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Abstract Gelatinized starch-urea (Starea, SU) is an ef-
fective and economical source of urea for ruminants. Here
we assessed the influence of dietary supplementation with
gelatinized starch-urea on the diversity of intestinal bac-
teria in finishing cattle. Fifty steers were randomly allotted
to five treatments with diets supplemented with different
doses of Starea [0 % (SUO0), 8 % (SUS), 16 % (SU16),
24 % (SU24), and 32 % (SU32) of urea-N in total nitro-
gen]. Denaturing gradient gel electrophoresis (DGGE) of
16S rRNA genes was used to examine the effect of dietary
supplementation of Starea on intestinal bacterial flora.
Shannon—-Weaver and Simpson diversity indices consis-
tently showed the lowest bacterial diversity in the SUO
treatment. Increasing doses of Starea increased the diver-
sity up to SU24 after which, diversity decreased. Cluster
analysis of 16S rRNA gene DGGE profiles indicates that
the intestinal bacterial communities associated with cattle
that were not supplemented with Starea in feed differed in
composition and structure from those supplemented with
Starea. The amount of Starea supplemented in cattle diets
influenced the abundance of several key species affiliated
with Lachnospiraceae, Ruminococcaceae, Peptostrepto-
coccaceae, Comamonadaceae and Moraxellaceae. These
results suggest that Starea influences the composition and
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structure of intestinal bacteria which may play a role in
promoting ruminant health and production performance.
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Introduction

The bacteria associated with the guts of cattle are diverse
and abundant, with cell numbers often exceeding 10'!
culture forming units (cfu) per gram of feces [1]. The
primary function of intestinal bacteria is to catabolize
carbohydrates not digested and absorbed in the upper gut,
resulting in the production of organic acids, gases and short
chain fatty acids [2]. There is strong epidemiological and
experimental evidence that indicates a number of gut mi-
croorganisms have positive effects on gut health and the
intestinal immune system (so called pro-biotics) [3]. Thus
the bacterial composition in the intestine may have a great
impact on the growth and health of cattle.

Dietary supplements can influence the composition of
microbial communities. Urea is used as a common non-
protein nitrogen supplement for ruminant diets for many
years [4]. In the rumen, urea is rapidly hydrolyzed to NH3
that is synthesized into microbial protein [5]. Although
many studies have demonstrated that the performance of
urea supplements is usually poorer than that of natural
protein feeds [6], urea has become a cost-effective protein
replacement in consideration of increasing prices of protein
feedstuff.

Gelatinized starch-urea (Starea), a mixture of gela-
tinized wheat starch and urea, is one of the most effective
and economical slow-release urea products available today.
As a nitrogen supplement Starea is comparable to the
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Table 1 Taxonomic affiliation of predominant 16S rRNA genes excised from DGGE gels

Band Closest relative (accession no.)* Similarity® (%) Family or genus® Treatment group®
1 Uncultured bacterium clone Hmb2-20 (JX096318.1) 99 Lachnospiraceae All

2 Uncultured bacterium clone N19 (FJ951850.1) 96 Lachnospiraceae All

3 Uncultured bacterium clone NBBPI0O308_82 (JQ072679.1) 99 Comamonadaceae All except SU32
4 Uncultured bacterium clone Fal-57 (JX095008.1) 95 Lachnospiraceae SU24 and SU32
5 Uncultured bacterium clone SBSD_aaa03e05_1 (EU778797.1) 98 Lachnospiraceae All except SU32
6 Uncultured bacterium clone p-3487-9F3 (AF371668.1) 98 Lachnospiraceae SU24 and SU32
7 Uncultured bacterium clone p-2186-s959-3 (AF371633.1) 96 Lachnospiraceae All

8 Uncultured bacterium clone E2-38 (JX095974.1) 99 Clostridium All except SUL6
9 Uncultured bacterium clone 4040RB24 (JQ976572.1) 99 Bosea All

10 Uncultured bacterium clone RL201_aai47all (DQ801808.1) 97 Lachnospiraceae All except SU32
11 Uncultured bacterium clone Hmal-37 (JX096063.1) 100 Clostridium All

12 Uncultured bacterium clone AE3_aaa02f01 (EU771143.1) 97 Lachnospiraceae All

13 Roseburia faecis strain M88/1 (AY804150.1) 95 Lachnospiraceae All

14 Roseburia faecis strain M88/1 (AY804150.1) 97 Lachnospiraceae All

15 Uncultured bacterium clone GD 1-79 (KC551602.1) 99 Turicibacter All

16 Staphylococcus cohnii strain 3BP (KC865281.1) 99 Staphylococcus All

17 Uncultured bacterium clone N30.4 (JF332708.1) 100 Acinetobacter SU24 and SU32
18 Uncultured bacterium clone S4-69 (GQ898735.1) 99 Ruminococcaceae SU24 and SU32
19 Uncultured bacterium clone Hdb2-73 (JX095648.1) 99 Ruminococcaceae SU24 and SU32
20 Uncultured bacterium clone DLN-96 (FJ848408.1) 99 Ruminococcaceae All

Band numbers correspond with those presented in Fig. 1

* The information was obtained from the National Center for Biotechnology Information (NCBI) database

® The information was obtained from the Ribosomal Database Project (RDP) database

¢ A DGGE band that only existed in one lane of a treatment group was not counted

soybean meal diet fed to lactating cows to increase milk
yield and that fed to young calves to maintain nitrogen
balance [7, 8]. Treatments with different dietary doses of
Starea have been reported to show similar growth pro-
moting effects in growing-finishing beef cattle [9]. While it
is clear that diet influences the community structure of
intestinal microbiota [10, 11], information regarding the
effects of urea on the composition of bacteria in cattle
intestines is rare. There is only one report showing that
urea content in the diet has no effect on fecal shedding of
Escherichia coli O157:H7 [12]. Sequence analysis of the
16S rRNA genes has been used for decades to identify
bacteria and construct phylogenic trees [13]. Methods
based on sequence variations in the 16S rRNA genes, such
as denaturing gradient gel electrophoresis (DGGE), can
also be used to analyze bacterial diversity [14]. Recently,
extensive analysis of 16S rRNA gene sequences has
identified unique molecular features that can be used to
achieve species level identification of bacteria, including in
the genera Bacillus, Clostridium, Streptococcus, and
Pseudomonas [15-18].

This study aimed to determine the effects of Starea on
the diversity of intestinal bacteria using DGGE and 16S
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rDNA sequence analysis. The goal of the study was to
provide new insight into the relationship between gut in-
testinal bacterial composition, treatment of feed with urea,
and the potential role of these organisms in promoting
ruminant growth and health.

Materials and Methods
Animals and Sampling

All procedures involving animals were approved by the
China Agricultural University Institutional Animal Care
and Use Committee. Fifty male crossbred steers (Limous-
in x Fuzhou, 18 mo old, bodyweight = 397.2 &+ 19.5 kg)
were allotted randomly to five dietary treatments (10 steers
per treatment) with different doses of Starea. The basic diet
for the animals consisted of corn silage, brewers grain,
corn, cottonseed meal, corn starch, limestone, dicalcium
phosphate and mineral premix. The diets of the five treat-
ment groups were amended with 0 % (w/w) urea-N (con-
trol group, SUO), 8 % urea-N (SUS8), 16 % urea-N (SU16),
24 % urea-N (SU24) and 32 % urea-N (SU32); these diets
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were formulated to meet the nutritional requirements of the
steers. The animals were fed the aforementioned diets for a
duration of 14 weeks. At the end of the 14 week period,
three steers per group were selected randomly. Fecal
samples were collected by hand wearing sterilized gloves
and the samples were immediately stored in liquid nitrogen
until used for DNA extraction.

DNA Extraction

Frozen fecal samples were thawed at room temperature,
and approximately 300 mg (wet weight) of samples was
separately transferred into 2 mL sterile tubes. Total DNA
was extracted according to a traditional method using a
mini-bead beater (Biospec Products, Bartlesville, OK,
USA) [19]. The tubes were bead-beaten at 5000 rpm for
3 min with 0.3 g of sterile zirconium beads (diameter,
0.1 mm) and then followed with phenol-chloroform ex-
traction. DNA was precipitated with ethanol and suspended
in 100 pL of nuclease-free TE solution. The integrity and
concentration of DNA extracts were determined visually
after electrophoresis on 1.2 % agarose gel (w/v) containing
ethidium bromide.

PCR-DGGE Analysis

The V6 to V8 region of the bacterial 16S rRNA gene was
amplified by PCR with the following primers: U968-GC
(5’-CGC CCG GGG CGC GCC CCG GGC GGG GCG
GGG GCA CGG GGG GAA CGC GAA GAA CCT TAC-
3y and L1401 (5-GCG TGT GTA CAA GAC CC-3’) [20].
PCR reactions contained 1 pL of template DNA, 1 pL of
each primer (5 pmol/uL), 12.5 pL of Taq PCR Mastermix
(Tiangen, China) and 9.5 pL of deionized distilled H,O.
PCR was performed using the following conditions: initial
denaturation for 5 min at 94 °C, 35 cycles of denaturation
for 40 s at 94 °C, annealing for 40 s at 56 °C, and exten-
sion for 1 min at 72 °C, and a final extension for 5 min at
72 °C.

PCR amplicons were subjected to sequence-specific
separation using a DCode DGGE system (Bio-Rad
Laboratories, Hercules, CA, USA) using previously de-
scribed methods [19, 21]. Briefly, the amplicons were
separated in 8 % (w/v) polyacrylamide gel containing a
linear gradient (43-58 %) of urea and formamide. Elec-
trophoresis was initiated by pre-running in 0.5x TAE
buffer for 10 min at 200 V and subsequently performed at
85 V for 16 h at a temperature of 60 °C. Following elec-
trophoresis, the polyacrylamide gel was stained for 20 min
with 1 pg/mL ethidium bromide, illuminated by ultraviolet
light, and photographed. Dominant bands in the DGGE gel
were excised with sterilized scalpels and incubated in

nuclease-free TE solution overnight at 4 °C to allow the
DNA in the bands to diffuse to the liquid [21].

Cloning and Sequencing

DNA that eluted from the excised gel fragments was re-
amplified by PCR with the primer pair U968 (5'-AA CGC
GAA GAA CCT TAC-3’) and L1401. PCR reaction and
cycling conditions were the same as described above. PCR
products were verified by electrophoresis ona 1.2 % agarose
gel. PCR products were purified using a Gel Purification Kit
(Bioteke, Beijing, China) and ligated into a pMD™ 19-T
Vector (Takara, Dalian, Liaoning, China) in accordance with
the manufacturer’s instructions. Recombinant clones were
grown in Luria—Bertani broth with ampicillin (100 pg/mL)
as the selection agent. Recombinant bacterial cultures was
directly prepared for PCR amplification with the universal
primers M13(-47) (5'-CGC CAG GGT TTT CCC AGT CAC
GAC-3") and M13(-48) (5'-AGC GGATAA CAATTT CAC
ACA GGA-3'). Agarose gel electrophoresis was performed
to determine the presence of amplification products and the
PCR products were reanalyzed using DGGE, as described
above, to verify that the band position matched the original
position in the DGGE electropherogram. Recombinant
bacterial cell pellets were directly sent to Invitrogen Cor-
poration (Shanghai, China), and the sequencing of plasmid
insert was completed.

Diversity and Cluster Analyses

The QuantityOne software package (Bio-Rad Laboratories)
was used to quantitatively compare patterns in the 16S
rRNA gene DGGE for use in calculating bacterial com-
munity diversity and to generate matrices for use in the
generation of dendrograms describing community similar-
ity. Dendrograms were constructed using the unweighted
pair group mean average method [22]. Bacterial commu-
nity diversity was measured using Shannon—-Weaver
(H) and Simpson diversity (D = 1 — /) indices [23]. Data
were analyzed by one-way ANOVA using GLM procedure
of SAS 9.13 software (SAS Inst. Inc., Cary, NC, USA).
Multiple comparisons were tested with the PDIFF option to
determine differences among treatments. A correlation
analysis between diversity index and dosage of Starea was
performed using conic fitting method by Microsoft Office
Excel Software.

Phylogenetic Tree Construction
16S rRNA gene sequences obtained from DGGE bands

were aligned to sequences available in NCBI (http://blast.
ncbi.nlm.nih.gov/Blast.cgi) and Ribosomal Database
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Fig. 1 DGGE profiles of
amplified V6-V8 regions of
bacterial 16S rRNA genes.
Labeled bands were excised for
cloning and sequencing and
correspond with those presented
in Table 1

SU0-2
SU0-3
SU8-1

hn
o
=)
72l

(V]
w
)

R?=0.9766
3.5

2 a
¥ 349

3.4

% 335%

33

3.2

31

3.0

Shannon-Weaver index

2.9

2.8

16 24
Dosage of Starea (%)

R2=0.9784 0.9672
¢ 0963
€. 0959°
441??

0 8

32 40

o
o
o
~N

ab
0.96 0.961

0.95

Simpson diversity index

0.94

16 24

Dosage of Starea (%)

32 40

Fig. 2 The correlation analysis between diversity index and dosage
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different (P < 0.05) on the basis of statistical analysis by SAS
software
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Project databases to determine the closest matches and
phylogenetic relationships [24]. 16S rRNA genes from
DGGE bands and from closely related sequences were
aligned using ClustalX (version 2.1) [25]. A matrix de-
scribing the evolutionary distance between sequences was
computed from the sequence alignment using MEGA
5.05 software [26]. This matrix was used to generate a
phylogenetic tree using the neighbor-joining algorithm
[27].

Results
DGGE Profiles and Community Diversity

Each DGGE profile was characterized by the presence of
dominant bands, or OTUs, with a background of distinct
lower intensity bands from less abundant OTUs (Fig. 1).
The correlation analysis (Fig. 2) consistently and sig-
nificantly showed SUO harbored the lowest diversity
among the treatment groups. In addition, increasing doses
of Starea up to 24 % w/w resulted in systematic increases
in bacterial 16S rRNA gene diversity. Lower 16S rRNA
gene diversity associated with the SU32 treatment which
may indicate that Starea becomes toxic when administered
at this concentration.
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Fig. 3 Cluster analysis of 16S rRNA gene DGGE profiles associated with five Starea treatment groups

Cluster Analysis of DGGE 16S rRNA Gene Profiles

Bacterial 16S rRNA genes recovered from animals ad-
ministered under the same Starea treatment regime formed
clusters in the dendrogram analysis (Fig. 3), indicating that
they harbored similar community structures. All of the
samples were divided into two distinct clusters. One of
these clusters contained SUO, whereas the other cluster
consisted of all Starea treatments. In Starea treatments,
SU8 and SU16 were grouped together, whereas SU24 and
SU32 were grouped in one cluster. This indicates that
Starea treatment and the amount of Starea administered
both influenced the composition of bacterial communities
in cattle intestines.

16S rRNA Gene Analysis

A total of 20 16S rRNA gene fragments were excised
from DGGE gels and were sequenced (Table 1). The
majority of the 16S rRNA gene sequences recovered
from animals were affiliated with uncultured bacteria.
Phylogenetic analysis results were shown in Fig. 4. All
of the sequences could be assigned to two phyla, three of
which belonged to the Proteobacteria and the 17 of
which were assigned to Firmicutes. Among the 17 se-
quences that were affiliated with the phylum Firmicutes,
10 (58.8 %) were related to the family Lachnospiraceae,
3 (17.6 %) were related to the family Ruminococcaceae,
and 2 (11.8 %) were affiliated with the family
Peptostreptococcaceae.

Numbers and Percentages of Predominant Bacterial
Species in Different Groups

In each group, over 80 % of the dominant 16S rRNA gene
bands were from sequences that represented phylum Fir-
micutes, with the majority of those exhibiting close af-
filiation with the family Lachnospiraceae (Fig.5). The
members of dominant bacterial species in different treat-
ment groups were different with some 16S rRNA gene
bands only being present in specific treatment group. For
example, SU16 contained the least number of 16S rRNA
gene sequences affiliated with Clostridium and 16S rRNA
gene sequences affiliated with Acinetobacter only occurred
in SU24 and SU32.

Discussion

Supplementation of ruminant diets with Starea increased
bacterial community diversity and increases in the dose of
Starea systematically increased diversity up to 24 % w/w;
diversity was lower in SU32 when compared with SU24
treatment. The decline of diversity in SU32 might be due to
toxicity of urea when applied at that concentration. Treat-
ment of animals with 24 % urea-N resulted in the highest
diversity. Cluster analysis (Fig. 3) showed that bacterial
community in the gut might be divided into three types
based on the dose of Starea in the diet, and the degree of
similarity of bacterial community from the same treatment
differed among the three types.
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The majority of the intestinal bacteria have not been  affiliated with uncultured bacteria (Table 1) and almost all
cultured [28]. Consistent with this, the majority of the 16S of the bacterial families obtained here were reported to be
rRNA gene sequences excised from DGGE profiles were ~ found in gut bacteria [29]. In agreement with the view that
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bacterial species within the gastrointestinal tract are
structured by diet [30], the composition of intestinal bac-
teria differed on the basis of the dose of Starea. Treatment
group SU24 contained the most members of Lach-
nospiraceae and this has previously been shown to be the
most abundant member in the proximal large intestine of
cattle [31]. Sequences affiliated with Ruminococcaceae
were only present in treatment groups SU24 and SU32.
Cultivated representatives of Lachnospiraceae and Ru-
minococcaceae are carbohydrate utilizing, butyrate-pro-
ducing bacteria [32]. They are common intestinal bacteria
and sensitive to the condition of the host health.
Intestinal microbiota is associated with host health,
public health, and environmental quality [2, 3, 33]. In the
present study, the results demonstrated Starea increases
the diversity of cattle intestinal bacterial communities.
The amount of Starea supplemented in cattle diets was

Su8

Su16 su24 SU32

shown to shift the composition of bacterial community
communities and influenced the abundance of several key
species. Treatment group SU16 contained the least rep-
resentation of 16S rRNA gene sequences related to
Clostridium. Clostridium contains around 100 species that
include common free-living bacteria, as well as pathogens
[34]. Comamonadaceae, a family of the Betaproteobac-
teria, was not dominant in treatment group SU32. Co-
mamonadaceae strains are involved in the oxidative
deamination of aniline [35]. Acinetobacter, which belong
to the class Gammaproteobacteria, only occurred in
treatment groups SU24 and SU32. The species are a key
source of infection in debilitated human patients, in par-
ticular the species Acinetobacter baumannii that causes
nosocomial infections including meningitis, bacteraecmia
and pneumonia [36]. The results of this cultivation
independent analysis suggest that the positive growth
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promoting effects associated with Starea treatment in
cattle may be due to differences in the bacterial com-
munities that are selected for in their intestines. Appli-
cation of next generation sequencing techniques, in
particular the use of metagenomics and metatranscrip-
tomics, will provide additional new perspective into the
functional traits that are selected for in the intestinal
bacteria in cattle fed differing amounts of Starea. In ad-
dition, future studies using the newly developed methods
to identify intestinal bacteria at the species level [15, 17,
18, 37] will provide further information on the positive
effects of dietary amendment with Starea on cattle growth
and health.
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