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A set of PCR primers was designed and validated for specific detection and quantification of Prevotella
ruminicola, Prevotella albensis, Prevotella bryantii, Fibrobacter succinogenes, Selenomonas ruminantium-Mitsuokella
multiacida, Streptococcus bovis, Ruminococcus flavefaciens, Ruminobacter amylophilus, Eubacterium ruminantium,
Treponema bryantii, Succinivibrio dextrinosolvens, and Anaerovibrio lipolytica. By using these primers and the
real-time PCR technique, the corresponding species in the rumens of cows for which the diet was switched from
hay to grain were quantitatively monitored. The dynamics of two fibrolytic bacteria, F. succinogenes and R.
flavefaciens, were in agreement with those of earlier, culture-based experiments. The quantity of F. succinogenes
DNA, predominant in animals on the hay diet, fell 20-fold on the third day of the switch to a grain diet and
further declined on day 28, with a 57-fold reduction in DNA. The R. flavefaciens DNA concentration on day 3
declined to approximately 10% of its initial value in animals on the hay diet and remained at this level on day
28. During the transition period (day 3), the quantities of two ruminal prevotella DNAs increased considerably:
that of P. ruminicola increased 7-fold and that of P. bryantii increased 263-fold. On day 28, the quantity of P.
ruminicola DNA decreased 3-fold, while P. bryantii DNA was still elevated 10-fold in comparison with the level
found in animals on the initial hay diet. The DNA specific for another xylanolytic bacterium, E. ruminantium,
dropped 14-fold during the diet switch and was maintained at this level on day 28. The concentration of a
rumen spirochete, 7. bryantii, decreased less profoundly and stabilized with a sevenfold decline by day 28. The
variations in A. lipolytica DNA were not statistically significant. After an initial slight increase in S. dextrino-
solvens DNA on day 3, this DNA was not detected at the end of the experiment. S. bovis DNA displayed a 67-fold
increase during the transition period on day 3. However, on day 28, it actually declined in comparison with the
level in animals on the hay ration. The amount of S. ruminantium-M. multiacida DNA also increased eightfold
following the diet switch, but stabilized with only a twofold increase on day 28. The real-time PCR technique
also uncovered differential amplification of rumen bacterial templates with the set of universal bacterial
primers. This observation may explain why some predominant rumen bacteria have not been detected in

PCR-generated 16S ribosomal DNA libraries.

The complex symbiotic microbiota of the rumen is respon-
sible for breakdown of plant fiber, an ability the ruminal host
animals lack. This microbiota is highly responsive to changes in
diet, age, antibiotic use, and the health of the host animal and
varies according to geographical location, season, and feeding
regimen (reviewed in references 4, 12, 21, and 31). In the early
days of rumen microbiology, these changes were monitored by
cultivation-based techniques, but limitations inherent in the
technique and the development of more sensitive and accurate
molecular detection methods have brought new developments
into the field. One of the first examples of this sort was re-
ported by Stahl and coworkers (29), who used species- and
group-specific 16S rRNA-targeted probes for enumeration of
Fibrobacter (Bacteroides) succinogenes and Lachnospira mul-
tiparus in rumens treated with antibiotic. A genomic DNA
fragment from Prevotella brevis (formerly Bacteroides rumini-
cola subsp. brevis B;4) was used to monitor this strain upon
introduction into the rumen (1). Then the 16S rRNA-targeting

* Corresponding author. Mailing address: Department of Animal
Sciences, University of Illinois at Urbana-Champaign, 1207 West
Gregory Dr., Urbana, IL 61801. Phone: (217) 333-8809. Fax: (217)
333-8804. E-mail: aminov@uiuc.edu.

2766

probe approach was used for quantification of Fibrobacter suc-
cinogenes (3, 36), ruminococci (14, 15, 36), Clostridium prote-
oclasticum (25), Butyrivibrio fibrisolvens (10, 13), and Metha-
nomicrobium mobile (39).

The detection methods described above are based on se-
quences from cultivable strains of rumen microorganisms with
known metabolic properties derived from laboratory experi-
ments. However, because of cultivation limitations, the real
diversity of rumen microorganisms may be substantially under-
estimated, and recently, several works describing the molecular
diversity of rumen bacteria based on the retrieval and sequenc-
ing of SSU ribosomal DNA (rDNA) sequences have been
published (32, 33, 38). Indeed, in these descriptions of ruminal
bacterial diversity, the overwhelming majority of the retrieved
sequences had very limited or no similarity to the previously
recognized cultivable species and genera, and some sequences
even had no clear phylum allocation. These experiments also
demonstrated that clear bias toward the overrepresentation of
easy-to-cultivate bacteria such as the Cytophaga-Flexibacter-
Bacteroides group exists with cultivation-based diversity studies
and enumeration. On the contrary, molecular analyses suggest
that the numerically prevalent species, even under different
diet conditions, are made up of bacteria belonging to the low-
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TABLE 1. PCR primers for detection of rumen bacteria

Primer

. . Annealing  Product

Target bacterium Strain Forward Revere temp (C) size (bp)
Prevotella ruminicola ATCC 191897  GGTTATCTTGAGTGAGTT CTGATGGCAACTAAAGAA 53 485
Prevotella bryantii B4" ACTGCAGCGCGAACTGTCAGA  ACCTTACGGTGGCAGTGTCTC 68 540
Prevotella albensis M384T CAGACGGCATCAGACGAGGAG ATGCAGCACCTTCACAGGAGC 68 861
Fibrobacter succinogenes ATCC 191697  GGTATGGGATGAGCTTGC GCCTGCCCCTGAACTATC 62 445
Ruminobacter amylophilus ATCC 29744 CAACCAGTCGCATTCAGA CACTACTCATGGCAACAT 57 642
Selenomonas ruminantium- ~ JCM6582" TGCTAATACCGAATGTTG TCCTGCACTCAAGAAAGA 53 513

Mitsuokella multiacida

Streptococcus bovis JCM5802T CTAATACCGCATAACAGCAT AGAAACTTCCTATCTCTAGG 57 869
Treponema bryantii ATCC 332547  AGTCGAGCGGTAAGATTG CAAAGCGTTTCTCTCACT 57 421
Eubacterium ruminantium ATCC 172337 GCTTCTGAAGAATCATTTGAAG TCGTGCCTCAGTGTCAGTGT 57 671
Anaerovibrio lipolytica ATCC 33276" TGGGTGTTAGAAATGGATTC CTCTCCTGCACTCAAGAATT 57 597
Succinivibrio dextrinosolvens ~ ATCC 19716° TGGGAAGCTACCTGATAGAG CCTTCAGAGAGGTTCTCACT 57 854
Ruminococcus flavefaciens ATCC 19208"  GGACGATAATGACGGTACTT GCAATCYGAACTGGGACAAT 62 835

G+C, gram-positive bacterial phylum (32, 33). Molecular anal-
yses reiterated the necessity of probe-directed isolation to sat-
urate this molecular diversity with cultivable isolates, and our
recent work has successfully demonstrated the feasibility of
this approach (24). The availability of isolates representing the
main groups of general diversity offers clear advantages with
the possibility of assigning the functional role in the rumen
based on the metabolic or physiological properties of pure
cultures. Thus, the development of molecular detection of ru-
men bacteria, the functionality of which in the rumen is de-
duced from pure culture studies, remains an important subject
for study. At present, however, only a few detection probes or
PCR primers for rumen bacteria are available. In this study, we
designed and validated PCR primers for detection of 13 culti-
vable rumen bacterial species: Prevotella ruminicola, Prevotella
albensis, Prevotella bryantii, Fibrobacter succinogenes, Seleno-
monas ruminantium-Mitsuokella multiacida, Streptococcus bo-
vis, Ruminococcus flavefaciens, Ruminobacter amylophilus,
Eubacterium ruminantium, Treponema bryantii, Succinivibrio
dextrinosolvens, and Anaerovibrio lipolytica. This primer set was
used for detection and quantification of the corresponding
species in the rumen under diet change conditions by a real-
time PCR approach. In the second part of this work, we dem-
onstrated the applicability of the real-time PCR approach to
yet another problem of molecular ecology: confirmation of the
phenomenon of differential amplification of DNA templates
from pure cultures of rumen bacteria. This observation may
have implications for analysis of PCR-generated libraries from
other microbial ecosystems as well.

MATERIALS AND METHODS

Bacterial cultures and growth medium. The following strains of rumen bac-
teria were used as reference strains: A. lipolytica (strain ATCC 32374"), E.
ruminantium (strain ATCC 17233"), Escherichia coli (strain INVaF’; Invitrogen,
Carlsbad, Calif.), Fibrobacter intestinalis (strain ATCC 43854"), F. succinogenes
(strain ATCC 19169"), Megasphaera elsdenii (strain JCM1772"%), M. multiacida
(strain ATCC 27723"), P. ruminicola (strain ATCC 19189™), P. albensis (strain
M384™), P. bryantii (strain B,4™), R. amylophilus (strain ATCC 29744"), R. albus
(strain ATCC 272107), R. flavefaciens (strain ATCC 19208"), S. ruminantium
(strain JCM6582T), S. bovis (strain JCM58027), S. equinus (strain JCM7879T),
S. dextrinosolvens (strain ATCC 19716"), T. bryantii (strain ATCC 33254T), and
Wolinella succinogenes (strain ATCC 29543"). P. bryantii and P. albensis strains
were kindly provided by H. J. Flint (Rowett Research Institute, Aberdeen,
United Kingdom). Strains were cultured in medium 10 (5).

Sampling. Samples were obtained from eight fistulated dry Holstein cows
(with an average body weight of 560 + 15 kg) kept at the National Institute of
Animal Health, Tsukuba, Japan. Before the experiment, animals were main-
tained on a basal diet consisting of 3.5 kg of hay, 1 kg of hay cube, and 1.5 kg of
concentrate fed twice a day. The composition of the concentrate was 24% ground
wheat, 20% corn, 20% wheat bran, 10% soybean meal, 10% linseed meal, 6%
gluten feed, 5% rice bran, 4% calcium carbonate, 0.5% dicalcium phosphate, and
0.5% microelements and vitamins. On day 0, five animals were switched to a
high-grain diet for 4 weeks. This regimen consisted of two feedings: one in the
morning (0.5 kg of hay, 2.4 kg of concentrate, and 3.6 kg of barley) and one in
the evening (2.4 kg of concentrate and 3.6 kg of barley). In essence, the sampling
procedure was performed as described previously (33). Briefly, the representa-
tive rumen content samples were obtained via fistula before the morning feeding.
The samples were squeezed though two layers of cheesecloth and immediately
used for DNA extraction. The rumen contents from days 0, 3, and 28 were used
for this set of experiments.

DNA extraction. Total genomic DNA from the rumen bacterial strains was
extracted by the achromopeptidase method of Ezaki and coworkers (6, 7).
Briefly, a 10-ml bacterial culture was pelleted by centrifugation (5,000 X g, 5 min)
and resuspended in 3 ml of 5 mM EDTA (pH 8.0). The cells were treated with
achromopeptidase (final concentration of 1 mg/ml) and lysed by adding 300 pl of
20% sodium dodecyl sulfate. After incubation at 55°C for 30 min, 3 ml of
Tris-EDTA (TE)-buffered phenol (pH 8.0) was added. It was centrifuged at
10,000 X g for 10 min at room temperature. The supernatant was transferred to
a fresh tube, extracted with buffered phenol, and isopropanol precipitated. Nu-
cleic acids were dissolved in TE buffer (pH 8.0) and treated with DNase-free
RNase. Samples were reextracted with the buffered phenol, ethanol precipitated,
and dissolved in TE buffer. In further purification, the Qiagen Genomic-tip
system (Qiagen, Tokyo, Japan) was used in accordance with the manufacturer’s
recommendations. The eluted DNA was precipitated with isopropanol, washed
with 70% ethanol, dried, dissolved in sterile TE buffer, and stored at 4°C.

Total DNA from rumen fluid was extracted as described by Whitford and
coworkers (38) with a Mini Bead-Beater (Biospec Products, Bartlesville, Okla.)
for cell lysis. To minimize animal-to-animal variations, the aliquots of rumen
fluid from five animals were mixed before DNA extraction. Four milliliters of
rumen fluid was used for DNA extraction as described previously (33), but with
a minor modification incorporating an additional DNA purification step. This
was carried out with the Qiagen Genomic-tip system similarly to the procedure
with the bacterial strains.

DNA concentrations were measured at 260 nm with a Beckman DU7500
spectrophotometer (Fullerton, Calif.). The DNA used for these experiments
possessed an A,40/A g ratio higher than 1.8.

Design and synthesis of PCR primers. The primers designed to detect the
targeted species are listed in Table 1. The 16S rDNA sequences of targeted
species were downloaded from GenBank and incorporated into our previously
described alignments (24, 32, 33). Sequence regions specific for a given species
(with >97% similarity) were searched online against GenBank sequences with
the BLAST family of programs (18) to ensure the specificity of primers. These
primers were also tested for the requirements imposed by real-time quantitative
PCR (see below). The oligonucleotides were synthesized by Hokkaido System
Science (Sapporo, Japan).
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Conventional PCR. PCR was performed with the Takara Ex Tag PCR kit
(Takara Shuzo, Osaka, Japan) and TaqStart antibody (Clontech, Palo Alto,
Calif.). The PCR was conducted with a PE480 thermal cycler (Perkin-Elmer,
Norwalk, Conn.). The amplification conditions were one cycle at 95°C for 3 min
of denaturation, 35 cycles of 95°C for 30 s, various annealing temperatures
(described in Table 1) for 30 s, and extension at 72°C for 1 min. A total of 25 pl
of PCR mixture contained 300 nM each primer, 12.5 ng of purified template
DNA, 1X Ex Tagq reaction buffer, 200 pM each deoxynucleoside triphosphate
(ANTP mixture), 1.25 U of Ex Tag DNA polymerase, and 220 ng of TaqStart
antibody. The PCR products were separated by electrophoresis on agarose gels
and stained with ethidium bromide.

Sequence and phylogenetic analyses of amplicons. The specificity of amplifi-
cations was confirmed by sequencing and phylogenetic analysis. After detection
of species-specific PCR amplicons in total rumen DNA, the PCR products were
cloned into the TA cloning kit (Invitrogen, Carlsbad, Calif.), and the transfor-
mants were randomly picked up. The recombinant plasmids were extracted by
the alkaline lysis miniprep method (2). Cycle sequencing was performed with the
ThermoSequenase kit purchased from Amersham (Tokyo, Japan). The sequenc-
ing reaction products were read on a LI-COR M4000L automated DNA se-
quencer (Lincoln, Neb.). The obtained sequences were queried online by using
the BLAST service at the National Center for Biotechnology Information (18).
For phylogenetic confirmation of species-specific amplification, these sequences
were incorporated into our previous alignments (24, 32, 33), and the phyloge-
netic positioning was done by constructing neighbor-joining trees (26) with the
ClustalW program, version 1.74 (34).

Real-time PCR. The quantification of each bacterial species DNA in total
rumen DNA was performed with a LightCycler system (Roche, Mannheim,
Germany). The FastStart DNA Master SYBR Green I was used for PCR am-
plification. The efficiency of PCR amplification was checked for various MgCl,
concentrations and annealing temperatures. The optimal amplification condi-
tions for each primer pair were achieved with 5 mM (final concentration) MgCl,,
0.5 pM each primer, and the annealing temperatures shown in Table 1. The
reaction mixture in 20 pl of the final volume contained 5 mM MgCl,, 2 pl of the
10X Mastermix (including FastStart enzyme, FastStart Tag DNA polymerase,
reaction buffer, dNTP mixture, MgCl,, and SYBR Green I dye), 30 ng of
template DNA, and 0.5 uM each primer. Amplification involved one cycle at
95°C for 10 min for initial denaturation and then 45 cycles of 95°C for 15 s
followed by annealing at the temperatures shown in Table 1 for 5 s and then at
72°C for 30 s. Detection of the fluorescent product was set at the last step of each
cycle. To determine the specificity of amplification, analysis of product melting
was performed after each amplification. The melting curve was obtained by slow
heating with a 0.1°C/s increment from 65°C to 95°C, with fluorescence collection
at 0.1°C intervals. Additional specificity analyses included product size verifica-
tion by gel electrophoresis of samples after the PCR run and melting point
determination analysis. Dilutions of purified genomic DNA from control strains
were used to construct species-specific calibration curves. These calibration
curves were used for calculation of the species-specific DNA concentration in
total rumen DNA preparations (in millimoles of 16S rDNA per milligram of total
rumen DNA). The values and standard deviations presented in Table 4 are the
repeated determinations of the same sample obtained with a DNA mix from the
pooled rumen fluid of five animals (see the description of the sampling proce-
dure). Total rumen DNA samples from days 0, 3, and 28 of our diet shift
experiment (33) were used to monitor the dynamics of ruminal bacteria.

Nucleotide sequence accession number. The 16S rDNA sequence data re-
ported in this paper have been deposited in the GenBank database under ac-
cession no. AB056162 to AB056214.

RESULTS

Design and validation of species-specific primers. The prim-
ers were designed to satisfy the specificity within the range of
sequences belonging to the same species. Cultivable and in
vitro-retrieved sequences were used for alignments, and these
alignments were searched for the regions that are conserved
within a given bacterial species, but different from other spe-
cies clusters on the phylogenetic tree. The primer sequences
were then tested against online nucleotide databases to ensure
their specificity. The resulting primer set (Table 1) produced
PCR products of the expected size with test strains (Fig. 1).
These primers were rigorously verified with DNA of 19 rumen
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philus

Ruminobacter amylo,

Succinivibrio dextrinosolvens
Ruminococcus flavefaciens

Fibrobacter succinogenes
Selenomonas ruminantivm
Treponema bryantii
Eubacterium ruminantium
Anacrovibrio lipolvtica

Prevotella ruminicola
Streptococcus bovis

Prevotella bryantii
Prevotella albensis

SRR AR Marker

FIG. 1. Amplification of control rumen bacterial DNA (strains are
listed in Materials and Methods) with the primer set detailed in Table
1. A DNA size marker is in the extreme left lane.

bacterial species and E. coli (Table 2). The majority of PCR
procedures were highly specific for the target species, except
for S. bovis, which cross-reacted with S. equinus (Table 2),
which is not surprising, since these strains are likely members
of the same species (8, 37). The S. ruminantium-M. multiacida
primer set amplified the targeted sequences from these two
species of bacteria as expected (Table 2).

To verify the specificity of primers for analysis of complex
microbial communities, total DNA was extracted from the
rumen content, and amplifications were performed with each
primer pair. Mini-libraries were constructed from each ampli-
fication reaction, and 12 to 36 randomly chosen clones from
each of the 12 libraries were sequenced. The similarity values
within each species-specific library were calculated (Table 3).
In most cases, the similarity values within the species-specific
libraries were well within the species definition range proposed
on the basis of 16S rRNA similarity analysis (28). Despite the
cross-reactivity of S. bovis primers with S. equinus (Table 2),
the sequences retrieved with this set of primers formed a co-
herent group with a similarity value of 98.7% = 0.5% (Table
3). It is necessary to note that during the database search, the
S. bovis sequence displayed =97% similarity to other strepto-
coccal sequences (S. infantarius, S. waius, S. gallolyticus, S. ca-
prinus, S. intestinalis, and S. alactolyticus). Thus, on the basis of
16S rDNA sequences, these species are very similar, and other,
less-conserved sequences are necessary for species-specific dis-
crimination. Two primer sets, targeting E. ruminantium and S.
ruminantium-M. multiacida, amplified sequences that had a
lower degree of similarity (Table 3). Phylogenetic analysis of
E. ruminantium-related sequences revealed two clusters: one
grouping with the type strain and the other grouping with the
in vitro-retrieved sequence of an unidentified rumen bacte-
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TABLE 3. Sequence analysis of clone libraries generated by
species-specific primers from total rumen DNA samples

No. of clones % Similarity

Primer set sequenced (mean *+ SD)
P. ruminicola 24 98.5 £ 0.7
P. bryantii 14 98.6 = 1.1
P. albensis 14 98.7 £ 0.5
F. succinogenes 25 97.6 = 1.5
R. amylophilus 19 99.1 0.4
S. ruminantium-M. multiacida 36 949 *+ 4.1
T. bryantii 24 975 = 1.7
S. bovis 12 98.7 = 0.5
E. ruminantium 17 96.8 + 2.3
A. lipolytica 21 97.6 £1.2
S. dextrinosolvens 21 98.1 = 1.1
R. flavefaciens 25 98.2 = 0.9

rium, JW33 (38) (Fig. 2). The latter cluster (with clones 8 to
17) has no cultivable representatives, and the availability of
such a strain may help to define the new taxonomic boundaries
within the Eubacterium species of the rumen and design spe-
cific primers for that group. At present, the E. ruminantium
primer pair based on the type strain sequence detects the
representatives of both these clusters. The S. ruminantium-M.
multiacida primer set targets two species of rumen bacteria
(Table 2), and the sequences amplified with this set of primers
are clustered with M. multiacida and S. ruminantium sequences
(Fig. 3).

Quantification of rumen bacteria during the diet switch. In
the preliminary detection experiment with this primer set, we

Eubacterium eligens

Eubacterium ventriosum

Clone 1

Clone 2

Eubacterium ruminantium
Clone 3

Clone 4

Clone 5

100
Clone 6
Clone 7
Clone 8
Clone 9
86.9 Unidentified rumen bacterium JW33 (PCR clone)

Clone 10
Clone 11

Clone 12
Clone 13

83.8 " Clone 16
0.05

N.L.

Clone 17

FIG. 2. Phylogenetic placement of 16S rDNA sequences generated
by an E. ruminantium primer set from total rumen DNA (day 3 of high-
grain diet). The numbers represent the confidence levels (percentage)
generated from 1,000 bootstrap trees. The scale bar is in fixed nucle-
otide substitutions per sequence position. Sequences 670 bp long were
used in this analysis.
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Megasphaera elsdenii
Succiniclasticum ruminis
Clostridium quercicolum
Mitsuokella multiacida

Clone 1 (28d)

98.5 Clone 2 (28d)
Clone 3 (28d)

85.51 Clone 4 (28d)

100 Clone 5 (28d)

87.4r—Clone 6 (28d)
97.8 Clone 7 (28d)
. 983 Clone 8 (28d)
: Clone 9 (28d)
Clone 10 (28d)

Clone 11 (28d)
100 — Clone 12 (3d)
Clone 13 (3d)
99.8 L—Clone 14 (3d)
Clone 15 (3d)
Clone 16 (3d)

Clone 17 (0d)
Clone 18 (0d)

87.7 86.5

Clone 21 (0d)
Selenomonas ruminantium JCM6582

0.05
N.J.

Clone 32 (3d)
Clone 33 (3d)
Clone 34 (0d)
Selenomonas ruminantium HD4
Clone 35 (0d)
97.6 Clone 36 (0d)

FIG. 3. Phylogenetic placement of 16S rDNA sequences generated
by an S. ruminatium-M. multiacida primer set from total rumen DNA
on days 0 (0d), 3 (3d), and 28 (28d) of the switch to a high-grain diet.
The numbers represent the confidence levels (percentage) generated
from 1,000 bootstrap trees. The scale bar is in fixed nucleotide substi-
tutions per sequence position. Sequences 513 bp long were used in this
analysis.

attempted to monitor at days 0, 3, and 28 of the experiment the
presence of these bacterial species in the rumens of Holsteins
for which the diet had been switched from hay to grain. At day
0, all targeted species were detected with our primer set (Fig.
4). At day 3, PCR signals of P. albensis and E. ruminantium
were not detectable. At day 28, the intensity of the P. albensis
signal was restored, but that of E. ruminantium was still not
detectable. Also, the signals of S. dextrinosolvens and R. amy-
lophilus were very weak in this sample (Fig. 4). All PCR prod-
ucts were of the expected size and were not contaminating
by-products, which is essential for real-time PCR analysis.
The quantification of rumen bacteria during the diet switch
was done with a LightCycler system under the optimized con-
ditions described in Materials and Methods. The results of
quantification are shown in Table 4. DNA of two bacteria,
P. albensis and R. amylophilus, produced inconsistent amplifi-
cation results with total DNA of the rumen contents, and these
two species were omitted from analysis. The quantity of a
fibrolytic bacterium, F. succinogenes, which was one of the
major bacteria on the hay diet, fell 20-fold on the third day of
the switch to a grain diet, and a further decline was observed
on day 28, with a 57-fold reduction in F. succinogenes DNA
(Table 4). A less dramatic reduction in DNA quantity was
observed with the other fibrolytic bacterium, R. flavefaciens:
the quantity of its DNA on day 3 declined to approximately
10% of its initial value in animals on the hay diet and remained
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at this level at day 28. During the transition period (day 3), the
quantity of two ruminal prevotella DNAs increased consider-
ably: that of P. ruminicola increased 7-fold, and that of P. bry-
antii increased 263-fold (Table 4). However, upon reaching the
grain-adapted condition (day 28), the quantity of P. ruminicola
DNA decreased 3-fold, while P. bryantii maintained the ele-
vated level, outnumbering 10-fold the value found with the hay
diet at the steady state (Table 4). The relative numbers of
another xylanolytic bacterium, E. ruminantium, dropped 14-
fold during the diet switch and were maintained at this level at
the next measurement on day 28. The concentration of a ru-
men spirochete, Treponema bryantii, decreased less profoundly
over the period of diet switch and stabilized with a sevenfold
decline by day 28. The variations in A. lipolytica DNA were not
statistically significant and therefore were not affected by diet
change. After an initial slight increase in S. dextrinosolvens
DNA on day 3, the DNA was not detected at the end of the
experiment (Table 4). S. bovis was very responsive to the diet
change and displayed a 67-fold increase during the transition
period on day 3 (Table 4). However, the later measurement of
the second grain diet steady state actually showed a twofold
decline in comparison with the result for the hay diet at the
steady state. The concentration of S. ruminantium-M. multi-

1 2 3 456789101112 M

ILEOECEE

[ 1
|
-

i

FIG. 4. Qualitative PCR detection of 12 bacteria in the rumens of
cows for which the diet had been changed from hay to grain. Day 0,
before the experiment, animals maintained on basal hay diet; day 3,
animals fed a high-grain diet for 3 days; day 28, animals fed a high-
grain diet for 28 days. Lanes: 1, P. ruminantium; 2, P. bryantii; 3, P. al-
bensis; 4, F. succinogenes; 5, R. amylophilus; 6, S. ruminantium-M. mul-
tiacida; 7, S. bovis; 8, T. bryantii; 9, E. ruminantium; 10, A. lipolytica; 11,
S. dextrinosolvens; and 12, R. flavefaciens. Lane M, DNA size marker.
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acida DNA also increased eightfold following the diet switch,
but stabilized with only a twofold increase at the second steady
state (Table 4). Sequencing the library of S. ruminantium-M.
multiacida clones showed, however, that the contributions of
these two species to the observed fluctuations are not equal:
the transition period on day 3 is dominated by S. ruminantium,
while the grain diet steady state is dominated by M. multiacida,
with very few inclusions of S. ruminatium (Fig. 3).

Differential amplification of bacterial templates with uni-
versal bacterial primers. Another advantage offered by the
real-time PCR approach is that the kinetics of amplification
can be observed directly, thus allowing visual comparison of
behaviors of several DNA templates under identical condi-
tions. One problem associated with PCR-generated libraries is
differential amplification of templates from a mix of environ-
mental DNA, which distorts the real species distribution in a
system (35). In molecular analysis of the rumen ecosystem, for
example, several PCR-generated libraries reported by us and
others (32, 33, 38) produced a total of 365 16S rDNA se-
quences, but the Fibrobacter-related sequence was encoun-
tered only once. This is in apparent contradiction to the results
of the present study, and we attempted to test the amplification
kinetics of individual rumen bacterial DNA templates (includ-
ing F. succinogenes) under identical PCR conditions with the
universal bacterial primer set 27f and 1525r (17). In these
experiments, equal amounts (30 ng) of highly purified chromo-
somal DNAs were added to identical PCR mixes prepared
from the master mix, but the kinetics of individual amplifica-
tion varied widely (Fig. 5). For example, the threshold flu-
orescence for S. bovis was only 6.7 cycles, while the consis-
tent fluorescence increase for the F. succinogenes template
was extrapolated to occur only after the 15th cycle (Fig. 5).
Other templates had intermediate cycle thresholds between
these two extremes. The amplification kinetics of E. ruminan-
tium DNA were different from those of the others and were
actually nonexponential (Fig. 5), suggesting less-efficient an-
nealing or extension of this template.

DISCUSSION

The extreme complexity of the rumen microbiota has been
uncovered in numerous publications employing isolation of
pure cultures and description of their physiology. Based on this
information, the putative contribution of these isolates to the
overall metabolism and function of the rumen could be sug-
gested. However, the next step—confirmation of the putative
functionality by monitoring various functional groups by a cul-
tivation-based approach—is very time- and labor-consuming,
and the results, which are based on phenotypic characteristics,
are not precise or conclusive. During the last decade, the use of
molecular probes has become a popular approach in different
fields of microbial ecology, and rumen microbiology is not
exceptional in this regard. However, taking into consideration
the enormous complexity of the rumen, the number of molec-
ular probe tools specifically designed for monitoring the spe-
cific groups of microorganisms in this ecosystem is very limited.
These few available molecular probes essentially target only
seven bacterial species and one archeon (see the introduction).
In this work, we designed and validated PCR primers for
detection of 13 additional species of rumen bacteria. These
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TABLE 4. Quantification of rumen bacteria by
real-time PCR during diet shift

DNA concn”
Bacteria targeted
Day 0 Day 3 Day 28
P. ruminicola 29.45 = 3.6 205.2 = 38.4 10.94 = 1.9
P. bryantii 0.284 = 0.1 74.77 £ 14.9 2.865 = 0.5
F. succinogenes 12.32 = 0.8 0.597 = 0.0 0.215 = 0.0
S. ruminantium- 7114 =13 60.40 = 6.6 16.92 = 2.7
M. multiacida
S. bovis 0.232 = 0.1 15.63 = 2.8 0.104 = 0.0
T. bryantii 0.072 = 0.0 0.043 = 0.0 0.011 = 0.0
E. ruminantium 0.585 = 0.1 0.042 = 0.0 0.048 = 0.0
A. lipolytica 0.137 = 0.1 0.440 = 0.2 0.095 = 0.0
S. dextrinosolvens 0.468 = 0.1 0.733 = 0.1 ND?
R. flavefaciens 2.891 £ 0.7 0.260 = 0.0 0.324 = 0.1

“Day 0, before experiment, animals maintained on basal hay diet; day 3,
animals fed high-grain diet for 3 days; day 28, animals fed high-grain diet for 28
days. The DNA concentration was measured as millimoles of 16S rDNA per
milligram of total rumen DNA = standard deviation (n = 4).

? ND, not detected.

primers were used in conjunction with real-time PCR, allowing
accurate quantification of a target in a mix of total community
DNA.

PCR primers for detection of 13 species of rumen bacteria
were designed to satisfy the specificity and usability require-
ments of real-time PCR quantification. In the case of S. rumi-
nantium and M. multiacida, it was not possible to design spe-
cies-specific primers that would have sufficiently high melting
temperatures for use in the LightCycler system. Therefore, this
primer pair targets both species, but, if necessary, discrimina-
tion is still possible after sequence and phylogenetic analyses of
the libraries produced with these primers (Fig. 3). Libraries
obtained after amplification with E. ruminantium primers dem-
onstrated a slightly higher level of diversity (96.8% of sequence
similarity) than the =97% similarity sufficient for the integra-
tion into the same species nomination (28). Sequence and
phylogenetic analyses (Fig. 2) demonstrated the existence of
two clusters suggesting the necessity of additional species nom-
inations. The second cluster, however, is represented exclu-
sively by PCR-retrieved sequences, and further isolation and
phenotypic characterization are necessary for new taxonomic
designation. On the contrary, the 16S rDNA sequences of
streptococci appeared to be less diverse, with many sequences
having =97% sequence similarity, but which nevertheless have
been elevated to the species level. An on-line similarity search
demonstrated, for example, that S. bovis has 99% similarity to
S. caprinus and 98% similarity to S. infantarius, S. waius, and S.
alactolyticus, as well as being 97% similar to S. gallolyticus and
S. intestinalis. Thus, the possibilities for designing only S. bovis-
specific primers were limited, and our primer pair reacted with
streptococci of other ecological origin, e.g., with S. infantarius
and S. equinus. The close similarity of 16S rDNA sequences
within the Streptococcus bovis-Streptococcus equinus complex
has also been established in other investigations (8, 37), which
suggests that less-conserved sequences, such as the intergenic
region between 16S and 23S rDNAs, may be necessary for
more accurate discrimination between them. In the present
study, we assumed that the streptococci of other ecological
origin are unlikely to be present in the rumen, but this requires
further research. Another aspect of primer design was deter-
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FIG. 5. Differential amplification of rumen bacterial DNA templates with universal bacterial primers 27f and 1525r (17). Real-time PCR
amplification was conducted essentially as described in Materials and Methods with 30 ng of each bacterial DNA template. PCR cycling was
performed as follows: 95°C for 10 min of initial denaturation, then 40 cycles of 95°C for 15 s, 60°C for 5 s, and 72°C for 1 min. The fluorescence
was captured at the end of the extension phase. The threshold fluorescence values were calculated with the LightCycler software and were as
follows: S. bovis, 6.736 cycles; S. ruminantium, 8.375 cycles; A. lipolytica, 8.412 cycles; P. bryantii, 8.758 cycles; R. flavefaciens, 8.821 cycles; T. bryantii,
9.071 cycles; P. albensis, 9.592 cycles; P. ruminicola, 10.98 cycles; E. ruminantium, 10.28 cycles; S. dextrinosolvens, 12.59 cycles; R. amylophilus, 13.39

cycles; and F. succinogenes, 15.85 cycles.

mining the primers’ appropriateness for the LightCycler (or
other real-time PCR) system. P. albensis and R. amylophilus
primer pairs performed well with pure control cultures in both
conventional and real-time PCR systems. Also, these two prim-
er sets performed well in conventional PCR with total com-
munity DNA (Fig. 4). However, the results of their application
in real-time PCR with total rumen DNA samples were incon-
sistent, supposedly because of very fast ramps between the
denaturing and annealing temperatures and because of a short
incubation time (5 s) during the annealing phase.

After validation, these primers were used to monitor and to
quantify 11 rumen bacterial species during the diet shift from
forage to grain. The dynamics of truly fibrolytic rumen bacteria
were in good correlation with the diet change. The quantities
of R. flavefaciens and F. succinogenes DNAs in total rumen
DNA, which were arbitrarily taken as 100% on a hay diet,
dropped correspondingly to more than 10- and 20-fold those
found in animals on a grain diet. The R. flavefaciens data are
also in good agreement with data from our previous experi-
ments, in which we analyzed the 16S rDNA clone libraries pro-
duced from the same rumen DNA samples (33). In these ex-
periments, R. flavefaciens-related sequences comprised 5.88%
of all retrieved sequences from animals on the hay diet, but

were undetectable (with a detection limit of ~2%) for those on
the grain diet (33). However, only a single F. succinogenes-
related sequence has been found in several clone libraries
reported to date (32, 33, 38), while our quantitative data do
suggest that F. succinogenes may reach at least the same quan-
tities as R. flavefaciens populations in animals on the hay diet.
The clone libraries reported in these studies (32, 33, 38) were
constructed with the universal bacterial primers, and we hy-
pothesized that DNA of F. succinogenes may be amplified less
efficiently than other bacterial templates present in a mix.
Real-time PCR with various rumen bacterial templates and the
universal bacterial primer set 27f and 1525r (17) confirmed
that, under otherwise identical amplification conditions, this
particular template has a prolonged lag phase compared with
those of other templates (Fig. 5), which may be the reason for
its underrepresentation in several clone libraries reported (32,
33, 38). Because the real-time PCR procedure uses the cali-
bration curve obtained from pure cultures, more accurate
quantification is possible in comparison with the PCR-gener-
ated clone libraries. Several factors that may contribute to
differential amplification have been discussed (35). Presently
recognized contributors are (i) genome size and 7m gene copy
number, (ii) choice of primers and number of cycles, (iii) an-
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nealing efficiency and specificity of primers, (iv) G+C content,
(v) DNA concentration, and (vi) DNA-associated molecules.
In the case of F. succinogenes, this is definitely not a gene copy
effect. In a previous work (20), we established that F. succino-
genes possesses at least three rRNA operons, whereas an on-
line search with the “fastest” S. bovis template checked against
the genome of the taxonomically similar S. equi (http://www.
sanger.ac.uk/Projects/S_equi/blast_server.shtml) produced
only one high-scoring hit, suggesting this group may possess a
single rRNA operon. Also, the efficiency of annealing and
extension seems not to be a factor, as judged by the exponen-
tial increase in its fluorescence comparable to those of the
other templates (Fig. 5). Poor annealing or extension appears
to be a problem with the other bacterial template, E. ruminan-
tium, which displays slower and nonexponential fluorescence
kinetics compared with those of the other templates (Fig. 5).
Since the difference in F. succinogenes amplification is largely
attributed to the beginning of PCR cycling, the problem may
be associated with the original DNA template, perhaps due to
DNA-associated molecules.

Ruminal prevotella are known to possess oligosaccharolytic
and xylanolytic activities and to occupy the ecological niches of
the second line degraders (9). Comparative quantification of
P. ruminicola on a hay diet suggested that this population is the
most numerous among the populations studied. On a grain
diet, the P. ruminicola count declines, but it still remains one of
the predominant populations. The other representative of the
genus, P. bryantii, demonstrated the opposite kinetics, suggest-
ing its role in starch degradation. Both of these species dem-
onstrated a tremendous increase during the transition period
on day 3, and this observation correlates with our previous data
from the clone libraries (33).

The saccharolytic spirochete 7. bryantii has been shown to be
associated with the fibrolytic bacteria of the rumen and, albeit
not possessing any fibrolytic activity, could enhance fiber deg-
radation in a coculture with fibrolytic bacteria (16, 30). In our
experiment, the quantification of this bacterial DNA demon-
strated kinetics similar to those of two fibrolytic bacteria,
F. succinogenes and R. flavefaciens. The dynamic of two taxo-
nomically different xylanolytic bacteria, E. ruminantium (be-
longing to low-G+C, gram-positive bacteria) and S. dextrino-
solvens (belonging to the gamma subclass of Proteobacteria)
also followed a similar decline during the diet switch, with the
latter species not detectable on day 28. Based on the rate of
lipolysis by pure cultures, A. lipolytica has been suggested to be
an organism that may play an important role in the lipolytic
activity of the rumen (23). However, no statistically significant
changes were detected in the A4. lipolytica DNA concentration
during the shift to a grain diet containing increased amounts of
lipids.

In our previous analysis of clone libraries generated from the
rumen microbiota during the diet switch, we detected the nu-
merical prevalence of low-G+C, gram-positive bacteria belong-
ing to the Selenomonas-Succiniclasticum-Megasphaera group in
Clostridium cluster IX in grain diet microbiota (33). The si-
multaneous quantification of two species in this group, S. ru-
minantium and M. multiacida, is in agreement with our earlier
findings and demonstrates that these two bacteria represent
the most numerous group in animals on a grain diet (Table 4).
An amylolytic bacterium, S. bovis, has been considered as a
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major culprit in the development of lactic acidosis (19, 22), and
selective inactivation of this bacterium by immunization results
in reduced symptoms of lactic acidosis (11, 27). However, the
absolute numbers of this bacterium seem to be low, and it was
undetectable in our previous clone libraries with a detection
limit of ~2% (33). With the more sensitive approach imple-
mented in this work, we were able to monitor its dynamics.
Similarly with other amylolytic bacteria of the rumen, such as
the prevotellas, S. bovis responded to the grain diet switch with
a tremendous 67-fold increase. However, surprisingly, on the
grain-adapted system, the numbers were twofold lower than on
the hay diet. This suggests that, besides the amylolytic activity,
this bacterium may possess other functional activities impor-
tant for rumen digestion of plant polysaccharides.

To our knowledge, this is the first demonstration of the
applicability of real-time PCR for quantification of bacterial
species in a complex microbial ecosystem. Previous applica-
tions of this technique have been limited to detection and
quantification of specific transcripts and, in clinical and veter-
inary microbiology, detection and quantification of pathogens,
contaminants, and antibiotic resistance genes. We demonstrat-
ed that, with the availability of calibration strains, their dynam-
ics could be accurately monitored in a complex mix, such as
rumen content. DNA calibration curves could be based on the
actual cell numbers, thus linking the cultivation and molecular
detection methods. The approach implemented in this work
can be applied to other microbial systems as well. In addition,
the set of primers developed during this study not only is
suitable for quantification purposes, but can also be used for
rapid preliminary identification of other bacterial strains iso-
lated from the rumen.
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