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Abstract
and voluntary feed intake (VFI) of sheep. [Method] Five of 2-3 years old male Small-tail Han sheep, with body weight of (51.5+4.1) kg and fitted

with permanent rumen fistula were used. By a 5x5 Latin square design, sheep were fed a basal diet supplemented with PAM at O (control), 1.0, 2.0,

[Objective] The paper was to test the effects of polyacrylamide (PAM) on ruminal microbial flora, activities of fibre-degrading enzymes

3.0 and 6.0 g/kg diet, respectively. [Result] PAM supplementation affected VFI and ruminal indexes, and the peak values of them were at 2.0 g/kg
diet by 17.9% for VFI, 56.6% for total bacteria, 18.3% for endocellulase, 19.4% for exocellulase and 16.5% for cellubiase ( all P<0.05), respectively,
compared with control. The NH;—=N, protozoal counts, and the protease activity in rumen fluid were all linearly declined, but fungal counts increased
linearly. No significant changes were found in pH, activities of xylanase and amylase of rumen fluid. The PCR copies of Fibrobacter succinogenes,
Ruminococcus albus, Butyrivibrio fibrisolven and Selenomonas ruminantium increased to maximum of 21.4%, 22.7%, 22.6% and 20.6% (all above
P<0.05), whereas these of Prevotella bryantii, Clostridium aminophilum, methanogens and microscopic counting of great coli decreased to maximum
of 24.5%, 34.8%, 21.2% and 52.2% (all above P<0.05); but Salmonella bovis and Prevotella ruminicola were not affected by PAM. [Conclusion]
PAM supplementation at 2.0 g/kg diet can reduce protozoa but increase bacteria, particularly those species for fibre digestion, and fungi in rumen.

The effect of PAM on bacterial species was selective. These changes finally enhanced activities of enzymes for fibre digestion in rumen, and stimu-
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lated VFI of sheep, suggesting a potential application of PAM in ruminant production.
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artially decreasing the number of
ruminal protozoa can result in an
increase of voluntary feed intake
(VFI), improvement of ruminal digestion
in sheep!", and promotion of productivity
of animal®*. Although supplementation of
formalin or metronidazole have been found
to be effective on reducing ruminal proto-
zoal number and improving nutrition in

>4 formalin is toxic, and metronida-

sheep
zole is a forbidden feed additive, so they
can not be used in farming practice. Al-
ternatively, docusate (DOC) is an non-tox-
ic anionic surfactant and can be used to
manipulate ruminal microbe flora and
metabolism in sheep!” for increasing di-
gestion and productive performances 77
Therefore, DOC could be a potential feed
additive for sheep production.

Here, we reported using of another
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reagent, polyacrylamide (PAM), also as an
anionic surfactant, for manipulating proto-
zoal number or microbial flora in rumen of
sheep. PAM is usually used for water pu-
rification in factories, non-toxic, and does
not de-polymerize significantly in heating
conditions of cooking. We hypothesized
that PAM will have a similar effect to DOC
does on ruminal protozoa and rumen meta-
bolism in sheep, because of PAM also as
an anionic surfactant. This hypothesis was
tested in the present study with sheep
supplemented with 4 levels of PAM in diet,
and the ruminal microflora and activities
of digestive enzymes in sheep, as well as VIF,

were measured to assess the effect of PAM.

1 Materials and Methods
1.1 Animals and experimental design

The use of animals and the experimental
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protocol in this study was approved by the
Animal Care Committee, Xinjiang Agri-
cultural University (Urumgqi, China), and
the experimental procedures were in ac-
cordance with the University’s guidelines
for animal research.

Five Small-tail Han rams, 2-3 years
old, with body weight (bw) of (51.5+4.1)
kg, were installed with permanent rumen
fistula for this experiment. Animals were
kept in individual pens and were fed a
diet containing concentrates and forages at
a ratio of 4:6 ad libitum. Five treatments
consisted of supplementation of PAM at
doses of 0 (Control), 1.0, 2.0, 3.0, and 6.0 g
per kg dry matter of diet, referring as
treatments 1, 2, 3, 4, and 5, respectively.
In the morning and afternoon feeding,
PAM powder was weighed out according
to the dosages, mixed into the concentrate
and offered to animals, respectively. Five
treatments were applied to those 5 ani-
mals according to a 5x5 Latin Square de-

sign. Each period lasted for 21 d, includ-
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ing 17 d for adaptation to the new dose of
PAM, and following 4 d for sample col-
lections of rumen fluid. At the end of each
period, rumen fluid from another backup
sheep fed the basal diet without any PAM
supplementation was collected and dosed
into the rumen of the experimental sheep,
each 200 mL/d, for 3 d to recover the mi-
crobial flora in the rumen.

The powder of PAM was purchased

from Jining Huakai Resin Co., Shandong,
China. The product had a purity of =90%,
a molecular weight of 3 000-22 000 KD
and an ion density of 10%-50%.
1.2 The feeding and management of
animals The ingredients and nutrient
compositions of the basal diet for the ani-
mals are shown in Tab.1. The proportion
of corn stalk (roughage) in the diet was
about 60% on dry matter basis.

Sheep were kept in individual pens.
The ration was divided to two equal por-
tions, and fed at 09:00 and 19:00, respec-
tively. The concentrate was fed first, fol-
lowed with com stalk. The amounts of
feed offered and the residue were record-
ed daily for calculations of daily feed in-
take. The amount of feed offered was daily
adjusted according to the feed consump-
tion yesterday to allow for 2%-3% of diet
residue for measuring VFI. The ratio of
roughage to concentrates was maintained
constant throughout the whole experimen-

tal period. The animals were free access

to drinking water.

1.3 Sample collection and pre-treat-
ment During the 4 sampling days of
each period, diet samples of the mixed
concentrate, corn stalk and refusal for
each sheep were collected every day, air-
dried at room temperature, and pooled to-
gether at the end of each period. The
samples were grounded through 1 mm
sieve and used for analyses of DM and
OM later. About 50 mL of rumen fluid
was drawn via the rumen cannula from
each sheep immediately before the morn-
ing feeding (0 h), and then respectively at
1.5, 3, 5, 7, and 10 h after feeding, so
each animal had 4 replicate samples at
each time point. After sampling at 0 h
each day, 4.5 ¢ PEG 6000, dissolved in
about 100 mL water, for each sheep was
injected into the rumen via ruminal can-
nula for determining the volume and
turnover of rumen fluid.

The pH of rumen fluid was immedi-
ately measured after sampling. Then, the
rumen fluid was filtered through double
layer nylon bag of 100 mesh, and the ny-
lon bag was gently squeezed. After mix-
ing, three aliquots of 5 mL rumen fluid
were taken, a drop of saturated mercuric
chloride was added, and the samples were
stored at =20 °C for the determination of
NH; =N, volatile fatty acids (VFA) and
PEG. Three aliquots of 2.5 mL rumen fluid

were mixed with an equal volume of 20%

Tab.l The ingredients and nutrient compositions of the basal diet (DM basis)

Ingredients Proportion // % Nutrient composition® Proportion // %
Cornstalk 59.50 Organic matter 91.35
Corn 24.72 Crude protein 12.01
Cottonseed meal 7.65 Cellulose 28.85
Rapeseed meal 291 Hemi—cellulose 21.37
Urea 0.72 Lignin 4.02
NaCl 0.40 Calcium 0.88
Limestone 2.10 Phosphorus 0.35
Mineral and vitamin premix® 2.00 Digestive energy// MJ/kg 11.24
Total 100

Note: (D The mineral and vitamin premix provides nutrients per kg basal diet: vitamin A 1350 TU,

vitamin D; 270 IU, vitamin E 45 IU, iron 16 mg, manganese 10 mg, copper 8 mg, zinc 5 mg,

iodine 8.5 mg, selenium 0.20 mg, cobalt 0.10 mg; 2 The nutrient compositions were actually

measured except for digestive energy.

formalin and stored at 4 °C for classically
microscopic counting of bacteria and pro-
tozoa. Another three aliquots of 1 mL ru-
men fluid were stored in liquid nitrogen
for DNA extraction for measurement of the
copy number of microbes. Additional three
aliquots of 5 mL rumen fluid were mixed
with an equal volume of phosphate buffer
(50 mM, pH 6.0) to dilute rumen fluid and
stored at =20 °C for determination of the
activities of digestive enzymes. And 5 mL
of rumen fluid, with a drop of saturated
mercuric chloride, was frozen as a backup
sample. Each sample from individual ani-
mal at given time was separately stored
and determined.

1.4 Assays of samples

14.1

index of rumen fluid. The pH of rumen

Microbial counting and metabolic

fluid was determined with a pH-meter
(model 510; Cyberscan). The concentra-
tion of NH;—N was measured by the mag-
nesium oxide distillation method from
AOAC"™ and Mohsen et al.'®, and 3.0 mL
of rumen fluid was used for each distilla-
tion. The concentration of VFA was deter-
mined by gas chromatography and 0.1 mL
of rumen fluid was used for each test. The
method for PEG was referenced to Hyden™
as described, and 1.0 mL of rumen fluid
was used. The methods of microscopic
counting and classification of rumen bac-
teria and protozoa were according to
Chung et al." and Dehority, but because
of the difficulty of distinguishing between
coccl and streptococcus, the counts of these
two bacteria were pooled as one index.
Four rumen fluid samples with same
sampling time were pooled, and 1 mL of
sample was taken for DNA extraction by
CTAB and physical crushing method "%,
Briefly, the samples were centrifuged at 4 °C
and 12 000xg for 5 min, the supernatant
was discarded, then 800 L of sterilized
PBS was added, mixed, and centrifuged
again. Then the samples (sediments) were
treated with 0.3 g of fine glass beads and
800 p.L of CTAB, with ball milling instru-

ment (concussion 2 min, interval 2 min,
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for 3 times), and then RNA enzyme was
added to incubate at 37 °C water bath to
remove RNA for purification of DNA.
Finally, the concentrations of DNA were
determined by optical reading with a mi-
croplate reader and the 0D, of DNA was
diluted with TE buffer (Tris-HCI 10.0 mM,
EDTA 1.0 mM, pH 8.0) to 1.9=<2.0, with
the OD»y/ODyg ratio of 1.6—1.8. The sam-
ple was then PCR-amplified following the
primers of conserved or functional regions
of bacteria, protozoa and fungi (Tab.2),
provided by Shanghai Bioengineering
Co., Ltd., China, and the copy numbers of
rumen microbe were measured by real time
fluorescent quantitative PCR determination
using the corresponding recombinant
plasmid confirmed by DNA sequencing as
the standard". Each sample was duplicate
assayed, and the average value was used.
1.4.2 Digestive enzyme activities in rumen
fluid. The activities of 7 digestive en-
zymes, namely endocellulase, exocellulase,
cellobiose, xylanase, pectinase, amylase,
and protease in rumen fluid were assayed.
Endocellulase activity was determined
according to Agarwal et al.”™ and the sub-
strate for endocellulase was 0.5% sodium
carboxymethyl cellulose (CMC-Na) solu-
tion. Briefly, 0.5 g of CMC-Na was dissolved
in 100 mL of 50 mM, pH 6.0 phosphate
buffer. One mL of substrate solution was

added to 10 mL graduated test tube and

was put in 39 °C water bath for 30 min with
oscillation. Then 1 mL of warmed diluted
rumen fluid was added and incubated for
exactly 3 min, and was taken out, and 2
mL of dinitrosalicylic acid (DNS) was im-
mediately added to stop the reaction. Then
the sample was put in boiling water bath
for 10 min, followed with immediately
cooling by running water. Sample was then
topped up to exact 10 mL volume with
distilled water, shaken and transferred to
10 mL centrifugal tubes, and centrifuged
at 1 500xg for 10 min. The supernatant
was used for the assay at ODs5™.

The substrate for determination of the
exocellulase activity was 0.5% microcrys-
talline cellulose suspension solution®: i.e.,
0.5 g qualitative filter paper was cut into
pieces and put into 200 mL beaker flask
with 50 Mm, pH 6.0 phosphate buffer,
topped to 100 mL volume. Glass beads
were added and shaken on a horizontal
shaker for 48 h. The determination proce-
dure was the same as that for the endo-
cellulase activity, but the amount of the
substrate and the diluted rumen fluid were
1.0 and 0.6 mlL, respectively.

The substrates for the activities of
cellobiose ™, xylanase™! and pectinase ™"
were 0.5% salicin, 0.5% xylan and 0.5%
pectin, respectively. The determination
procedures were the same as described for

the endocellulase activity assay, and the

Tab.2 The primer sequences for rumen bacteria, fungi, and protozoa

volumes of the substrate were 1.0 mL for
all. But the diluted rumen fluid was 1.0 mL,
0.5 pL and 0.5 pL for cellobiose, xy-
lanase, and pectinase, respectively™.

The substrate for the amylase activity
was 0.5 mL of 1% starch, with 60 pL
rumen fluid. After incubation for 3 min at
39 °C, the reaction was stopped by adding
1.0 mL of DNS and bathed in boiling wa-
ter for another 10 min. After cooling by
running water, the volume was topped ex-
actly to 100 mL with distilled water, and
leaving for 10 min. The value at ODs, was
determined™.

For determination of the protease ac-
tivity, 1.0 mL of rumen fluid and 1.0 mL of
2% casein were preheated in 39 °C water
bath for 2 min, respectively, and incubated
together for another 3 min. After an addi-
tion of 2.0 mL of 0.4 M trichloroacetic
acid and incubation in water bath at 39 °C
for 20 min, the sample was centrifuged at
1 800xg for 10 min. One mL of the su-
pernatant, 5.0 mL of 0.4 M sodium car-
bonate, 1.0 mL of diluted Folin reagent
were added and mixed. The value at 0D,
was determined after incubation at 39 °C
for 20 min*.

The procedures for the standard
curves for various enzyme activities were
the same as described for sample determi-
nation. The concentrations of glucose for

the standard curves of the activities of en-

Microorganisms Forward primer (5°-3") Reward primer (5°-3") Amplicon // bp References
Ruminococcus albus CCCTAAAAGCAGTCTTAGTTCG CCTCCTTGCGGTTAGAACA 175 Koike et al.™
Ruminococcus flavefaciens CGAACGGAGATAATTTGAGTTTACTTAGG  CGGTCTCTGTATGTTATGAGGTATTACC 132 Denman et al.”"
Salmonella bovis TTCCTAGAGATAGGAAGTTTCTTCGG ATGATGGCAACTAACAATAGGGGT 127 Stevenson et al.™
Ruminobacter amylophilus ~ CAA CCA GTC GCA TTC AGA CAC TAC TCA TGG CAA CAT 642 Tajima et al.”
Fibrobacter succinogenes ~ GTTCGGAATTACTGGGCGTAAA CGCCTGCCCCTGAACTATC 121 Denman et al.?"
Butyrivibrio fibrisolvens ACC GCA TAA GCG CAC GGA CGG GTC CAT CTT GTA CCG ATA AAT 65 Stevenson et al.”!
Selenomonas ruminantium  TGC TAA TAC CGA ATG TTG TCC TGC ACT CAA GAA AGA 513 Bekele et al.”!
Prevotella bryantii ACT GCA GCG CGA ACT GTC AGA ACC TTA CGG TGG CAG TGT CTC 540 Bekele et al.!
Clostridium aminophilum ~~ ACG GAA ATT ACA GAA GGA AG GTT TCC AAA GCA ATT CCA C 560 Patra et al.”
Methanogens TTCGGTGGATCDCARAGRGC GBARGTCGWAWCCGTAGAATCC 140 Denman et al.?!
Total bacteria GTGSTGCAYGGYTGTCGTCA ACGTCRTCCMCACCTTCCTC 150 Maeda et al.”
Protozoa GCTTTCGWTGGTAGTGTATT CTTGCCCTCYAATCGTWCT 223 Karnati et al.”"
Fungi GAGGAAGTAAAAGTCGTAACAAGGTTTC ~ CAAATTCACAAAGGGTAGGATGATT 120 Denman et al.*"
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docellulase, exocellulase, and cellobiose
ranged from O up to 0.9 mg/mL. The con-
centrations of xylose for the xylanase ac-
tivity, galacturonic acid for the pectinase
activity, maltose for the amylase activity,
tyrosine for the protease activity, were
0-0.9, 0-0.9, 0-1.8, and 0-0.1 mg/mlL,
respectively.

1.5 Statistical analysis The data were
subjected to the analysis of variance for a
5x5 Latin square design using the general
linear models (GLLM) of SPSS 18.0 statisti-
cal software (IBM, Armonk, NY). VFI an-
alyzed with the model of y;=u+a+B+y,+
&y and the others with the model of y;,=
MACABAY A0+ E .

Where, y;; ¢ is an observation; u is the
overall mean; « is the fixed effect of PAM
supplementation (j=1-5); B is the random
effect of animal (i=1-5); vy is the fixed ef-
fect of treatment periods (k=1-5); 8 is the
fixed effect of sampling times (I=1-6); £,
is the residual error. The differences of
those means are described, unless other-
wise stated for the notable time-related
patterns. Multiple comparisons among the
treatment means were performed by Dun-
can’s New Multiple Range Test. Statisti-

cal significance was declared at a level of

P<0.05.

2 Results and Analysis
2.1 VFI As shown in Tab.3, supple-
mentation of PAM at 1.0, 2.0 and 3.0 g/kg
diet increased the DM VFI by 8.8% ,
17.9% and 8.2% (all above P<0.05), re-
spectively, but reduced VFI by 5.5% at
PAM dose 6.0 g/lkg (P<0.05), showing a
dose response of PAM on VEFI of sheep,
and a suitable dose of 2.0 g/kg diet for
promoting VFI. The responsive patterns
for the intakes of organic matter, the con-
centrate, and cornstalk to the PAM doses
were as the same as those for the DM intake.
2.2 pH, NH3-N, and VFA in rumen
fluid As shown in Tab. 4, PAM supple-
mentation at 1.0, 2.0, 3.0 and 6.0 g/kg di-
et all had no significant influence on pH
of rumen fluid at any time point; but the
NH;-N concentration linearly declined by
7.4%, 12.8%, 21.3% and 32.6% (all above
P<0.05), respectively, with a linear regres-
sion of Y (NH3N, mg/100 mL rumen fluid)
=—1.26 X (PAM, g/kg diet)+22.94, R*=
0.785 (P<0.001).

The total VFA concentrations in ru-
men fluid of sheep for PAM supplementa-
tion at 1.0, 2.0, 3.0 and 6.0 g/kg diet in-

creased by 4.5%, 7.3% (P<0.05) and 1.5%,
and decreased by 4.0% (Tab.4), respec-
tively, showing a significant increasing
only at 2.0 g/kg diet of PAM and a de-
clining at 6.0 g/kg diet, compared with
control. This pattern of the total VFA was
attributed to similarly dose-response pat-
terns of acetic, propionic, and butyric
acids, and the highest increases at PAM
2.0 g/kg diet were 6.8% (acetic), 8.8%
(propionic), and 9.6% (butyric) (all above
P<0.05), respectively.

2.3 Volume and turnover of rumen
fluid The volume of rumen fluid of
sheep ranged from 5.05 to 5.13 L (SEM
0.078) and the turnover rate was from
0.43 to 0.49 L/h  (SEM 0.062). There was
no significant difference in the volume
and turnover rate for PAM supplementation.
2.4 Bacteria counts in rumen fluid
2.4.1 Classically microscopic count of bac-
teria. As shown in Tab.5, by PAM supple-
mentation at 1.0, 2.0, 3.0 and 6.0 g/kg diet
the counts of total bacteria in rumen fluid
increased by 26.4%, 56.6%, 14.2% and
-18.9%

showing a dose response to PAM supple-

(all above P<0.05), respectively,

mentation with a highest increasing of

count at 2.0 g/kg diet. The response pat-

Tab.3 The effect of polyacrylamide (PAM) supplementation on the voluntary feed intake of sheep (n=5)

PAM// g/kg diet

VFI of sheep// g/(sheep-day) 0 0 20 20 00 SEM P-value
Dry matter 1 090.8° 1187.1" 1 285.6° 1 180.0° 1031.1¢ 18.51 <0.001
Organic matter 996.4¢ 1.096.3" 1 164.7 1083.4" 941.8" 16.94 <0.001
Mixed concentrates 434.6° 470.6" 515.8° 469.9" 406.3" 7.36 <0.001
Cornstalk 656.2° 716.5" 769.8" 710.0° 624.9° 11.16 <0.001
Note: Different lowercase letters in the same row represent extremely significant differences (P<0.01).

Tab.4 The effects of polyacrylamide (PAM) supplementation on pH, NH;-N, and VFA in rumen fluid of sheep (n=5)

PAM // g/kg diet
Item SEM P-value
0 1.0 2.0 3.0 6.0

pH 6.55 6.53 6.60 6.55 6.49 0.028 0.086
NH;-N// mg/100 ml. 23.37 21.63" 20.39¢ 18.40° 15.76° 0.342 <0.001
Acetic acid // mmol/L 65.71" 68.98" 70.19° 67.11™ 63.79° 1.268 0.004
Propionic acid/ mmol/L, 12.18" 12.52" 13.25¢ 11.97* 11.58¢ 0.197 <0.001
Butyric acid // mmol/L. 6.25" 6.45" 6.85" 6.30" 5.43¢ 0.113 <0.001
Total VFA // mmol /I, 84.14" 87.96" 90.29° 85.38" 80.80° 1.390 <0.001

Note: Each of the data is the average value of 5 sheep, 4 d each of sheep, and 6 time points per day; Different lowercase letters in the same row represent

extremely significant differences (P<0.01).
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terns of the counts of small bacillus, cocci
+strepococcus, and new crescent bacteria
in rumen fluid to PAM were similar to
that of total bacteria, with highest in-
creases of 87.9% (small bacillus), 53.5%
(cocei +strepococcus) and  75.0% (new

(all above P<0.05) re-
spectively at 2.0 g/kg diet, compared with

crescent bacteria)

control. However, great coli count was
linearly declined with PAM dose, with a
linear regression of Y (x10”mL rumen fluid)
=-0.099 X (PAM, g/kg diet) + 0.815,
R*=0.875 (P<0.001), suggesting a selective
effect of PAM supplementation on ruminal
bacteria.

2.4.2 DNA copy of ruminal bacteria. As
shown in Tab.6, by PAM supplementation
at 4 doses, the DNA copies of total bacte-
ria in rumen fluid increased significantly

by 18.8%, 29.4%, 28.8%, and 12.2% (all

above P<0.05), respectively, compared with
control, showing a dose response and a
highest value at 2.0 or 3.0 glkg diet of PAM.
Among the bacterial species, compared
with control, the response patterns of DNA
copies of R. albus, R. flavefaciens, F. suc-
cinogenes, B. fibrisolvens, and S. ruminan-
tium in rumen fluid to PAM were similar
to that of total bacteria, with highest PCR
values of 22.7% (R. albus), 22.5% (R. flave-
faciens), 21.4% (F. succinogenes), 22.6%
(B. fibrisolvens) and 20.6% (S. ruminantium)
(all above P<0.05), respectively, at about
2.0 g/kg diet. And in fact there was no
significant effect of PAM supplementation
on the DNA copies of P. bryantii, S. bovis,
R. amylophilus and P. ruminicola, except
for some decrease at lower PAM supple-
mentation. However, PAM supplementation

decreased the DNA copies of C. amino-

philum and methanogens to minimum by
34.8% and 21.2%, respectively. The above
showed a different effect of PAM supple-
mentation on various ruminal bacteria.

2.5 Protozoan count in rumen fluid
As shown in Tab.7, PAM supplementation
at doses of 1.0, 2.0, 3.0 and 6.0 g/kg diet
linearly decreased the total protozoan
count in rumen fluid in a dose-dependent
manner; for the classically microscopic
count, the declines were 24.3%, 47.6%,
69.1% and 85.5% (all above P<0.01), re-
spectively, with a linear regression equa-
tion: Y (x10® copies/ml.)=—1.426 X+9.007,
R?=0.883 (P<0.001). The classically mi-
croscopic counts of Holotrich, Entodinium
and Diplodinium showed similar response
curves to PAM doses to the total protozoan
count did. Using the DNA copy method,
the protozoan copy declined by 23.5%, 312%,

Tab.5 The effects of polyacrylamide (PAM) supplementation on the classically microscopic count of bacteria in rumen fluid of sheep (n=5)

PAM // g/kg diet

Item SEM P-value
0 1.0 2.0 3.0 6.0

Great coli//x10°/ml 0.90* 0.72" 0.54¢ 0.43¢ 0.29° 0.022 <0.001

Small bacillus // x10%/mL 11.30" 15.8° 21.23 16.68" 9.39 0.198 <0.001

Cocci+streptococcus // x10%/ml. 98.59" 123.18" 151.31° 109.65¢ 80.6 1.367 <0.001

New crescent bacteria//x10%mL 1.92¢ 2.80" 3.36" 1.91° 1.18¢ 0.076 <0.001

Total 112.71° 142.49" 176.45* 128.67° 91.45° 1.414 <0.001

Note: Each of the data was the average value of 5 sheep, 4 d each of sheep, and 6 time points per day; Different lowercase letters in the same row represent

extremely significant differences (P<0.01).

Tab.6 The effect of polyacrylamide (PAM) supplementation on the DNA copies of rumen bacteria of sheep (n=5)

PAM// g/kg diet

Item SEM P-value
0 1.0 2.0 3.0 6.0
Total bacteria//x10" copies/ml 4.69° 5.57" 6.07* 6.04 5.26" 0.138 <0.001
Ruminococcus albus // x10° copies/mlL, 2.77 3.40° 3.32¢ 2.82" 2,70 0.089 <0.001
Ruminococcus flavefaciens // x107 copies/ml, 3.95" 4.56" 4.74 4.84° 4.70° 0.114 <0.001
Fibrobacter succinogenes //x10° copies/mlL 3.97" 427" 4.82¢ 4.81° 4.18" 0.131 <0.001
Butyrivibrio fibrisolvens // x10° copies/mL 1.90* 1.85¢ 233 213 2.26° 0.093 0.001
Selenomonas ruminantium // x10° copies/mL, 3.93" 4.74° 4.65° 3.98" 3.36° 0.121 <0.001
Prevotella bryanlii//xlo7 copies/mL 1.55° 1.17" 1.49* 1.70° 1.53¢ 0.070 <0.001
Clostridium aminophilum // x10* copies/mL 2.33¢ 1.52" 2.04 2.15° 1.66" 0.106 <0.001
Methanogens // x10° copies/mL 7.56° 6.83" 6.43" 6.59" 5.96° 0.206 <0.001
Salmonella bovis // x10° copies/mL 2.29 2.11 2.31 2.06 1.99 0.099 0.108
Ruminobacter amylophilus // x10* copies/mL 7.69° 6.99" 8.14* 7.94 791° 0.166 <0.001
Prevotella ruminicola// x10° copies/mL 2.17 2.13 221 222 1.95 0.080 0.123

Note: Each of the data is the average value of 5 sheep, 4 d each of sheep, and 6 time points per day; Different lowercase letters in the same row represent

extremely significant differences (P<0.01).
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33.7%, and 36.7% (all above P<0.01), re-
spectively, with a linear regression equa-
tion of ¥ (x10® copies/ml.)=-0.386 X +
6.694, R°=0.569 (P<0.01).

2.6 DNA copy of fungi in rumen fluid
As shown in Tab.8, for PAM supplemen-
tation at 1.0, 2.0, 3.0, and 6.0 g/kg diet,
the DNA copy of fungi in rumen fluid in-
creased linearly by 14.4% (P>0.05), 22.9%
(P>0.05), 35.1% (P<0.05), and 45.5%
(P<0.05), respectively, with a linear re-
gression equation of ¥ (107 copies/mL)=
0.381 X (PAM dose, g/kg) +5.460, R*=
0.495 (P<0.001), suggesting a linear in-
crease of fungal amount of rumen by PAM
supplementation.

2.7 Activities of digestive enzymes in
rumen fluid When PAM at 1.0, 2.0,

3.0, and 6.0 g/kg diet was supplemented,
the activities of digestive enzymes in ru-
men fluid are shown in Tab.9. Among
them, the activities of endocellulase, exo-
cellulase and cellubiase increased with
PAM supplementation except at highest
supplementation of 6.0 g/kg diet, and they
showed a similar pattern of up-down to
total bacteria number in response to PAM,
with greatest increases of 18.3%, 19.4%
and 16.5% (all above P<0.05) at 2.0 g/kg
diet, respectively, compared with control.
However, PAM supplementation did not
significantly affect on the activities of xy-
lanase and amylase. Furthermore, the ac-
tivities of pectase and protease decreased
with PAM supplementation, with highest
decreases at 3.0 g/lkg diet by 10.2% and

19.4%

pared with control. The above showed a

(both P<0.05), respectively, com-

different effect of PAM supplementation
and its dose on various digestive enzymes
in rumen, with a promotion on activities of
fibre degrading enzymes at suitable PAM

dose.

3 Discussion

Anionic surfactant, such as DOC P,
sodium lauryl diethoxy sulfate™, had been
long used as reagents for defaunation. But
we found only partial depletion of ruminal
protozoa by DOC was beneficial for im-
proving VFI, digestion and nitrogen reten-

tion of sheep!”'%%1,

and increasing ab-
sorbed amounts of nutrients such as DM,

OM, total amino acids and lysine and ADG,

Tab.7 The effect of polyacrylamide (PAM) supplementation on the classical microscopic count and DNA copy of protozoa in rumen fluid of sheep

(n=5)
Ttem PAM/ gk diet SEM P-value
0 1.0 2.0 3.0 6.0

By microscope// x10%/mlL

Holotrich 0.32¢ 0.27 0.19° 0.16" 0.11° 0.007 <0.001
Entodinium 9.43¢ 7.11" 491° 2.78! 1.22° 0.048 <0.001
Diplodinium 0.46 0.34" 0.25° 0.20° 0.15° 0.008 <0.001
Total 10.21* 7.73" 5.35° 3.15¢ 1.48° 0.052 <0.001
By PCR//x10° copies/ml,

Total 7.69* 5.88" 5.29¢ 5.10° 4.87¢ 0.145 <0.001

Note: Each of the data is the average value of 5 sheep, 4 d each of sheep, and 6 time points per day; Different lowercase letters in the same row represent

extremely significant differences (P<0.01).

Tab.8 The effect of polyacrylamide (PAM) supplementation on DNA copy of fungi in rumen fluid of sheep (n=5)

PAM // g/kg diet

Ttem

0

1.0 2.0 3.0

SEM P-value
6.0

Fungi //x107 copies/mL 5.16°

5.89% 6.34% 6.97"

7.51° 0.300 <0.001

Note: Each of the data is the average value of 5 of sheep, 4 d each of sheep, and 6 time points per day; Different lowercase letters in the same row represent

extremely significant differences (P<0.01).

Tab.9 The effects of polyacrylamide (PAM) supplementation on the activities of digestive enzymes in rumen fluid of sheep(n=>5)

Activity of digestive enzymes

PAM // g/kg diet

mmol/(mL+min) 0 1.0 2.0 3.0 6.0 SEM Prvalue
Endocellulase 1.26 1.35" 1.49° 1.45° 123 0.018 <0.001
Exocellulase 144! 1.53 1.72° 1.64" 1.47° 0.020 <0.001
Cellubiase 1.82° 1.96" 2.12° 1.92" 175 0.018 <0.001
Xylanase 147 1.55 1.49 154 1.51 0.021 0.064
Pectase 167" 1.62° 1.62* 150 1.58" 0.021 <0.001
Amylase 113 120 121 116 1.19 0.022 0.076
Protease 0.36° 0.35° 0.31" 0.29" 031" 0.011 0.007

Note: Different lowercase letters in the same row represent extremely significant differences (P<0.01).
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and enhanced slaughter performance®”.
So we hypothesized that PAM, also as an
anionic surfactant, at an appropriate dose,
would also have similar effects on ruminal
protozoa and rumen metabolism to DOC
does in sheep. In the present experiment,
we demonstrated that dietary PAM sup-
plementation altered VFI, the rumen mi-
croorganism profile and fermentation pat-
tern, and the digestive enzyme activities
in sheep. The results support, in general,
our previous hypothesis. There was no lit-
erature report of the effect of PAM sup-
plementation on ruminant nutrition, but an
anionic reagent, sodium dodecyl sulphate
(SDS), was used for treatment of barley
silage and NDF degradability was im-
proved™. In another early report, supple-
mentation of polymer gel PH20 increased
body fat deposition and persistency of
milk yield of dairy cows™, possibly be-
cause PH20 has similar physical-chemical
property to PAM. Therefore, we may pro-
pose that dietary supplementation of an
appropriate amount of any selected anion
surfactant can alter rumen microbial com-
mune towards high enrichment of fibre
degradable bacteria and low protozoal
number, which stimulates digestion of fi-
brous components in the diet and VFI in
sheep.

A significant finding in the present
study is an up-down relationship between
the PAM dose and the changes of ruminal
microbial flora and metabolism and VFI
in sheep. We used 4 doses of PAM, 1.0,
2.0, 3.0, and 6.0 g/kg diet, and noted that
only supplementation of PAM at 2.0 g/kg
diet was associated with the highest feed
intake, VFA concentration, total bacterial
counts, and the activity of enzymes in-
volved in fibrous degradation in rumen
fluid, although there were some responses
of ammonia concentration, some minor
species of bacteria, protozoa and fungi to
PAM supplementation, the protease activity
were dose related. Based on these results,
we recommend that an appropriate dose of

dietary supplementation of PAM in sheep

should be 2.0 g/kg diet. This is compared
with our previous research on DOC where
the suitable dose for improving VFI and
productive indexes in sheep was 0.8 g/kg
diet™, Further research may focus on the
relative effectiveness of PAM and DOC in
sheep production.

The results in the present experiment
showed that PAM supplementation altered
the rumen microorganism components: to-
tal bacterial and fungal counts increased
while protozoal number decreased. The
linearly negative relationship between
PAM dose and the protozoal number indi-
cates that PAM may be poisonous to ru-
minal protozoa. We have also found DOC
has a similarly detrimental effect on rumi-
nal protozoa!”l. It appears that the anion
surfactant is toxic to protozoa and may be
used to manipulate the rumen microor-
ganism components. It is well known that
protozoa in the rumen engulf bacteria, so
the reduction of protozoal population
could be one of contributors to the in-
creased bacterial count, as being observed
in the present study. However, the
quadratic relationship between PAM dose
and the bacterial count in this experiment
could imply that high doses of PAM are
also detrimental to ruminal bacteria. There-
fore, the appropriate dose of an anion sur-
factant needs to be defined when it is used
to manipulate rumen microorganisms in
sheep. The linearly positive relationship
between PAM dose and the fungal count
in the current study may be related with
the decrease of protozoal population.

It was found in the present study that
an appropriate dose of PAM enhanced the
activity of those enzymes that are related
to digestion of fibrous components in the
diet, with similar pattern to total bacterial
count. And the counts of some bacterial
species could suggest that PAM supple-
mentation at a proper dose differentiated
bacterial species, and was likely in favour
for those bacteria for fibre digestion. In-
deed, we noted the significant increases of

enrichment of R. albus, R. flavefaciens,

F. succinogenes and B. fibrisolvens, pre-
dominant species (10" =10%ml) of fibre-
degrading bacteria in the rumen at PAM
doses 1 -3 g/kg. The increase of those
bacteria and the enhanced activity of
those enzymes associated with cellulose
degradation resulted in more dietary fibre
digested, inducing a higher VFA concen-
tration in the rumen and VFI of sheep. No
significant changes in the enrichments of
S. bovis and R. amylophilus, starch-diges-
tive bacteria, were consistent with no dif-
ferences in the amylase activity between
all treatments.

It was interesting to note in the pre-
sent study that PAM supplementation re-
duced NH3-N concentration in the rumen
in a dose-dependent manner, which is in
consistency with the decline of the pro-
tease activity. These results imply that the
degradation of dietary protein in the ru-
men was reduced by PAM supplementa-
tion, probably partial because of the
detriment effect of PAM on protease *.
Degraded protein to ammonia and amino
acids provides a N source to the rumen
microorganisms to support their growth;
however, excessive degradation in the ru-
men could reduce the efficiency of dietary
protein for the host. Based on the reduced
ammonia concentration in the rumen, we
propose that PAM supplementation may
increase rumen-bypass protein in sheep. If
so, this may be beneficial to the host. This
proposal warrants further studies.

We used two methods, i.e., classical
microscopy and PCR amplification, to
count the total numbers of protozoa and
bacteria in rumen fluid in present study.
Both approaches gave similar results, and
the highly linear correlations were found
between two methods, for the total bacte-
rial count, R*=0.387, P=0.001, n=25; and
for the protozoal count, R*=0.772, P<0.001,
n=25. It suggests in future studies both
methods could be available.

Among the bacterial commune, cocci
+streptococcus was the dominant species,

accounting for 85%-88% of the total count,
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followed by small bacillus (10% -13% ),
and only small fractions of new crescent
bacteria (1.3-2.0%) and great coli (03-0.8%).
The PAM dose-response curves of the
coccl +streptococcus, small bacillus, and
new crescent bacteria counts were all
quadratic, while the great coli count (Y,
x10°/mL) linearly declined with PAM dose
(X, g/kg diet) (Y=-0.099 X+0.815, R*=
0.875,P<0.001), showing the effect of PAM
supplementation on bacteria was selective
and it also suggested a direct effect of
PAM on bacteria decrease, not only the
engulfment of protozoa on bacteria.

It is known that PAM is safe, but the
acrylamide (AA) as free monomer in PAM
product is toxic. According to EUM.,  the
benchmark levels on AA in food are 50—
850 pg/kg, among them, 50 pg/kg for
wheat based bread, 350 pg/kg for biscuit
and wafers, 500 pg/kg for French fries
(ready-to-eat), 750 pg/kg for fried potato
chips, and 800 pg/kg for ginger bread.
However, the level of AA in sheep diet is
below 500 pwg/kg (the benchmark level of
AA in food-grade PAM is below 250 g/,
so 250 pglg X2 glkg diet =500 pg/kg),
which is similar to French fries (ready-to-
eat). By calculation, the maximum amount
of AA eaten by sheep (with bw of 50 kg,
1.5 kg diet per day) is 15 pg/kg bw/d.

4 Conclusions

The results revealed a dose response
of ruminal microbial flora and metabolism
of sheep to dietary PAM supplementation,
and PAM at 2.0-3.0 g/kg diet DM, re-
duced protozoal number and increased
bacterial  number, particularly  those
species for fibre degrading, and fungal
counts in the rumen of sheep. These
changes resulted in enhanced activities of
those enzymes for fibre digestion, an in-
crease of VFA production and a decrease
of NH;-N in rumen fluid, and stimulated
VFI of sheep. Although there is no report
on any detrimental effect of PAM on ru-
minant animals, over-dosing, for example,

6.0 g/kg diet in sheep, should be avoided

as a high dose of PAM will disturb rumen
microbes and fermentation. PAM at 2.0 g/kg
diet may be used as a novel reagent to
manipulate rumen microbial flora for im-
proving productive performances of rumi-

nants.
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