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Abstract: Physical properties and chemical composition of caecum chyme, with particular regard to
starch pre-caecal disappearance and volatile fatty acid (VFA, C2-C5) content, were determined in 16
growing pigs fed raw acorns in the diet. Pigs were singly housed and divided into two experimental
feeding groups (each n = 8). The control group was fed a conventional complete diet for pigs (pelleted;
890 g dry matter (DM)/kg, 435 g starch/kg DM, based on cereals and soybean extraction meal).
The acorn-fed group was offered a combined diet, 70% of ripe whole shredded acorns (695 g DM/kg,
447 g starch/kg DM) and 30% of the control diet. After one week, all 16 animals were slaughtered,
and contents of the caudal ileum and caecum were analyzed for dry matter, crude ash, and starch. Fresh
caecum chyme was analyzed for VFA content and molar proportion of acetic, propionic, n-butyric,
n-valeric acid were determined. VFA per kg of organic matter (OM) in the caecum differed significantly
between groups (p = 0.047). Pre-caecal disappearance (pCD) of acorn native starch turned out to be
high (>95%). Estimated VFA content in caecum in the acorn combined diet resulted in 8.72 g per kg of
OM, and the relationship based on molar proportion between acetic:propionic:n-butyric:n-valeric
acid was 1:0.2:0.1:0.04, which pointed to higher proportions of n-valeric acid when hulled shredded
acorns are fed to pigs.
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1. Introduction

Public awareness about the appropriateness of livestock feeding practices has sharply increased
in recent decades. Consumers’ interest regarding animal farming conditions and feeding management
of small-scale animal productions has led to a progressive increase in demand for products from
traditional and slower growth-rate systems. In different countries of the Mediterranean area, extensive
farming of livestock can rely on the seasonal availability of natural feeding sources as main part of
animal diet.

In traditional pork production, the finishing diet of pigs employs acorns as the main ingredient of
the diet [1–11]. Acorns are indehiscent fruits (achaenia) of the oak tree (Genus Quercus), with one seed
enveloped in a wooden pericarp [12]. Throughout fall and winter, acorns are freely available on the
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ground of oak forests where grazing livestock and wild fauna can consume the fruits. Acorns represent a
valuable energy source, especially for animals tolerant to feedstuffs rich in hydrolysable tannins [13,14].
Due to the high starch and crude fat content, acorns can be considered an energy-dense feedstuff and
a valuable source of antioxidant compounds, being also rich in polyunsaturated fatty acids (PUFA),
polyphenols, and moderately high amounts of Zn, Cu, and Se [15]. Previous trials compared the
metabolizable energy content of acorns to that of beet pulp or to diets containing 70% of wheat or 75%
of barley, determined from apparent total tract digestibility of crude nutrients [15,16]. As a result of
energy density and biologically active compounds, pigs traditionally raised for cured ham production
can benefit from the nutritional properties of raw acorns during the fattening period [17–20].

The consumption of acorns by pigs needs to be explored in relation to pre-caecal disappearance
(pCD) of starch and potential fermentation in the hindgut, which may vary according to the botanical
origin of the acorn. The apparent total tract digestibility of acorn starch can strictly depend on the
starch granule ultra-microscopic characteristics [16], which differ across the genus Quercus [21,22].
Amylose to amylopectin ratio can have an impact on the efficiency of enzymatic digestion by salivary
and pancreatic α-amylase in pigs, potentially giving rise to different extents of pre-cecal digestibility
rates of acorn starch. In fact, a certain amount of starch escaping enzymatic digestion in the small
intestine enters the hindgut, where bacterial fermentations take place and results in the production
of different extents of volatile fatty acids (VFA). Acetic, propionic, and butyric acid, followed by
valeric and iso-valeric acids, are products of proteolitic and saccharolytic fermentations by microbes.
Any starch resistant to enzymatic digestion could be fermented by intestinal bacteria in the hindgut.
In 2015, Möβeler et al. [23] report how starch amounts being digested and absorbed in the small
intestine is of special interest due to the impact on post-ileal degradation of resistant starch by intestinal
microflora. Beneficial effects on colonic health are in fact reported due to butyric acid production.
However, in spite of the well-known biologic effects of gut-derived VFA for the host, the literature
contains only a few papers on pCD of starch in the case of acorn-based diets fed to pigs [21,22].
Therefore, the objective of this study was to explore the extent of pCD of starch, starch content in digesta
of caecum and VFA concentration and molar proportions in growing pigs fed raw hulled shredded
acorns (Downy oak, Quercus pubescens Willd.) in the diet.

2. Materials and Methods

2.1. Animals and Diets

Animal handling complied with the recommendations of European Union Directive
2010/63/EU [24] concerning animal care. The project was approved by the Ethics Committee on
Animal Welfare of the Hannover District Government in accordance with German legislation on
animal welfare.

The number of animals included in the trials was reduced to the minimum adequate number of
animals to refine the reliable results, according to the tree Rs principle for experimental animal care.
All procedures reported in this trial belong to conventional clinical and breeding practices; in particular,
feeding, body weight record, and slaughter procedure were carried out in accordance with current
European legislation on animal protection.

A total of 16 cross-bred (Duroc sires on Large White X German Landrace) growing pigs were
enrolled in an experimental feeding trial (16 pigs = 8 vs. 8); the 16 pigs were allotted to two experimental
groups (control, n. 8 vs. acorn-fed, n. 8 pigs, all individually housed, where each pig represented an
independent animal experimental unit). The eight pigs of both groups were individually housed in
litterless stalls and allotted to the different dietary treatments, according to a matched pairs approach
(based on the body weight of pigs at start; sex ratio differed between experimental groups because
animals were segregated according to body weight; age of pigs does not represent a fixed factor at this
stage). The feeding plan consisted of two distinct phases (as adopted in earlier studies [15]) planned as
follows: phase 1, representing the adaptation period (eight days, all 16 pigs were fed with a pelleted
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complete diet for growers); phase 2, n. 8 pigs out of 16 were switched to the experimental diet for
eight days, based on ripe hulled shredded acorns. This experimental diet was formulated to test the
effect of one single ingredient (acorn). In the experimental combined diet, the investigated ingredient
was combined a reference complete feed. The pelleted diet administered during the phase 1, based on
cereals and soybean meal (Table 1), was combined with a proportion of 70% of raw hulled shredded
acorns, as fed, in the form of a mixed meal diet. Two nutritional specifics were fulfilled with such acorn
proportion: (a) the achievement of comparable contents of starch and OM in the DM of the two diets;
(b) acorns as the major source of those nutrients in the combined diet. Thus, this proportion (70%:30%
= raw acorns:pelleted complete feed, as fed) was calculated for experimental needs and not to meet
productive yields. The diet also provided large amounts of polyphenols, from which those with protein
precipitating activities were determined and expressed as tannic acid equivalent, as detailed further.

Table 1. Analyzed nutrient composition of the two experimental diets.

Ingredients (g/kg Diet, as Fed) Control Diet Acorn Combined Diet

Hulled shredded acorns 0 700
Wheat 400 120
Barley 340 102

Soybean meal 200 60
Soy oil 11 3

Mineral premix 22 66
Lysine/Methionine 7

Analyzed chemical composition
Dry matter (g/kg, as fed) 890 695

Ash (g/kg DM) 684 586
Crude protein (g/kg DM) 175 113

Crude fibre (g/kg DM) 45.0 112
Crude fat (g/kg DM) 22.8 45.9

Starch (g/kg DM) 435 447
OM (g/kg DM) 931 941
TAE (g/kg DM) n. d. 36.1

The rest of the pigs (n. 8) continued to be fed with the pelleted complete diet and were considered
as the control group (phase 2, lasting eight days).

Ingredients and chemical composition of the two experimental diets is reported in Table 1. Pigs of
both groups (initial body weight BW: 14.2 to 27.6 kg, age: 7–9 weeks old) were fed ad libitum and had
free access to water. Daily feed consumption (gd−1) was recorded per each pig in both experimental
groups throughout the trial. The diet was offered fresh every morning and DM content of leftovers
was determined daily for every pig. Feed intake was recorded on the last day of the feeding trial,
when all animals were euthanized 8 h after being given free access to feed, to allow last meal nutrients
to reach the caecum.

2.2. Sampling at Necropsy

The euthanizing protocol consisted of a preliminary deep sedation of each pig (intramuscular
single injection of Stresnil 40%, corresponding to 2 mg azaperon/kg BW). The intracardiac injection
was carried out after 20–25 min from sedation by means of an euthanasic (Tanax® 1 mL/10 kg BW).
On each unconscious animal laying on the right side, the needle was inserted between the 3rd and 4th
left ribs at heart level.

The different tracts of the gut were immediately separated with double ties to prevent luminal
content from mixing. Subsequently, all tracts were removed carefully from the carcass. Luminal
contents of the caudal small intestine were isolated following the proportion described by Willing and
van Kessel [25] and sampled, weighed, and immediately assessed for the pH value of digesta. Also,
caecum content was sampled, weighed, and assessed for pH value. For this purpose, 1.0 g of chyme
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was diluted in a tube containing 5 mL of distilled water. The probe of a handy pH-meter recorded
values at a conventional temperature of 25 ◦C. One aliquot of both ileum and caecum chyme was
processed fresh for the determination of VFA contents.

2.3. Chemical Analyses

Feed and chyme samples from ileum, caecum, and colon were weighed and vacuum packed
frozen immediately after collection, then freeze-dried (freeze dryer: alpha 1–4 LSC, Martin Christ,
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany), and analyzed in duplicate for dry
matter, ashes, and starch, as described by Naumann and Bassler (2012) [26]. Starch content was
determined with the polarimetric method (1999/79/CE) [27], basing calculations on a gyration radius of
184◦, used for “other starches.”

The natural tannins, showing a protein precipitating activity at polyvinyl-pyrrolidone adsorption,
were estimated by the Folin–Ciocalteau method [28], modified by Waterman and Mole [29].
Spectrograms were used to calculate the content of polyphenols with protein precipitating activity
from total polyphenol content, expressed as Tannic Acid Equivalents (TAE).

The content of volatile fatty acids in the homogenized fresh chyme was determined by gas
chromatography. The samples were first mixed with an internal standard (batch: 10 mL 89% formic
acid and 0.1 mL 4-methylvaleric acid), centrifuged and introduced in the gas chromatograph (610 Series,
Unicam, Kassel, Germany) at a column temperature of 155 ◦C (injector: 175 ◦C, detector: 180 ◦C).
After separation of the fatty acids along the 2 m long packed column within a 25-min analysis time,
the determination by means of flame ionization detector in the following order: acetic acid, propionic
acid, iso-butyric acid, n-butyric acid, iso-valeric acid, and n-valeric acid. Total VFA and molar
proportion of acetic, propionic, n-butyric, iso-butyric, valeric, and iso-valeric acids were calculated on
respective molar weight [30].

2.4. Calculations and Statistics

In order to estimate the pCD of starch, the following calculations were used:

pCDx =
(xi− xc

xi

)
× 100 (1)

where x is the variable (starch g/kg DM of diet), xi stands for individual intake calculated from the
difference between the amount of feed offered and the left over weighed from the feeder of the last meal
(on DM basis); xc stands for starch content in the whole chyme (on DM basis) entering the caecum 8 h
after the last meal [15]. For this purpose, in fact, the content of the caecum was weighed immediately
after dissection.

Student’s t-test was used to compare means of parameters obtained in the two experimental
groups fed with different diets. Selected parameters were analyzed for correlation with Pearson test.
Statistical analysis was carried out by means of Minitab_18 (©2020 Minitab, LLC, State College, PA,
USA). All statements of statistical significance are based upon p < 0.05.

3. Results

The physico-chemical parameters of chyme obtained from ileum, caecum, and colon are reported in
Table 2. The pH values of chyme from ileum and caecum did not differ comparing animals fed the two
experimental diets, being, however, higher in caecum chyme of the acorn-fed pigs (Figure 1).
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Table 2. Analyzed parameters in digesta from ileum and caecum of pigs fed the two experimental diets.
Values reported as mean and pooled standard error with respective significance.

Diet CD ABD

Animals 8 8 SE p-value
Parameters of digesta of caudal ileum

pH 6.33 6.54 0.51 0.638
DM g/kg 153 143 87.1 0.245

Starch g/kg DM 136 131 21.1 0.749
Parameters of digesta of caecum

pH 5.65 5.97 0.13 0.134
DM g/kg 149.5 264 85 0.107

Starch g/kg DM 103 154 19.4 0.010
VFA (g/kg OM) 8.17 5.92 0.50 0.047

acetic acid (g/molar weight) 0.070 0.059 0.006 0.165
propionic acid (g/molar weight) 0.037 0.018 0.005 0.075
n-butyric acid (g/molar weight) 0.018 0.009 0.006 0.277
n-valeric acid (g/molar weight) 0.001 0.002 0.001 0.359
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Figure 1. Histogram displaying average pH values in chyme from different intestinal tracts (ileum, caecum
and colon) of pigs of the two experimental groups (acorn-based diet (ABD) vs. control diet (CD)).

Pre-caecal disappearance of starch is reported in Table 3. VFA determined in caecum chyme of
pigs displayed significant variations (p = 0.047) between the two groups, being higher in pigs fed with
the control diet (CD). Furthermore, pH values of caecum chyme were significantly (p = 0.023) and
strongly negatively correlated (% = −0.977) with VFA concentrations (Table 4). Relationship among
molar proportions of acetic: propionic: butyric: n-valeric acids in caecum chyme of pigs from the control
(CD) and the acorn-based diet (ABD) was 1:0.5:0.3:0.01 and 1:0.3:0.2:0.03, respectively. Calculated
relationship of respective VFA from potential feeding of pure raw shredded hulled acorns in caecum
chyme turned out to be 1:0.2:0.1:0.04. Such calculations highlighted higher proportions of n-valeric
acid. The calculated pCD of starch from acorns turned out to rate at 99.5% (Table 3).
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Table 3. Daily intakes and pre-caecal disappearance (pCD) of starch in digesta of pigs fed the two
experimental diets. Values are expressed as mean and pooled standard error with respective p-value.

Diet CD ABD

Animals 8 8
SE p-value

Feed intake (g as fed/kg BW/8 h) 46.1 36.9
DM intake (g/kg BW/8 h) 41.0 25.7 23.4 0.631

pCD of Starch (%) 99.7 99.5 20.1 0.365

Table 4. Correlation coefficients of Pearson and respective statistical significance (p-value, italics; bold
p-value < 0.05) between the total content of VFA, acetic acid, propionic, n-butyrric, n-valeric acid,
and pH value of chyme in the caecum of pigs fed with the two experimental diets.

VFA Acetic a. Propionic a. n-Butyrric a. n-Valeric a.

Acetic a. 0.873

0.127

Propionic a. 0.953 0.687

0.047 0.313

n-butyrric a. 0.792 0.406 0.919

0.208 0.594 0.081

n-valeric a. −0.379 −0.366 −0.395 −0.101

0.621 0.634 0.605 0.899

pH −0.977 −0.843 −0.924 −0.822 0.173

0.023 0.157 0.076 0.178 0.827

4. Discussion

The present investigation was undertaken with the purpose to determine the effect of whole hulled
acorn fed to growing pigs on caecum chyme characteristics. The caecum represents the anatomical
district that sets the passage between fore- and hindgut as well as the different digestion of nutrients.
The experimental diets were formulated to reach comparable starch contents, but necessarily differed
in physical form and other nutrient contents. Different DM, crude protein and crude fiber content in
the acorn diet should be taken into account in this case. Moreover, acorns are well known to provide
considerable amounts of polyphenols, in particular of hydrolysable tannins. In fact, the ABD provided
36.1 g of tannic acid equivalent (TAE) per kg DM of diet.

The dietetic importance of native starch fractions undergoing enzymatic digestion by the host and
fermentation by hindgut microflora are expressed mainly in the production of VFA, to which several
functional properties are acknowledged. Beyond the nutritional value in terms of energy content
of acorns as starchy feeding stuffs, the fate of starch along the gastro-intestinal tracts of the pig was
not explored exhaustively to date except for investigations reporting results on the use of acorns of
different botanical origin in the diet of pigs [21,22].

The recent beneficial effects from starch fermentation in the hindgut [31–34] pointed to the
role of resistant starch as a prebiotic compound, metabolized by bacterial populations in anaerobic
environment, leading to VFA production. Starches of different botanical origin can undergo different
extents of microbial fermentations and therefore give rise to different amounts and proportions of VFA.
The results of this investigation contribute to the advancement of the knowledge about the amount of
starch when hulled acorns are combined in the diet entering the caecum (animals were slaughtered 8 h
after last meal administration, the average time needed for the meal to get into the caecum in the pig),
pCD, and VFA content. The two experimental diets produced differences in the digesta composition
from ileum and caecum. In particular, the DM content of digesta of caecum turned out to be higher in the
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ABD pigs if compared to pigs fed with the control diet, though in a non-significant way. Starch amount
in the ileum did not differ in the two groups of pigs, whereas it did as to caecum chyme. In fact,
starch content in DM of caecum digesta was comparatively higher in ABD pigs in a significant way.
However, VFA content on OM basis of caecum chyme differed significantly, being higher in pigs fed
with the control diet. This finding can be attributed to different factors having an effect on fermentation
of starch in the caecum. Both the physical form and the amount of crude fiber of the diet can determine
different transit time of digesta across the different gastrointestinal tracts. The passage rate of nutrients
is enforced in the hindgut in case of coarse grinding of ingredients and high crude fiber content in
the diet of pigs. Such factors may contribute to the differences observed, both as to starch content
in DM of digesta and VFA content per kg OM in the chyme of caecum of pigs from the two groups.
This finding is probably influenced by the presence of hulls from shredded acorns, that could be
detected non-degraded up to the feces, as reported in previous trials [16]. Cherbut et al. [35] pointed
to the effect of short chain fatty acids SCFA on gastric emptying and ileum motility by fermentations
of microflora in the hindgut, thus showing the effect also on upper tracts of the gut and not only
locally. Further, polyphenols contained in raw acorns [4,14] can also affect the microbial population in
the hindgut and are responsible for VFA production. Despite intestinal microbial populations and
respective proportions were not determined in the chyme at this stage of the experiment, the finding of
higher molar proportion of n-valeric acid in ABD appears to be suggestive. Interestingly, the increase
in n-valeric acid content of caecum chyme in relationship with the other VFAs may be an indicator of
the effect of fermentation selected upon the substrate. Probably, high native acorn starch (double if
compared to control diet) found in the caecum or dietary polyphenols may have had an impact on
the different VFA proportions found in pigs of the experimental diets. Higher pH values detected in
caecum chyme of ABD pigs (despite non significantly different from pH values in caecum chyme of
pigs fed with the control diet) can be interpreted in view of lesser extents of bacterial fermentations as
mirrored by lower VFA content in this tract. However, in light of higher starch content in DM of digesta
of the caecum from ABD pigs, higher VFA could have been reasonably expected. In reality, VFA content
was significantly lower if compared to that determined in pigs fed with the control diet. Other authors
reported that dietary tannic acid (TA) is capable to significantly reduce short chain fatty acids (SCFA)
production in the hindgut at a dose of 2.5% on DM basis in the diet. The explanation to the effect
observed was related to the capability of TA to retard the metabolic activities of microbial population
and arguably of fermentations and respective end products [36]. The crude fiber content in the diet
of the ABD pigs should not be misleading about results on VFA content in the caecum because the
main fraction is represented by lignin due to acorns containing 102 g of sulfuric acid soluble-lignin/kg
DM [14].

5. Conclusions

The addition of acorns in the diet of growing pigs gave rise to different amounts of starch entering
the caecum and VFA content in the caecum chyme compared to the diet without. The pCD of acorn
starch was high (95%) despite being lower than that observed in the complete diet based on barley
and soybean meal (99.7%). The high content of starch entering the ceacum following hulled shredded
acorn consumption can potentially undergo bacterial fermentation and therefore be expected to act as
a pre-biotic in association with TAE, pointing to different molar proportion of the investigated VFA
(increased molar proportion of n-valeric acid).
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