bar; 10 lm. (c) Ileum of a 126-day-old fetal sheep, a Paneth cell with granules containing acidic mucins (arrows) in the
crypts, AB– PAS pH 2.5 staining. Bar; 10 lm. (d) Ileum of a 130-day-old fetal sheep, a Paneth cell with granules containing acidic mucins
(arrows) in the crypts, AB–PAS pH 2.5 staining. Bar; 10 lm. (e) Rabbit ileum, MUC2-positive immunoreactivity in the villi (arrow) and crypts
(arrowhead), Immunohistochemical staining, DAB. Bar; 20 lm. (f) Human colon, MUC2-positive immunoreactivity in the crypts, Immunohis-
tochemical staining, DAB. Bar; 50 lm. (g) Ileum of a 115-day-old fetal sheep, no immunoreactivity for MUC2 in the villi and crypts, Immuno-
histochemical staining, DAB. Bar; 50 lm. (h) Colon of a 130-day-old fetal sheep, no immunoreactivity for MUC2 in the crypts,
Immunohistochemical staining, DAB. Bar; 20 lm [Color figure can be viewed at wileyonlinelibrary.com]
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containing goblet cells show a gradual increase (Beyaz & Liman, 2009).

In the present study, goblet cells containing acidic mucins predomi-

nated in the crypts and villi throughout the second and third trimester

of gestation and were associated by cells containing mixed and neutral

mucins. Toward the end of gestation, acidic mucins were mainly com-

prised of sulfomucins. These findings are in agreement with literature

reports on ileal mucins in bovine fetuses (Beyaz & Liman, 2009). How-

ever, while Beyaz and Liman (2009) reported that ileal Peyer’s patches

are involved in mucin heterogeneity in bovine fetuses, we observed no

significant effect of the ileal Peyer’s patches on the mucin profile in

ovine fetuses.

The development of the digestive tract differs between species. In

animals with a short gestation period, such as mice and rats, intestinal

development is nearly completed at the time of nursing. However, in

humans and guinea pigs, which both have relatively long gestation peri-

ods, intestinal maturation occurs to a great extent during the prenatal

period (Smith, Christianson, Moss, & Bailey, 1985). The colon of the

embryo and fetus differs both structurally and functionally from that of

the adult. While villi are not observed in the adult colon, primordial villi

exist in birds on the 11th day of embryonic development (Gheri &

Gheri, 1988). Furthermore, the development of the proximal colon dif-

fers from that of the distal colon. In the fetus, while the proximal colon

bears villi, the distal colon does not (Helander, 1973; Lacy & Colony,

1985; M�enard, Dagenais, & Calvert, 1994; Smith et al., 1985). To the

authors’ knowledge, the prenatal development of the ovine proximal

colon has not been investigated before. In the present study, villi

existed in the proximal colon until the 115th day of gestation and later

disappeared. By the 120th day, villi were observed to have completely

regressed and well-defined crypts appeared. In human fetuses, while

sulfomucins first appear in the colon after the emergence of goblet

cells (Lev, 1968) at the 14th week of gestation, O-acetylated sialomu-

cins are observed as of the 23rd week. In humans, the colonic mucin

profile of the newborn resembles that of the adult, in that it is com-

prised mostly of acidic mucins (Filipe, Sandey, & Carapeti, 1988). While

sulfomucins were detected in all goblet cells in the colon of newborn

mice (Hill, Cowley, & Andremont, 1990), the mucins in the colon of

newborn piglets were determined to consist of both sulfomucins and

sialomucins (Turck, Feste, & Lifschitz, 1993). In the present study, it

was observed that, nearly the entire goblet cell population in the crypts

and villi of the colon contained acidic mucins. During the period in

which the villi were found in the proximal colon, the goblet cells con-

taining sulphomucins were predominant, whereas the goblet cells con-

taining sialomucins were predominant after the typical crypt structure

was formed.

Paneth cells, which are secretory cells in the epithelium lining the

small intestine; exist in the form of small clusters at the base of the

crypts of Lieberk€uhn (Bevins & Salzman, 2011). Research has shown

that Paneth cells secrete MUC2 and antimicrobial agents (Pelaseyed

et al., 2014). The histochemical data obtained in the present study sug-

gest that the secretion of Paneth cells, which contains acidic mucin,

may protect the neonatal mucosa against microbial colonization.

The physiological relation between different types of mucins has

not been completely elucidated (Deplancke et al., 2000). Two

hypotheses are suggested to explain the role of sialo- and sulphomu-

cins during the fetal period. According to the first, sulfate groups and

sialic acid are primarily involved in determining the viscoelastic charac-

teristics of mucins (Corfield, 2007; Deplancke &, Gaskins, 2001; Jen-

toft, 1990; Van der Reijden, Veerman, & Amerongen, 1992), as well as

in electrolyte and water transport in the adult distal colon. Although

the intestines are functional in the fetus, there is no need for digestive

function as nutrient passage occurs transplacentally. After being swal-

lowed, the amniotic fluid is transported along the esophagus, stomach

and large intestine, and once it reaches the large intestine, most of the

fluid is absorbed alongside glucose, hormones, electrolytes, and urea.

This process, which nutritionally supports the fetus, is a digestive pre-

function. The second hypothesis suggests a protective role of sialic

acid and sulfated mucins against protease-induced degradation and

bacterial attack (Corfield, Wagner, Clamp, Kriaris, & Hoskins, 1992).

Viral agents, which damage the mucus layer in the gastrointestinal

tract, such as reoviruses, adenoviruses, enteroviruses and influenza

viruses, are eliminated from the body by binding to the sialic acid resi-

dues of mucins (Linden, Sutton, Karlsson, Korolik, & McGuckin, 2008).

Given that they are less degraded by bacterial glycosidases and the

proteases of the organism itself, acidic mucins, and in particular sulfo-

mucins, are considered to have a protective effect against bacterial

translocation (Fontaine, Meslin, Lory, & Andrieux, 1996; Roberton &

Wright, 1997). This opinion is supported by the higher number of acidic

mucin-producing goblet cells in the intestinal sections harboring large

bacterial populations (Amerongen, Bolscher, Bloemena, & Veerman,

1998; Deplancke et al., 2000; Roberton & Wright, 1997). The gastroin-

testinal tract, which is sterile during the prenatal period, is dominated

by cells containing acidic mucins. In the postpartum period, the diges-

tive tract of the newborn is rapidly colonized by environmental and

maternal microorganisms (Deplancke et al., 2000; Mackie, Sghir, & Gas-

kins, 1999). In our study, similar to other species, such as ostriches

(Duritis, Mugurevics, & Mancevica, 2013), cattle (Beyaz & Liman, 2009)

and broiler chickens (Uni, Smirnov, & Sklan, 2003), acidic mucins were

also determined to predominate in the proximal colon and terminal

ileum of sheep fetuses. The high concentration of acidic mucins in the

colon and ileum, which are characterized by strong microbial coloniza-

tion, could be related to the protective effect of acidic mucins against

intestinal pathogenic invasion in the neonatal period.

In the human fetus, swallowing is observed as of the 16th week

(Montgomery, Mulberg, & Grand, 1999). Owing to the swallowing of

the amniotic fluid by the fetus, the intestinal epithelium is exposed to

bioactive substances of very different functions starting from the fetal

period. The terminal differentiation and also morphogenesis of the

intestinal epithelium depends on the regular activity of several substan-

ces including cytokines, peptides, and growth factors (Kanai, Rosen-

berg, & Podolsky, 1997; Ng et al., 2002). These bioactive substances,

which regulate both functional development and mucosal morphogene-

sis, are found in the amniotic fluid during the prenatal period (Lebenthal

& Lebenthal, 1999). Reports also indicate that the amniotic fluid meets

10%-15% of the energy and nitrogen requirements of the fetus during

the prenatal period (Pitkin & Reynolds, 1975). The meconium, which

forms during the fetal period, contains swallowed amniotic fluid,
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secretions such as bile, sloughed epithelial cells and pancreatic secre-

tion, and maternal and fetal metabolites excreted into the intestines

(Heitlinger, 1989). In humans, mucus secretion in the fetus is reported

to start in the 10th week of pregnancy. It is believed that this mucus

secretion contributes to the content of the meconium and also protects

the mucosa against biliary secretion and swallowed amniotic fluid

(Hounsell et al., 1985; Stauffer, Lallemand, & Gaillard, 1989).

Glycogen is the main source of energy in developing organisms.

While glycogen is mainly stored in the liver in adults, during the prena-

tal period, hepatic glycogen storage is possible only at the terminal

stage. Furthermore, while glycogen storage in the digestive epithelium

is less in adults, it is common in the early period of fetal life (Lev, 1968).

During embryonic life, glycogen stores are believed to be used for

hormone-regulated rapid differentiation (Black, 1988). Research con-

ducted on the prenatal period in ostriches (Duritis et al., 2013), humans

(Hashimoto, Tamura, Otani, & Tanaka, 1995; Lev & Weisberg, 1969),

cattle (Beyaz & Liman, 2009) and rodents (de la Hoz et al., 2016; Tano

de la Hoz et al., 2014) has shown that the amount of glycogen stored

in epithelial cells gradually decreases as labor approaches. In the pres-

ent study, the gradual decrease observed in intracytoplasmic glycogen

in the intestinal epithelial cells toward the end of the fetal period is in

consistent with the findings of these previous studies. No notable

change was observed after a-amylase application in the goblet cells

and Brunner’s glands strongly reacting to PAS. Our data suggest that

glycogen stored in the intestinal epithelium in the prenatal period is the

main energy source used for metabolic functions, including mucin

synthesis.

The 20 human genes, which encode mucins (MUC), can be classi-

fied under secreted and membrane-associated forms. Secreted mucins

can be subclassified into nongel-forming mucins and gel-forming

mucins (Corfield, 2015). To date, the investigation of the bovine

genome has yielded the identification of 6 secreted mucins (MUC19,

MUC7, MUC6, MUC5B, MUC5AC, and MUC2) and 9 membrane-

bound mucins (MUC21, MUC20, MUC16, MUC15, MUC13, MUC12,

MUC4, MUC3A, and MUC1) (Hoorens et al., 2011). Currently, there

are no commercially available specific MUC primary antibodies for

sheep tissues. Therefore, some anti-human MUC primary antibodies,

previously reported to show cross reactivity in the sheep abomasum

on the basis of immunohistochemical staining results (Karakoç et al.,

2016), were used in this study. However, no immune reaction was

detected in the gastrointestinal tissues of the sheep fetuses for the

MUC6, MUC5AC, MUC2, and MUC1antibodies.

In conclusion, the present study is the first description of the histo-

chemical properties of mucins found in the gastrointestinal tract of

sheep fetuses. The different types of mucins present in the gastrointes-

tinal tract of sheep fetuses might protect the gastrointestinal epithe-

lium from metabolites in the amniotic fluid swallowed by the fetus as

well as from biliary acid secretion in the prenatal period. Furthermore,

the intestinal mucins of sheep fetuses may be involved in the formation

of meconium, and acidic mucins can contribute to the establishment of

a strong intestinal barrier against digestive enzymes and potential

pathogens in the gastrointestinal tract, which is not fully functional

after birth.

ORCID

Feyzullah Beyaz http://orcid.org/0000-0002-9365-4104

REFERENCES

Alan, E., & Liman, N. (2010). Histochemical profiles of mucins in the tra-

cheal epithelium during the post-hat-ching period of Japanese quail

(Coturnix coturnix japonica). Berliner Und M€unchener Tierärztliche

Wochenschrift, 123, 10–20.

Amerongen, A. N., Bolscher, J. G. M., Bloemena, E., & Veerman, E. C.

(1998). Sulfomucins in the human body. Biological Chemistry, 379(1),

1–18.

Atuma, C., Strugala, V., Allen, A., & Holm, L. (2001). The adherent gastro-

intestinal mucus gel layer: Thickness and physical state in vivo. Ameri-

can Journal of Physiology-Gastrointestinal and Liver Physiology, 280,

922–929.

Bancroft, J. D., & Cook, H. C. (1994). Manual of histological techniques

and their diagnostic application. New York: Churchill Livingstone.

Bevins, C. L., & Salzman, N. H. (2011). Paneth cells, antimicrobial pep-

tides and maintenance of intestinal homeostasis. Nature Reviews

Microbiology, 9, 356–368.

Beyaz, F., & Liman, N. (2009). The prenatal development and histochem-

istry of the ileal mucins in the bovine fetuses. Anatomia, Histologia,

Embryologia, 38, 436–442.

Black, B. L. (1988). Influence of hormones on glycogen and glucose

metabolism in embryonic chick intestine. American Journal of

Physiology-Gastrointestinal and Liver Physiology, 254(1), G65–G73.

Boonzaier, J., Van der Merwe, E. L., Bennett, N. C., & Kotz�e, S. H.

(2013). A comparative histochemical study of the distribution of

mucins in the gastrointestinal tracts of three insectivorous mammals.

Acta Histochemica, 115, 549–556.

Brockhausen, I. (2003). Sulphotransferases acting on mucin-type oligo-

saccharides. Biochemical Society Transactions, 31(2), 318–325.

Clarke, R. M., & Hardy, R. N. (1971). Structural changes and the uptake

of polyvinyl pyrrolidone in the small intestine of the young goat.

Journal of Anatomy, 108, 79.

Collaco, A. M., Jakab, R. L., Hoekstra, N. E., Mitchell, K. A., Brooks, A., &

Ameen, N. A. (2013). Regulated traffic of anion transporters in mam-

malian Brunner’s glands: A role for water and fluid transport. Ameri-

can Journal of Physiology-Gastrointestinal and Liver Physiology, 305,

258–275.

Corfield, A. P. (2007). The glycobiology of mucins in the human gastroin-

testinal tract. Glycobiology, 248–260.

Corfield, A. P. (2015). Mucins: A biologically relevant glycan barrier in

mucosal protection. Biochimica Et Biophysica Acta (BBA)-General Sub-

jects, 1850(1), 236–252.

Corfield, A. P., & Shukla, A. K. (2003). Mucins: Vital components of the

mucosal defensive barrier. Genomic/Proteomic Technology, 3, 20–22.

Corfield, A. P., Wagner, S. A., Clamp, J. R., Kriaris, M. S., & Hoskins, L. C.

(1992). Mucin degradation in the human colon: Production of siali-

dase, sialate O-acetylesterase, N-acetylneuraminate lyase, arylester-

ase, and glycosulfatase activities by strains of fecal bacteria. Infection

and Immunity, 60, 3971–3978.

de la Hoz, M. F. T., Eyheramendy, V., Felipe, A. E., & Díaz, A. O. (2016).

Comparative analysis of the morphology and histochemistry of the

duodenum of the coypu (Myocastor coypus bonariensis) during its

prenatal and postnatal development. Tissue and Cell, 48, 18–24.

Deplancke, B., & Gaskins, H. R. (2001). Microbial modulation of innate

defense: Goblet cells and the intestinal mucus layer. The American

Journal of Clinical Nutrition, 73, 1131–1141.

646 | €OZBEK ET AL.

 10970029, 2018, 6, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jem

t.23018 by A
nkara U

niversity, W
iley O

nline L
ibrary on [21/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://orcid.org/0000-0002-9365-4104


Deplancke, B., Hristova, K. R., Oakley, H. A., McCracken, V. J., Aminov,

R., Mackie, R. I., & Gaskins, H. R. (2000). Molecular ecological analysis

of the succession and diversity of sulfate-reducing bacteria in the

mouse gastrointestinal tract. Applied and Environmental Microbiology,

66, 2166–2174.

Duritis, I., Mugurevics, A., & Mancevica, L. (2013). Distribution and char-

acterization of the goblet cells in the ostrich small intestine during

the pre-and posthatch period. Veterinarija Ir Zootechnika, 63, 85.

Erg€un, E., Erg€un, L., K€ur€um, A., €Ozen, A., & Bayraktaro�glu, A. G. (2010).

Histomorphology of the Brungeu’s glands in the Angora rabbit. Jour-

nal of Animal and Veterinary Advances, 9, 887–891.

Ermund, A., Sch€utte, A., Johansson, M. E., Gustafsson, J. K., & Hansson, G.

C. (2013). Studies of mucus in mouse stomach, small intestine, and

colon. I. Gastrointestinal mucus layers have different properties depend-

ing on location as well as over the Peyer’s patches. American Journal of

Physiology-Gastrointestinal and Liver Physiology, 305, 341–347.

Felipe, A., Callejas, S., & Cabodevila, J. (1998). Anatomicohistological

characteristics of female genital tubular organs of the South Ameri-

can nutria (Myocastor coypus). Anatomia, Histologia, Embryologia, 27,

245–250.

Filipe, M. I. (1979). Mucins in the human gastrointestinal epithelium: A

review. Investigative & Cell Pathology, 2(3), 195–216.

Filipe, M. I., Sandey, A., & Carapeti, E. A. (1988). Goblet cell mucin in

human foetal colon, its composition and susceptibility to enzyme

degradation: A histochemical study. In Symposia of the Society for

Experimental Biology, 43, 249–258.

Fontaine, N., Meslin, J. C., Lory, S., & Andrieux, C. (1996). Intestinal

mucin distribution in the germ-free rat and in the heteroxenic rat

harbouring a human bacterial flora: Effect of inulin in the diet. British

Journal of Nutrition, 75, 881–892.

Forman, G. L. (1971). Histochemical differences in gastric mucus of bats.

Journal of Mammalogy, 52(1), 191–193.

Ganesh, I. M., Subramani, D., & Halagowder, D. (2007). Mucin glycoarray

in gastric and gallbladder epithelia. Journal of Carcinogenesis, 6, 10.

Gheri, G., & Gheri, B. S. (1988). Various aspects of organogenesis of the

colon in Gallus domesticus: Morphologic observation. Archivio ital-

iano di anatomia e di embriologia. Italian Journal of Anatomy and

Embryology, 94, 153–171.

Graziani, F., Pujol, A., Nicoletti, C., Dou, S., Maresca, M., Giardina, T., . . .

Perrier, J. (2016). Ruminococcus gnavus E1 modulates mucin expres-

sion and intestinal glycosylation. Journal of Applied Microbiology, 120

(5), 1403–1417.

Hashimoto, K., Tamura, K., Otani, H., & Tanaka, O. (1995). Histocyto-

chemical and immunohistochemical studies related to the role of gly-

cogen in human developing digestive organs. Anatomy and

Embryology, 192, 497–505.

Hattrup, C. L., & Gendler, S. J. (2008). Structure and function of the cell

surface (tethered) mucins. Annual Review of Physiology, 70, 431–457.

Heitlinger, L. A. (1989). Intestinal and pancreatic enzymes in amniotic

fluid and meconium: Content as an index of fetal maturity, well-

being, or disease. In E. Lebenthal (Ed.), Human gastrointestinal devel-

opment (pp. 521–544). New York: Raven Press.

Helander, H. F. (1973). Morphological studies on the development of the

rat colonic mucosa. Cells Tissues Organs, 85(2), 153–176.

Hill, R. R., Cowley, H. M., & Andremont, A. (1990). Influence of coloniz-

ing micro-flora on the mucin histochemistry of the neonatal mouse

colon. The Histochemical Journal, 22, 102–105.

Holm�en Larsson, J. M., Karlsson, H., Sj€ovall, H., & Hansson, G. C. (2009). A

complex, but uniform O-glycosylation of the human MUC2 mucin from

colonic biopsies analyzed by nanoLC/MS n. Glycobiology, 19(7), 756–766.

Hoorens, P. R., Rinaldi, M., Li, R. W., Goddeeris, B., Claerebout, E., Jozef,

V., & Geldhof, P. (2011). Genome wide analysis of the bovine mucin

genes and their gastrointestinal transcription profile. BMC Genomics,

12, 140–152.

Hounsell, E. F., Lawson, A. M., Feeney, J., Gooi, H. C., Pickering, N. J.,

Stoll, M. S., . . . Feizi, T. (1985). Structural analysis of the

O-glycosidically linked core-region oligosaccharides of human meco-

nium glycoproteins, which express oncofoetal antigens. European

Journal of Biochemistry/FEBS, 148, 367–377.

Jentoft, N. (1990). Why are proteins O-glycosylated?. Trends in Biochemi-

cal Sciences, 15(8), 291–294.

Kanai, M., Rosenberg, I., & Podolsky, D. K. (1997). Cytokine regulation of

fibroblast growth factor receptor 3 IIIb in intestinal epithelial cells.

American Journal of Physiology-Gastrointestinal and Liver Physiology,

272, 885–893.

Karakoç, Z., Sa�gs€oz, H., & Ketani, M. A. (2016). Mucin profiles of the

abomasum in bulls and rams: A comparative study. Microscopy

Research and Technique, 79, 856–868.

Kim, Y. S., & Ho, S. B. (2010). Intestinal goblet cells and mucins in health

and disease: Recent insights and progress. Current Gastroenterology

Reports, 12(5), 319–330.

Kleessen, B., Hartmann, L., & Blaut, M. (2003). Fructans in the diet cause

alterations of intestinal mucosal architecture, released mucins and

mucosa-associated bifidobacteria in gnotobiotic rats. British Journal of

Nutrition, 89, 597–606.

Kotz�e, S. H., & Coetzee, H. L. (1994). A histocytochemical study of

mucus glycoproteins or mucins in the intestinal tract of the African

elephant (Loxodonta africana). The Onderstepoort Journal of Veterinary

Research, 61(2), 177–181.

Krause, W. J. (2000). Brunner’s glands: A structural, histochemical and

pathological profile. Progress in Histochemistry and Cytochemistry, 35

(4), 255–367.

Lacunza, E., Bara, J., Segal-Eiras, A., & Croce, M. V. (2009a). Expression

of conserved mucin domains by epithelial tissues in various mamma-

lian species. Research in Veterinary Science, 86, 68–77.

Lacunza, E., Abba, M. C., Segal-Eiras, A., & Croce, M. V. (2009b). Identifi-

cation and expression of the epithelial Muc1 mucin in normal feline

tissues. Veterinary Immunology and Immunopathology, 130, 17–24.

Lacy, E. R., & Colony, P. C. (1985). Localization of carbonic anhydrase

activity in the developing rat colon. Gastroenterology, 89(1), 138–150.

Lebenthal, A., & Lebenthal, E. (1999). The ontogeny of the small intesti-

nal epithelium. Journal of Parenteral and Enteral Nutrition, 23, 3–6.

Lesuffleur, T., Zweibaum, A., & Real, F. X. (1994). Mucins in normal and

neoplastic human gastrointestinal tissues. Critical Reviews in Oncol-

ogy/Hematology, 17, 153–180.

Lev, R. (1968). A histochemical study of glycogen and mucin in develop-

ing human foetal epithelia. The Histochemical Journal, 1(2), 152–165.

Lev, R., & Weisberg, H. (1969). Human foetal epithelial glycogen: A his-

tochemical and electronmicroscopic study. Journal of Anatomy, 105,

337–349.

Liman, N., Alan, E., & K€uç€uk Bayram, G. (2010). The differences between

the localizations of MUC1, MUC5AC, MUC6 and osteopontin in quail

proventriculus and gizzard may be a reflection of functional differen-

ces of stomach parts. Journal of Anatomy, 217, 57–66.

Linden, S. K., Sutton, P., Karlsson, N. G., Korolik, V., & McGuckin, M. A.

(2008). Mucins in the mucosal barrier to infection. Mucosal Immunol-

ogy, 1(3), 183–197.

Machado-Neto, R., Grigolo, I. H., Moretti, D. B., Kindlein, L., & Pauletti,

P. (2011). Intestinal histology of Santa Ines lambs fed bovine or ovine

colostrum. Czech Journal of Animal Science, 56, 465–474.

€OZBEK ET AL. | 647

 10970029, 2018, 6, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jem

t.23018 by A
nkara U

niversity, W
iley O

nline L
ibrary on [21/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Machado-Neto, R., Pontin, M. C. F., Nordi, W. M., Lima, A. L., & Moretti,

D. B. (2013). Goblet cell mucin distribution in the small intestine of

newborn goat kids fed lyophilized bovine colostrum. Livestock Sci-

ence, 157, 125–131.

Mackie, R. I., Sghir, A., & Gaskins, H. R. (1999). Developmental microbial

ecology of the neonatal gastrointestinal tract. The American Journal of

Clinical Nutrition, 69, 1035–1045.

M�enard, D., Dagenais, P., & Calvert, R. (1994). Morphological changes

and cellular proliferation in mouse colon during fetal and postnatal

development. The Anatomical Record, 238, 349–359.

Montgomery, R. K., Mulberg, A. E., & Grand, R. J. (1999). Development

of the human gastrointestinal tract: Twenty years of progress. Gastro-

enterology, 116, 702–731.

Moretti, D. B., Nordi, W. M., Lima, A. L., Pauletti, P., Susin, I., &

Machado-Neto, R. (2012). Goat kids’ intestinal absorptive mucosa

in period of passive immunity acquisition. Livestock Science, 144,

1–10.

Mowry, R. W. (1956). Alcian blue techniques for the histochemical study

of acidic carbohydrates. The Journal of Histochemistry and Cytochemis-

try, 4, 407–408.

Ng, A. Y. N., Waring, P., Ristevski, S., Wang, C., Wilson, T., Pritchard, M.,

& Kola, I. (2002). Inactivation of the transcription factor Elf3 in mice

results in dysmorphogenesis and altered differentiation of intestinal

epithelium. Gastroenterology, 122, 1455–1466.

Nordi, W. M., Moretti, D. B., Lima, A. L., Pauletti, P., Susin, I., &

Machado-Neto, R. (2012). Intestinal IgG uptake by small intestine of

goat kid fed goat or lyophilized bovine colostrum. Livestock Science,

144, 205–210.

Pelaseyed, T., Bergstr€om, J. H., Gustafsson, J. K., Ermund, A., Birche-

nough, G. M., Sch€utte, A., . . . Hansson, G. C. (2014). The mucus and

mucins of the goblet cells and enterocytes provide the first defense

line of the gastrointestinal tract and interact with the immune sys-

tem. Immunological Reviews, 260(1), 8–20.

Peterson, L. W., & Artis, D. (2014). Intestinal epithelial cells: Regulators

of barrier function and immune homeostasis. Nature Reviews. Immu-

nology, 14, 141–153.

Pitkin, R. M., & Reynolds, W. A. (1975). Fetal ingestion and metabolism

of amniotic fluid protein. American Journal of Obstetrics and Gynecol-

ogy, 123, 356–363.

Probert, H. M., & Gibson, G. R. (2002). Bacterial biofilms in the human

gastrointestinal tract. Current Issues in Intestinal Microbiology, 3, 23–27.

Richardson, C. Hebert, C. N., & Terlecki, S. (1976). Estimation of the

developmental age of the ovine fetus and lamb. The Veterinary

Record, 99, 22–26.

Roberton, A. M., & Wright, D. P. (1997). Bacterial glycosulphatases and

sulphomucin degradation. Canadian Journal of Gastroenterology and

Hepatology, 11, 361–366.

Rose, M. C., & Voynow, J. A. (2006). Respiratory tract mucin genes and

mucin glycoproteins in health and disease. Physiological Reviews, 86,

245–278.

Schade, C., Flemstr€om, G., & Holm, L. (1994). Hydrogen ion concentra-

tion in the mucus layer on top of acid-stimulated and-inhibited rat

gastric mucosa. Gastroenterology, 107, 180–188.

Schumacher, U., Duku, M., Katoh, M., J€orns, J., & Krause, W. J. (2004).

Histochemical similarities of mucins produced by Brunner’s glands

and pyloric glands: A comparative study. The Anatomical Record Part

A: Discoveries in Molecular, Cellular, and Evolutionary Biology, 278,

540–550.

Scillitani, G., Zizza, S., Liquori, G. E., & Ferri, D. (2007). Lectin histochem-

istry of gastrointestinal glycoconjugates in the greater horseshoe bat,

Rhinolophus ferrumequinum (Schreber, 1774). Acta Histochemica,

109, 347–357.

Scocco, P., Pedini, V., Fagioli, O., & Ceccarelli, P. (2001). Glycoconjugate

histochemistry in the duodenum of fetal and adult fallow deer. Veteri-

nary Research Communications, 25, 33–42.

Sheahan, D. G., & Jervis, H. R. (1976). Comparative histochemistry of

gastrointestinal mucosubstances. American Journal of Anatomy, 146,

103–131.

Smith, T., Christianson, K., Moss, R., & Bailey, D. (1985). Structural and

biochemical differentiation of the guinea-pig colon during foetal

development. Cell and Tissue Research, 242, 197–209.

Spicer, S. S. (1965). Diamine methods for differentiating mucosubstances

histochemically. Journal of Histochemistry & Cytochemistry, 13, 211–234.

Spicer, S. S., Horn, R. G., & Leppi, T. J. (1967). Histochemistry of connec-

tive tissue mucopolysaccharides. In B. M. Wagner & D. E. Smith

(Eds.), The connective tissue (pp. 251–303). Baltimore, M.D: Williams

& Wilkins.

Stauffer, A., Lallemand, A., & Gaillard, D. (1989). Mucin histochemistry of

the digestive tract in the human fetus. Gastroenterologie Clinique Et

Biologique, 14, 561–566.

Takehana, K., Mitsuo, A. B. E., Iwasa, K., Hiraga, T., & Miyata, H. (1991).

Carbohydrate histochemistry of bovine duodenal glands. Journal of

Veterinary Medical Science, 53, 699–706.

Tano de la Hoz, M. F., Flamini, M. A., & Díaz, A. O. (2014). Histological

and histochemical study of the duodenum of the plains viscacha

(Lagostomus maximus) at different stages of its ontogenetic develop-

ment. Acta Zoologica, 95(1), 21–31.

Terada, T. (2013). An immunohistochemical study of primary signet-ring

cell carcinoma of the stomach and colorectum: II. Expression of

MUC1, MUC2, MUC5AC, and MUC6 in normal mucosa and in 42

cases. International Journal of Clinical and Experimental Pathology, 6,

613–621.

Turck, D., Feste, A. S., & Lifschitz, C. H. (1993). Age and diet affect the

composition of porcine colonic mucins. Pediatric Research, 33(6),

564–567.

Uni, Z., Smirnov, A., & Sklan, D. (2003). Pre-and posthatch development

of goblet cells in the broiler small intestine: Effect of delayed access

to feed. Poultry Science, 82, 320–327.

Van der Reijden, W. A., Veerman, E. C., & Amerongen, A. V. (1992).

Shear rate dependent viscoelastic behavior of human glandular sali-

vas. Biorheology, 30, 141–152.

Vernygorodskyi, S. (2013). Immunohistochemical evaluation of mucin

expression in precancerous tissue of stomach. Experimental Oncology,

35, 114–117.

How to cite this article: €Ozbek M, Erg€un E, Beyaz F, et al. Pre-

natal development and histochemical characteristics of gastroin-

testinal mucins in sheep fetuses. Microsc Res Tech.

2018;81:630–648. https://doi.org/10.1002/jemt.23018

648 | €OZBEK ET AL.

 10970029, 2018, 6, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jem

t.23018 by A
nkara U

niversity, W
iley O

nline L
ibrary on [21/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/jemt.23018



