1' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 21 October 2016
doi: 10.3389/fmich.2016.01575

OPEN ACCESS

Edited by:
Christine Moissl-Eichinger,
Medical University of Graz, Austria

Reviewed by:
Charles James Newbold,
Aberystwyth University, UK
Amlan Kumar Patra,
West Bengal University of Animal and
Fishery Sciences, India

*Correspondence:
Shigeru Sato
sshigeru@iwate-u.ac.jp

Specialty section:
This article was submitted to
Microbial Symbioses,
a section of the journal
Frontiers in Microbiology

Received: 31 March 2016
Accepted: 21 September 2016
Published: 21 October 2016

Citation:

Kim Y-H, Nagata R, Ohtani N, Ichijo T,
Ikuta K and Sato S (2016) Effects of
Dietary Forage and Calf Starter Diet
on Ruminal pH and Bacteria in
Holstein Calves during Weaning
Transition. Front. Microbiol. 7:1575.

doi: 10.3389/fmich.2016.01575

Check for
updates

Effects of Dietary Forage and Calf
Starter Diet on Ruminal pH and
Bacteria in Holstein Calves during
Weaning Transition

Yo-Han Kim *, Rie Nagata !, Natsuki Ohtani 2, Toshihiro Ichijo 2, Kentaro lkuta * and
Shigeru Sato *2*

1 United Graduate School of Veterinary Science, Gifu Univetg, Gifu, Japan,? Cooperative Department of Veterinary
Medicine, Faculty of Agriculture, Iwate University, Morigk Japan, ® Awaji Agricultural Technology Center, Minami-Awaji,
Japan

We investigated the relationship between ruminal pH and bderia in calves fed calf starter
with and without forage during weaning transition. First, @ Holstein bull calves were
obtained from dairy farms and equipped with rumen cannulas Y cannulation surgery.
Then, calves (73.5 4.2kg; mean SE) were assigned to groups fed calf starter either
with forage (HAY,n D 8) or without forage (CON,n D 8), and all calves were weaned
at 8 weeks of age. Ruminal pH was measured continuously, andumen uid samples
were collected at 7, 8, 9, and 11 weeks of age, namely 1, 0, 1, and 3 weeks after
weaning, respectively, to assess volatile fatty acid conc#grations and bacterial DNA.
The 24-h mean ruminal pH was signi cantlyP < 0.05) different between the two groups.
Diurnal changes in the 1-h mean ruminal pH were observed thtghout the study in the
HAY group; however, they were not observed at 0 and 1 weeks afr weaning in the
CON group. Moreover, the HAY group had signi cantly R < 0.05) higher proportions
of acetate and butyrate and lower proportion of propionateand signi cantly (P < 0.05)
lower ruminal acetate-to-propionate ratios were observedh the CON group. The ruminal
bacterial diversity indices decreased after 1 week in both groups and increased at 0
and 1 weeks after weaning in the HAY and CON groups, respectely. From the 454
pyrosequencing analysis, signi cant differencesK < 0.05) were observed in the relative
abundance of several phyla Bacteroidetes Actinobacteria and Tenericuteg and one
genus Prevotellg between the two groups. From quantitative real-time PCR aalysis,
the HAY group had the higher copy numbers of cellulolytic baeria Ruminococcus
avefaciens and Ruminococcus albug compared with the CON group. This study
demonstrated that feeding of dietary forage alleviates swdrute ruminal acidosis due
to diurnal changes in ruminal pH. Furthermore, changes in minal pH affect the ruminal
bacterial diversity and relative abundance, and these chayes might have in uenced the
establishment of fermentative ruminal functions during waning transition.
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INTRODUCTION the ruminal bacterial community is establishelh(ni et al., 2093
Prevotellawas observed to be the predominant genus upon a
Weaning transition is de ned as the period of transition from rapid increase in solid feed intake from 15 to 83 days of age
liquid to solid feed consumption, which is critical for the (Rey et al., 20)4as well as in animals fed high- ber dietsgmi
development of an active and functional rumemNational et al., 2018 Although it has been demonstrated that rumen
Research Council, 20p¥For example, calves fed starch sourcegcology is in uenced by maternal dams, feeding materiatsl, a
during weaning transition exhibit increased volatile faticid  rumen conditions from very soon after birth into adulthootthe
(VFA) and lactic acid production, which decreases ruminal pHeorrelation between ruminal pH and bacteria during weaning
(Laarman and Oba, 20).lincreased VFA production, especially transition remains unclear.
butyrate, via solid feed fermentation in the developing rumie The objective of this study was to investigate the relatigms
reSponSible for functional ruminal eplthe'lal tissue deml’[ent between ruminal pH and bacteria in calves fed calf starter
(Sander et al., 1939Conversely, excessive amounts of rapidlyyith and without a forage diet during weaning transition. We
fermentable carbohydrates in feed can cause a sudden decrepypothesized that forage consumption would mitigate adverse

in ruminal pH, which is associated with immunosuppressionchanges in ruminal pH and that bacteria would change due to
and in ammation (Kleen et al.,, 2003; Gozho et al., 2005 these alterations.

Under low ruminal pH conditions, increased amounts of free
ruminal lipopolysaccharides (LPS) translocate into the Hloo MATERIALS AND METHODS
activating an in ammatory responseGzho et al., 2005
While subacute ruminal acidosis (SARA) does not adverselAnimals and Experimental Design
aect calf performance during weaning transition, decregsin All animals were cared for according to protocols approved by
dietary calf starter consumption does not alleviate ruminalwate University Laboratory Animal Care and Use Committee.
acidosis in calvesL@arman et al., 20)2In contrast, hay In total, 16 4-week-old Holstein bull calves were obtained from
consumption might be important in mitigating ruminal acidssi  dairy farms and equipped with rumen cannulas by cannulation
in dairy calves during weaning transitio.garman and Oba, surgery 4 days after arrival. Calves were housed indiviguall
201). in 2.0 1.2-m pens with rubber mats and had free access
Ruminal bacteria can adapt adequately to dietary changes. Fgr water throughout the study period. For the experiment, the
example, bacterial diversity and population size in the rurhinacalves were subjected to 3 weeks of adaptation (4—6 weeks of
epithelium are a ected by dietary changési(et al., 201 and  age), a preweaning phase (7 weeks of age), weaning transition
epimural bacterial communities di er among cattle fed high- (8 weeks of age), and a post-weaning phase (9-11 weeks of age).
grain and forage dietsRetri et al., 2013aln goats, a high-grain  The diet was supplied in two equal portions at 08:00 and 16:30
diet not only decreased ruminal pH but also caused a strongaily, and daily total dry matter intake (DMI) was recorded
shift in the epimural bacterial community, which was asstetla individually for each calf throughout the study. The chenhica
with alterations in the relative expression of toll-like reaast compositions of the milk replacer, calf starter concentrateg
in the ruminal epithelium (iu et al., 201p Fructose feeding mixed forage (orchard and timothy hay) fed to calves are show
increased the relative abundance Ffmicutesand decreased in Supplementary Table 1
that of Proteobacteriaafter a short period, andtreptococcus  During the adaptation period, calves were fed 300 g/1.8 L
boviswas speci cally observed in fructose-fed heifers, which wasommercial milk replacer (Meiji Feed Co., Kashima, Japan), 600 g
identi ed by a false discovery rate analysiso(der et al., 2004 calf starter (Meiji Feed Co., Kashima, Japan), and 200 g fofdge
Furthermore, rumen bacterial microbiota di ered in bacteli 6 weeks of age, calves (73.31.2 kg; mean SE) were divided
diversity, richness, and composition between dairy catitd into two groups, the HAY 16 D 8) and CON groupsi{ D 8). At
control diet vs. a SARA-inducing diek/fao et al., 2018 Among 7 weeks of age, weaning was started in both groups by reducing
cattle with induced SARA, reductions in bacterial diversind  the milk replacer to 150 g/0.9 L, and forage was restricted én th
abundance of Gram-negative bacteria were observed, wigoh w CON group until the end of the study. All calves were weanegi at
directly correlated with an increase in ruminal LPS levélsi¢  weeks of age. From 7 to 11 weeks of age, the amount of ca#fistart
etal., 2018 was gradually increased from 800 to 1,200 in the HAY group
Recent studies have found that rumen microbial communitiesind 800 to 1,600 g in the CON group, while the amount of forage
are established soon after birth, before solid feed consiampt was concurrently increased from 200 to 400 g in the HAY group.
(Jami et al., 2013; Rey et al., 2ZDIRumen bacteria can be Both groups had the same total DMI from weaning transition to
transmitted from the dam via the birth canal, teat surfacénsk a post-weaning phase. The amount of feeding was based on the
or saliva; therefore, calf rumen bacterial communities depe Japanese Feeding Standard for Dairy Cattle.
greatly on maternal interaction€haucheyras-Durand and Ossa,
2019. Moreover, a diet of milk, compared with milk plus solid Sampling and Measurements
feed, fed to calves during the rst 3 weeks of life di erenjal Ruminal pH was measured continuously every 10 min
a ected microbial communities in the gastrointestinal ttaxd  throughout the experiment using a radio transmission system
feces, as well as body weight and ruminal pH and weighfyCOW-S; DKK-TOA Yamagata, Yamagata, Japan) as reported
(Guzman et al., 20)5Some bacteria essential for mature rumenpreviously Gato et al., 20)2The pH sensor was placed in the
function can be detected as early as 1 day after birth, lofgyée ventral sac of the rumen, and rumen uid samples were collécte
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from the ventral sac of the rumen, adjacent to the pH sensor, imleposited into the Sequence Read Archive (SRA) of NCBI1 and
the morning before feeding at 7, 8, 9, and 11 weeks of ade, can be accessed via accession number SRP076881.

1, and 3 weeks after weaning, respectively). Rumen uid samples

were immediately Itered through two layers of cheeseclothiPyrosequencing Data Analysis

after sampling. For the VFA analysis, 2 mL 25% 4#0n 3N All pyrosequencing reads were Itered according to the
HoSO; were added to 10 mL rumen uid. Total VFA and procedure ofKim et al. (2013) who developed an analysis
VFA components (i.e., acetic acid, propionic acid, and butyrigipeline for barcoded 454 pyrosequencing of PCR amplicons
acid) were separated and quanti ed by gas chromatographin V1/V2, the region ampli ed by the 27Fmod/338R primers.
(Model 135, Hitachi, Tokyo, Japan) using a packed glass colunfyrosequencing reads were assigned to each sample based
(Thermon-3000, 3%) on a Shimalite TPA 60-80 mesh supporn the barcode sequence information. Resulting sequences
(Shinwa Chemical Industries Ltd., Kyoto, Japan). Filtereden that did not have PCR primer sequences at both sequence

uid samples were stored at80 C until further analysis. termini and those with an average quality valae25 were
ltered out. Chimeras containing BLAST match lengths of
. 0, imi i 1 i
DNA Isolation >90% similarity with reference sequences in the database

For DNA isolation, rumen uid samples were thawed, and 250/ "€ removeo_i. Flnall_y, I_ter-passed requ were obtained for
further analysis by trimming o both primer sequences. For

nri__allquots were centrifuged ‘fﬂ 9,700 g for 30 min, after the operational taxonomic unit (OTU) analysis, 16S reads were
which the supematant was discarded. For each sample, tr(‘:?ustered using a 96% pairwise identity cuto in the UCLUST
pellet was re-suspended in 36Q TE bu er, and total bacterial 9 P y

. . . program (www.drive5.com). Representative sequences for each
D.NA was extrac_ted as descnbe_d prewousN’_Lp(lta etal, ZOOY OTU were assigned to bacterial species based on a BLAST
with minor modi cations. The mixture was incubated with 750

. Al . search, with a 96% pairwise identity cuto, against the 16S
?ot}]/rglé %?r?zﬁ'?grfs?(;nn?_ﬂi:c:d %atéhl_rc())#so’pl\e/l;ii, dl;ssr?)(\?\;:; rRNA gene sequence database, constructed using Ribosomal

Pure Chemical Industries, Ltd., Osaka, Japan) were added a%r?éagaziensir?;{eféf;?grllsce(vegngr%ﬁ@a?ztatg;éfpégws?[}rcstz)gdflﬁém
a concentration of 10,000 U/mL and incubated at G7for 9 9

30 min. The suspension was treated with B0 1% sodium genome sequences collected from GenBank (ftp://ftp.ndbi.ni

- ov/genbank/, November 2013).
dodecyl sulfate and 1 mg/mL proteinase K (Merck Japan,Tokyg, A total of 506,717 Iter-passed sequences were obtained

Japan), and incubated at 55 for 5 min. The lysate was treated ST .
with phenol/chloroform/isoamyl alcohol (Wako Pure Chemlica from the analysis plpelm(_aKﬂm et al, 201y Fllter-pas_sed .
reads were processed using MOTHUR (ver. 1.35, University

Industries, Ltd.) and chloroform (Life Technologies Japaal,, S ] S
Tokyo, Japan). DNA was precipitated by adding 5M NaCl ané)f Michigan; http.//www.mothur._org/W|k|/,SchIoss et al., 20p9
and all samples were standardized by random subsampling to

100% ethanol and centrifuged at 21,900g for 15 min. The . ; ,
. . . . 420 sequences per sample using the “sub.sample” command
DNA pellet was rinsed with 70% ethanol, dried, and dissolve .
0 generate rarefaction curves and calculate the abundance

in TE bu er. The puri ed DNA was quanti ed using a Biospec- based coverage estimator (ACE), Chaol richness estimator,
nano (Shimadzu, Kyoto, Japan) and stored 80 C until further ) o ) - .
analysis. and Shannon (_j|verS|ty |r_1dex, acc_ordmg to the lllumina MiSeq

protocol described previouslyKpzich et al., 2013 In order

to obtain a non-redundant set of sequences, unique segsence
DNA Pyrosequencing were determined, and used to align against the SILVA refezen
The V1/V2 region of the 16S rRNA gene was ampli ed using alignment databasé’(uesse et al., 20)) thimera were removed
forward primer (:CCATCTCATCCCTGCGTGTCTCCGACT using chimera.uchime (http://drive5.com/uchime); seqces
CAGNNNNNNNNNNAGRGTTTGATYMTGGCTCAG-9 identied as being of eukaryotic origin were removed; the
containing 454 primer A, a unique 10-bp barcode sequenceandidate sequences were screened and preclustered toakmin
for each sample (indicated as N), and 27Fmo8ABRGTT outliers; and a distance matrix was generated from the tiesyl
TGATYMTGGCTCAG) in which the third base, A, in the sequences. Sequences were clustered into OTU with a cuto
original primer 27F was changed to R, as well as the reversé 97% similarity. Rarefaction curve was generated at thel le
primer  (82CCTATCCCCTGTGTGCCTTGGCAGTCTCAG of 97% similarity level, which was calculated by the distance
TGCTGCCTCCCGTAGGAGT3 containing 454 primer B based OTU chloss et al., 20).1For calculation of the non-
and reverse primer 338R ¥3GCTGCCTCCCGTAGGAG parametric species richness estimators Chao 1 and ACE, the
T). Amplied products of 370 bp were conrmed using diversity index Shannon, the “summary.single” command was
agarose gel electrophoresis, puri ed using AMPure XP magnetigsed. The unweighted UniFrac distance methbdZupone and
puri cation beads (Beckman Coulter, Inc., Brea, CA, USA)Knight, 2009 was used to perform a principal coordinates
and quanti ed using the Quant-iT PicoGreen dsDNA Assayanalysis (PCoA) with all OTU.
Kit (Life Technologies Japan). Mixed samples were prepared
by pooling approximately equal amounts of PCR amplicondReal-Time Quantitative PCR
from each sample and then subjected to 454 GS Junior (Rocl@uantitative real-time PCR (gRT-PCR) was performed to
Applied Science, Indianapolis, IN, USA) sequencing followingvaluate the copy number of methyl-coenzyme M reductase
the manufacturer's instructions. The sequencing data wera-subunit (mcrA) from total methanogens and 16S rRNA
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genes from Fibrobacter succinogendglegasphaera elsdenii
Ruminococcus albufRuminococcus avefacienStreptococcus 6.6 1
bovis and Selenomonas ruminantiumsing SYBR green (iQ
SYBR Green Supermix, Bio-Rad, Hercules, CA, USA) with th
MiniOpticon Real-Time PCR system (Bio-Rad). Primer pairs 62 4
(Supplementary Table Pwere selected to detect bacterial specie
closely associated with dietary changes and other balkter
species. Each sample contained 10 ng DNASYBR green, and
0.6 MM each primer in a nal volume of 20mL. Ampli cation
conditions were as follows: 96 for 3 min, 40 cycles of 10s
at 95C, 20s at 63C (for total methanogens), 6C (for F. 26
succinogengs58 C (for M. elsdenij, 57 C (for S. bovisand

6.4 A

D

Q O
Ruminal pH

6.0

5.8

S. ruminantium), or 55 C (for R. albusand R. avefaciens o :28;::225
and 30s at 7Z. The uorescence signal was collected a 50 :

the end of each cycle. To obtain melting curve data, the A13-119-7-5-3-11 35 7 9111315171921
temperature was increased in 0% increments from 65 to Days after weaning

94 C. A standard curve for each primer pair was constructed
from recombinant plasmid DNA containing 16S rRNA inserts FIGURE 1 | Daily changes in the 24-h mean ruminal pH in Holsteinb  ull
of DNA puried from a pure culture of the target species calves fed calf starter with (HAY group,  n D 8) and without (CON group,
_p P ; . g p " | n D 8) forage. Values represent the means SE. The dotted and solid lines
The strains used for plasm|d preparatlon WEre as fOllowed:represent the start of the experiment and time of weaning, spectively.® and
Methanobrevibacter ruminantiundCM13430 (DSM1093)F. b denote signi cant differences P < 0.05 and P < 0.01, respectively) between
succinogeneATCC19169,M. elsdeniiATCC25940,R. albus | the HAY and CON groups within the same day.
ATCC27210R. avefacienATCC19208,S. bovisATCC33317,
and S. ruminantiumATCC12561. Plasmid DNA was quanti ed
and subjected to seven sequential 10-fold dilutions. Dag¢gew of sampling and the e ect of time were signi canP(< 0.01)
collected and processed using CFX Manager software ver. ¥ the 24-h mean ruminal pH between the groups. The ruminal
p g g

(Bio-Rad). pH in both groups decreased after the morning feeding and then
o ] began to increase up to 3 h after feeding dtweek after weaning
Statistical Analysis (Figure 2. Diurnal changes in the 1-h mean ruminal pH were

Ruminal pH data were summarized as 24- and 1-h meansbserved at 1, 0, 1, and 3 weeks after weaning in the HAY group
VFA, relative abundance of bacterial phyla and genera, ramin (Figure 2). However, they were not observed at 0 and 1 weeks in
bacterial diversity indices, and bacterial species copy rmmb the CON group and were weak at 3 weeks after weaning. The
were summarized at 1, 0, 1, and 3 weeks after weaning. Allinteraction of diet time of sampling and the e ect of time were
numerical data were expressed as mearstandard error (SE) signi cant (P < 0.01) for the 1-h mean ruminal pH between the
and analyzed using Prism ver. 7.01 (GraphPad Software lac., two groups throughout the experiment.

Jolla, CA, USA). The normality of the distribution of variable  Signi cant dierences P < 0.01) were observed in
was tested using Shapiro-Wilk test, and non-normal data werthe proportions of acetate and propionate between the HAY
root-square transformed before analysis. Total DMI at 6 veeekand CON groups Table J). The proportion of acetate was
of age, 24- and 1-h mean ruminal pH, total VFA concentration,signi cantly (P < 0.05) higher at 1 and 3 weeks in the HAY
proportions of individual VFA, relative abundance of each QTU group, and the proportion of propionate was signi cantli €
ruminal bacterial diversity indices, and bacterial spedepy 0.05) higher at 1 and 3 weeks after weaning in CON group.
number were compared between the HAY and CON groups usinghe proportion of butyrate was signi cantly® < 0.05) higher
two-way repeated measures ANOVA, and multiple testing falsat 3 weeks after weaning in the HAY group. Others that VFA
discovery rate (FDRp-value was determinedBgnjamini and components exclude acetate, propionate, and butyrate from
Hochberg, 1995 The statistical model included the main e ects total VFA was signi cantly P < 0.05) higher at 0 week after
of diet, time, and their interaction, plus the random e ect of weaning in the HAY group. In addition, a signi cantP(<
animal. Di erences were considered to be signi canPat 0.05, 0.05) di erence in the ruminal acetate-to-propionate ratio sva
and trends suggesting possible signi cance were determated observed between the two groups. Furthermore, the ruminal

P< 0.10. acetate-to-propionate ratios were signi cantly € 0.05) lower
at 1 and 3 weeks after weaning in the CON group. The e ect
RESULTS of time was not signi cant for the ruminal acetate-to-propiate
ratio, total VFA concentration, and individual VFA proportis.
Daily Total DMI, Ruminal pH, and VFAs The interaction of diet time of sampling was signi cant for

No signi cant di erence (P D 0.283) in total DMI was observed the proportion of acetate, propionate, butyrate, and the rurhina
at 6 weeks of age between the two groups. The 24-h meatetate-to-propionate ratio, whereas others VFA component
ruminal pH was signi cantly P < 0.01) di erent between the was di ered slightly P D 0.065) between the HAY and CON
HAY and CON groupsfFigure 1). The interaction of diet time  groups.
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7.2 l Week -1 7.2
6.8 6.8
T 6.4 T 6.4
= =
=]
£ 60 £ 6.0
3
& &
5.6 5.6
32 Arrrrr-r-r-rrrrrrrrrrrTTTTT 52 4rrrrrrrrrTrTTTTTTTT T
8 10 12 14 16 18 20 22 24 2 4 6 8 10 12 14 16 18 20 22 24 2 4 6
Time of Day Time of Day
72 -{ Week 1 72 l Week 3 .
l pbbb Y | bbb
; 6.8 - b2b
6.8 - ,bb
E.64 A T 64 -
= =
g g
£ 6.0 1 £ 6.0 -
= =
~ ~
5.6 A 5.6 1 —e-HAY group
=+—CON group
8§ 10 12 14 16 18 20 22 24 2 4 6 8 10 12 14 16 18 20 22 24 2 4 6
Time of Day Time of Day
FIGURE 2 | Diurnal changes in the 1-h mean ruminal pH in Holstein bull calves fed calf starter with (HAY group, n D 8) and without (CON group, n D 8)
forage. Week 1, Week 0, Week 1, and Week 3 represent calves at 1, 0, 1, and 3 weeks after weaning, respectively. Values repsent the means SE. Arrows
indicate feeding times (08:00 and 16:30)2 and b denote signi cant differences P < 0.05 and P < 0.01, respectively) between the HAY and CON groups at the sam
time point.

TABLE 1 | Total VFA concentration and individual VFA proport ions of rumen uid in Holstein bull calves fed calf starter with (HAY group) and without (CON
group) forage.

Item HAY group ( n D 8) CON group (n D 8) P-value

Week 1 WeekO Week1l Week3 Week 1 Week0O Week1l Week3 SEM Time (T) Diet(D) T D

Total VFA, nM 75.62 83.09 92.44  103.68 98.35 8554 10520  104.40 5.16 0.115 0.599 0.609
VFA, mol/100 mol

Acetate 57.39° 56.122  63.472  59.932 56.052 53582  49.13°  50.02°  0.86 0.471 0.005  <0.001
Propionate 29.43 29432 22718 24252 30.012 35072  38.10° 37.24® 104 0.520 0.006  <0.001
Butyrate 8.4 8.792 8.872  10.392 9.762 7.302 7.462 7.83°  0.32 0.261 0.279 0.050
Others! 4,742 5.662 4.962 5.432 4182 4.05P 5.322 4922 0.16 0.175 0.192 0.065
Acetate: propionate 2.08 2.082 2.932 2.652 2.122 1.602 1.33P 1.45P 0.11 0.395 0.015 < 0.001

1VFA components excluded acetate, propionate, and butyrate from total VFA.
abpeans within a row, different superscripts differ (R 0.05) between the HAY and CON groups at the same week point.

Bacterial Diversity Analysis analysis in MOTHUR was used to evaludteiversity across
The rarefaction curve of ruminal bacterial microbiota ecated the samples. The PCoA results indicated that the HAY group
at a 97% similarity level indicated that the HAY groupwas distinctly separate from the CON group in the plot from
had higher bacterial diversity than that of the CON groupweaning transition to post-weaning phasédure 3 PC1C PC2
(Supplementary Figure S An unweighted UniFrac distance D 36.1%). The HAY and CON groups of the plot displayed close
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distance at 1 week, whereas those of the two groups werd8acterial Abundance
separated by age from 0 to 3 weeks after weaning. The plots Aftotal of 16 bacterial phyla and 1 candidate phylum were
each group showed marked similarities between 1 and 3 weeldenti ed within the ruminal bacteria. Of the major phyla,
after weaning. Firmicutes BacteroidetesActinobacteria and Proteobacteria
Bacterial diversity was estimated in the HAY and CONwere the most abundant in both groups, accounting for 88.56%
groups each week using OTUs, ACE, Chaol, and the Shannaof the total ruminal bacteriaKigure 4). The remaining phyla
index (Table 2. The OTUs, ACE, and Chaol results di ered had low relative abundances &f1%, reporting threshold of
signi cantly (P < 0.05) between the two groups and decreasethe relative abundance. A total of 341 bacterial genera were
after 1 week after weaning. However, they rebounded aidenti ed, and the relative abundances of 327 genera comgrise
0 and 1 weeks after weaning in the HAY and CON group< 1% of the total sequences. There were 72 bacterial genera
respectively. The Shannon index analysis showed a tendensgeci c to the HAY group, 47 bacterial genera specic to the
(P D 0.055) toward di erent bacterial diversity between the CON group, and 222 bacterial genera common to both groups.
two groups. The interaction of diet time of sampling Prevotellavas the predominant genus in both grougsevotella
and the e ect of time were not signi cant for the OTUs, (22.84%),Lactobacillus(9.48%), andRuminococcug5.41%)
ACE, Chaol, and Shannon index between the HAY and CONvere the most abundant bacterial genera in the HAY group,
groups. while Prevotella18.16%)Olsenellg10.50%), and.actobacillus
(7.38%) were the most abundant genera in the CON group.
Ruminal bacterial phylum and genus which had the relative
abundance of below our reporting thresholck 1%) were
0.4 excluded from the report.
The relative abundances of bacterial phyR < 0.05),
HW 3 including BacteroidetesActinobacteria and Tenericutes and
the Firmicutesto-Bacteroidetegatio (P < 0.01) diered
signi cantly between the HAY and CON group3dble 3. The
0.1 genusPrevotellawhich belongs tBacteroidetesvas the only
bacterial genus that di ered signi cantlyR < 0.05) between

0.2 ®
HW 1 A

16.4%

A

c'é 0 CW1 the two groups, and there were no signi cant di erences in
= i other bacterial genera. The diet time of sampling interaction
' s & was signicant for Dialister (P < 0.01) and unclassied

02 HW -1 HW 0 c\%lo Lachnospiraceaé® < 0.05) and showed a tendency toward

i signi cance @ D 0.072) forSyntrophococcughe e ect of time
03 CWel was signi cant forBulleidia(P < 0.05) between the two groups.

0.4 Copy Number of Bacterial 16S rRNA
sl e L L The copy numbers oR. albugdi ered signi cantly (P < 0.01),
FCI=190% while those ofR. avefaciensdi ered slightly (P D 0.087)
between the HAY and CON group3dble 4. The higher copy

FIGURE 3 | Principal coordinate analysis plots generated fro ~ m the 454 X 7.
numbers ofR. avefaciensR. albus and S. bovisn the HAY

pyrosequencing data. PC1 and PC2 represent principal components 1 and

2, respectively. HW-1, HWO, HW1, and HW3 represent calves at 1, 0, 1, and
3 weeks, respectively, after weaning in the HAY groum(D 8), and CW-1,

CWO0, CW1, and CW3 represent calves at 1, 0, 1, and 3 weeks, respectively,
after weaning in the CON grouptg D 8). Blue circles represent the HAY group

group were observed compared with the CON group. Total
methanogens < 0.05) andM. elsdeni{P< 0.01) copy numbers
were a ected signi cantly by the e ect of time. The diet time

of sampling interaction was not signi cant for changes in the
bacterial species copy numbers.

and red triangles the CON group.

TABLE 2 | Ruminal bacterial diversity calculated from 454 pyro
group) and without (CON group) forage.

sequencing data at a 97% similarity level in Holstein bull cal ves fed calf starter with (HAY

Item HAY group ( n D 8) CON group (n D 8) P-value

Week 1 Week 0 Week 1 Week 3 Week 1 Week 0 Week 1 Week 3 SEM Time (T) Diet (D) T D
oTus 272 243 271 284 222 205 186 192 9 0.612 0.013 0.426
Chaol 489 426 477 515 388 368 338 366 16 0.490 0.012 0.538
ACE? 669 563 597 675 500 482 420 477 21 0.330 0.007 0.647
Shannon index 3.83 3.67 3.58 3.81 3.27 3.18 3.33 3.28 0.07 0.5 0.055 0.695

a0perational taxonomic units.
b Abundance-based coverage estimator.
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FIGURE 4 | Relative abundances of the four major bacterial phyl a and genus pro les identi ed by 454 pyrosequencing. Data are shown as the
percentages of the total identi ed sequences per group. HW-1 HWO0, HW1, and HW3 represent calves at 1, 0, 1, and 3 weeks, respectively, after weaning in the
HAY group @ D 8), and CW-1, CW0, CW1, and CW3 represent calves at 1, 0, 1, and 3 weeks, respectively, after weaning in the CON gup (n D 8).

DISCUSSION uid, rumen contents, and rumen epithelium\{ao et al., 2013;
Liu et al., 2015; Sato, 2016n our study, the feeding of calf
This study aimed to identify the long-term relationship beten  starter with forage alleviates the depression of 24-h mearinal
ruminal pH and bacteria during weaning transition, and rumenpH compared with the feeding of only calf starter, and the
uid samples were collected in the morning before feeding tdower ruminal pH in the CON group was associated with greater
minimize the short-term e ects of diet on ruminal bacteriagh consumption of calf starter. The diurnal changes in the 1-tame
observed in grain-, fructose-, and histidine-fed dairy fees  ruminal pH observed in the HAY group play an importantrole in
(Golder et al., 2004 Total DMI at 2 weeks before weaning and increasing the 24-h mean ruminal pH. However, the relatiapsh
the analyses of total VFA, individual proportion of VFA, PCoA, between ruminal pH regulation and VFA absorption could not be
bacterial diversity indices (OTUs, Chaol, and ACE), anccthigy  explained in this study due to insu cient sampling throughout
number of ruminal bacteria at 1 week before weaning indicat¢he day. Production of acetate, butyrate, and propionate and
that there was no di erence in DMI and the rumen environment ruminal acetate-to-propionate ratios in the CON group were
between the two groups. Moreover, ruminal bacteria was a ectedonsistent with general feature of starch source feedirgnines
by low ruminal pH regardless of sample type, such as rumefiLaarman et al., 2012; Castells et al., 3013
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TABLE 3 | Relative abundances (% of total sequences) of the maj  or bacterial phyla and genera identi ed by 454 pyrosequenci ng in Holstein bull calves
fed calf starter with (HAY group) and without (CON group) forag e.

Item HAY group ( n D 8) CON group (n D 8) P-value

Week 1 WeekO Week1l Week3 Week 1 WeekO Weekl Week3 SEM Time (T) Diet(D) T D

BACTERIAL PHYLUM

Firmicutes 49.53 45.56 52.23 44.93 50.51 59.19 48.81 53.68 1.52 0.903 0.123 0.199
Bacteroidetes 25.60 28.33 27.85 33.90 18.28 15.79 19.03 21.12 1.40 0.203 0.013 0.727
Actinobacteria 4.72 5.25 4.56 6.38 13.91 8.85 14.78 13.46 1.51 0.660 0.002 0.845
Proteobacteria 1.92 7.41 5.86 4.21 3.23 5.62 9.59 6.03 0.97 0.176 0.637 0.709
FirmicutesBacteroidetes 2.09 1.84 1.96 1.43 11.06 7.56 4.20 6.50 1.10 0.736 0.022 0.777
BACTERIAL GENUS

Prevotella 19.74 25.05 24.39 27.84 14.63 12.44 16.27 18.80 1.41 0.226 0.039 0.669
Lactobacillus 7.68 8.50 13.93 7.84 11.25 591 3.44 6.13 1.31 0.269 0.889 0.437
Olsenella 3.94 4.80 2.35 5.71 13.19 7.94 13.91 12.91 1.51 0.763 0.131 0.507
Ruminococcus 3.34 2.07 4.50 5.05 9.26 9.57 3.17 3.12 0.91 0.805 0.127 0.120
Sharpea 7.41 4.33 6.30 5.22 2.99 8.91 4.42 8.16 1.00 0.886 0.916 0.237
Clostridium 6.89 4.28 3.80 3.91 3.86 4.93 4.95 4.19 0.54 0.747 0.919 0.427
Haemophilus 0.14 4.71 5.00 3.77 2.27 4.73 8.83 5.59 0.97 0.137 0.461 0.887
Allobaculum 5.14 4.34 2.92 2.61 4.05 5.41 5.36 5.05 0.77 0.890 0.657 0.576
Eubacterium 1.43 4.37 1.62 2.16 3.68 3.46 2.34 2.60 0.35 0.167 0.476 0.381
Butyrivibrio 2.60 1.97 5.36 1.15 2.92 4.08 5.92 4.76 0.80 0.273 0.529 0.740
Barnesiella 3.54 1.88 1.62 3.34 0.51 2.24 1.67 1.77 0.45 0.842 0.428 0.366
Oscillibacter 1.14 2.39 0.92 1.08 1.13 2.10 0.67 3.11 0.46 0.132 0.422 0.575
Syntrophococcus 2.952 1.452 2.272 0.922 0.68P 1.932 2.412 2.052 0.27 0.615 0.856 0.072
Unclassi ed Clostridiales 0.32 1.36 0.78 0.87 0.99 0.81 251 1.04 0.20 0.184 0.128 0.323
Bulleidia 0.75 0.89 1.20 2.23 0.38 0.75 1.77 2.17 0.21 0.014 0.998 0.828
Roseburia 0.62 1.09 0.45 0.79 0.36 2.81 0.46 1.55 0.36 0.254 0.602 0.645
Dialister 1.072 0.382 0.632 0.512 0.432 0.712 1.382 1.90° 0.16 0.112 0.380 0.007
Unclassi ed 0.502 0.942 0.472 1.622 0.932 0.522 2.31P 0.40% 021 0.510 0.784 0.029

Lachnospiraceae

abpeans within a row, different superscripts differ (R 0.05) between the HAY and CON groups at the same week point.

TABLE 4 | Copy number of 16S rRNA genes identi ed from gRT-PCR in Holstein bull calves fed calf starter with (HAY group) and wit hout (CON group)
forage.

Item HAY group (n D 8) CON group (n D 8) P-value

Week 1 WeekO Weekl Week3 Week 1 WeekO Weekl Week3 SEM Time(T) Diet(D) T D

Total methanogens 3.46 3.08 2.66 2.52 3.35 3.29 2.65 2.49 0.» 0.034 0.987 0.881
Fibrobacter succinogenes 3.72 4.05 4.07 4.29 3.69 2.97 3.24 3.60 0.20 0.307 0.159 0.260
Megasphaera elsdenii 4.57 4.77 4.94 4.83 4.45 4.30 4.75 4.70 0.18 0.007 0.380 0.376
Ruminococcus albus 4.33 4.63 4.52 4.95 3.95 3.66 3.81 4.10 0.17 0.173 0.010 0.295
Ruminococcus avefaciens 4.92 4.86 5.26 5.09 4.81 4.33 4.41 4.82 0.17 0.308 0.087 0.166
Streptococcus bovis 2.07 2.35 2.41 2.81 1.86 1.92 1.89 2.06 0.12 0.327 0.166 0.473
Selenomonas ruminantium 5.53 5.61 5.49 5.41 5.21 5.46 5.52 5.66 0.18 0.602 0.933 0.140

Values are expressed as log.

Khan et al. (2011found that providing chopped hay to calves (Castells et al., 20),3and providing chopped hay was necessary
fed a high volume of milk at an early age improved their totalsoon after weaning to improve calf performance(rée et al.,
solid feed intake and was bene cial for rumen development2013. In our study, calves in both groups had a ruminal pH
Moreover, calves fed diets supplemented with oat hay hadf <5.8 at 1 week after weaning~{gure 2), which is applied
increased ruminal pH than that of calves oered no forageas a diagnostic of SARA in dairy calvésérman et al., 20)2
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However, the ruminal pH 0k 5.8 was mitigated in calves fed concentration of sugars, mostly due to the osmotic stresgecke
calf starter with forage, while that of calves fed only cidfter by the sugars Narendranath and Power, 20p5Moreover,
was maintained throughout the experiment. The higher runhinaOlsenella Atopobium and Bi dobacterium which constituted
pH in the HAY group compared with the CON group could the lactic acid-producing bactersensu latInés et al., 2008
have been caused by hay intake, stimulating chewing angspali accounted for up to 97.5% of the total relative abundance of
bu er ow ( Laarman et al., 20)2and by part of the concentrate, Actinobacteriagenera in the CON group. Therefore, it can be
the fermentation source, being replaced by forage duringwmga assumed that feeding relatively higher amount of starchra®u
transition. in the CON group a ects the composition of lactate-producing
The impact of dietary changes on rumen microbialbacteria and their growth might be enhanced by increasirg th
composition has been investigated in several ruminantamount of calf starter feed in both groups.
using a variety of molecular techniques. For example, teamin  Streptococcusnd S. boviswvere not a ected by diet in this
restriction fragment length polymorphism analysis indicatedstudy. The relative abundance $freptococcudenti ed by 454
that the predominant rumen bacterial shift during SARA pyrosequencing was below our reporting threshold, and the
was a decline in the Gram-negativBacteroidetesinduced gRT-PCR results showed th&. boviscopy numbers did not
by either grain or alfalfa pellets<fia pour et al., 200% In  di er signi cantly between the two groups, although they were
addition, 454 pyrosequencing analysis showed that theivelat higher in the HAY group at 3 weeks after weaning compared
abundances of the phylBacteroideteand Proteobacteriavere  with the CON group. Becaus8. boviss not always the main
reduced by consumption of concentrated feed in cattle withcause of rumen acidityHungate, 196§ not all studies have
repeatedly induced SARASGto, 2016 In our study, lower observed increases in or even identi &l bovisin grain-fed
relative abundances of the phyBacteroideteand Tenericutes cattle (Tajima et al., 2000; Klieve et al., 2DORuminococcus
and Gram-negative bacteria in the CON group could be parthbacteria, known as cellulolytic bacteria, was higher in tigN\C
explained by a low rumen pH, which can lead to death and lysigroup at a preweaning phase and weaning transition in the 454
of Gram-negative bacteridl@garaja and Titgemeyer, 200The  pyrosequencing results, while the qRT-PCR analysis revealed
higher Firmicutesto-Bacteroidetesatio in the CON group, due the higherR. albusand R. avefacienscopy numbers in the
to a lower relative abundance &acteroidetesvas consistent HAY group at a post-weaning phase. Because lower amounts
with a previous study Golder et al., 2004 In both groups, of Ruminococcusvere likely due to the decrease in forage
Firmicutes was the most relatively abundant Gram-positivesupplementation and not speci cally a result of acidosi®ifi
bacteria, suggesting an increase in bacterial species #vat wet al., 2013)) the higherR. albusand R. avefacienscopy
metabolically capable of consuming newly available feraidat numbers in the HAY group at a post-weaning phase might
carbohydratesNlao et al., 2013 have been induced by forage supplementation in this study.
Liu et al. (2015)reported that a high-grain diet decreasedAlthough Ruminococcusonsists largely of cellulolytic bacteria,
the ruminal pH and resulted in lower bacterial diversity of there are als&uminococcuspecies, such &umincoccus bromii
the rumen epithelial community than hay diet. In this study, that can utilize starchilieve et al., 2097 Therefore, a major
the ruminal bacterial diversity was also a ected by diet, andnconsistency was observed in the analysis results betieen
feeding calf starter decreased 24-h mean ruminal pH antivo methods forRuminococcusglue to the increase in starch
modi ed the composition of the ruminal bacterial microbiota fermentableRuminococcuduring weaning transition.
at a 97% similarity level. Late increase in OTUs, ACE, and Lactate-metabolizing species such Ms elsdeniiincrease
Chaol observed in the CON group indicated that feeding onlyroportionately as the bacterial community adapts to more
calf starter may signify the decline in rumen bacterial déity  readily fermentable carbohydratesiyber, 197§, which also
during weaning transition. Furthermore, the higher rumina leads to an increase in the prevalence of starch-fermenting
bacterial diversity indices identi ed in the HAY group at agte  bacteria such aS. bovigHungate, 196F Ruminal methanogens
weaning phase suggested that feeding calf starter with doragontribute to eliminating reducing equivalents produced by
enhances the increase in rumen bacterial diversity aftanivgy.  carbohydrate-fermenting bacteria and protozoa by removing
Therefore, dietary forage supplementation that increasea2d  hydrogen generated during fermentatiorw(iitman et al., 2006
1-h mean ruminal pH would increase rumen bacterial diversityAschenbach et al. (201t¢ported thatM. elsdeniipopulations
and promote rapidly recovery from damage during weaningvere synchronized withs. bovispopulations, indicating that
transition. they could assist in preventing lactic acid acido&isgsell et al.,
The most common genera of bacteria detected in the rumen981). However, according to our gRT-PCR analysis, tle
of cattle linked to SARA and acidic challenge &axtobacillus elsdenicopy number was changed with a low relative abundance
and Streptococcugletri et al., 2013b Moreover, the number of Streptococcuand S. boviscopy number in both groups,
of Lactobacillusand S. bovisin the rumen contents of dairy indicating thatM. elsdeniimight be associated with relatively
cows during the transition period increased by switchingmore associated with actobacillusin the HAY group and
from a low- to a high-grain diet \(Vang et al., 2002 In  Olsenellan the CON group than other lactate-producing species.
our study, the most abundant lactate-producing genera werblotably, increasing the amount of total DMI could increase
the relative abundance dfactobacillug9.48%) andOlsenella the rate of passage from the rumen, thereby leaving less time
(10.50%) in the HAY and CON groups, respectively. The growtlior microbial fermentation uhtanen and Kukkonen, 1995
rate of Lactobacillusdecreased linearly with increases in thelncreased passage rates could shift methanogenesis to thgutin
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and manure dindrichsen et al., 2006which could explain the CONCLUSIONS

gradual reduction in ruminal total methanogens observeldaith

groups, concurrent with the gradual increase in total DMl chgi  We investigated the relationship between ruminal pH and
weaning transition. bacteria in calves fed calf starter with and without forage

Due to their capacity to use a large variety of substratesluring weaning transition. The results supported our hypothes
including starches, other non-cellulosic polysaccharidmsd that feeding calf starter with and without forage di ereritia
simple sugars, as energy sources to produce succinate @ected the rumen environment. Feeding calf starter with
the major fermentation end productPirushe et al., 20)0 forage mitigates the depression of 24-h mean ruminal pH due
Prevotellabacteria can dominate and thrive under a rangeto diurnal changes in ruminal pH, in particular, a rebound
of diets Gtevenson and Weimer, 2007; Bekele et al., )201drom a rapid decrease in ruminal pH after feeding. Bacterial
Moreover,Prevotella ruminicolavas found in 1-day-old calves, diversity was greater and recovered more rapidly from damage
and increased in number by day 3gmi et al., 20)3Although  during weaning transition in the HAY group. Changes in
mostPrevotellastrains in the rumen represent species other tharthe relative abundance and copy number observed in phyla,
the classical rumindrevotellaspp., recent studies have observedgenus, and species might have aected the establishment of
a clear predominance #revotellan bacterial populations. For fermentative ruminal functions during weaning transitiomhis
example, the relative abundance of this genus accountedgfor tudy increased understanding of the response of ruminal pH
to 19.7% of total bacteria, whereas the representative specind bacteria to dietary factors in calves.

Prevotella bryantiiand P. ruminicolaaccounted for only 0.6

and 3.8%, respectivelyBékele et al., 20)0Rey et al. (2014) AUTHOR CONTRIBUTIONS

suggested th&revotellas associated with diets containing solid

food; calves that start eating solid foods earlier tendedeteetbp YK carried out majority of the experiment including animalrea
rumen bacterial communities similar to those of adults earli DNA isolation, real-time PCR, and pyrosequencing data asigly
In our study, Prevotellahad the greatest relative abundanceand interpretation; TI, RN, and NO were responsible for animal
in the both groups, and the positive correlation between theare, VFA analysis and DNA isolation; KI, and SS contributed t
relative abundance ¢trevotellaand solid feed consumption was the conception of the project; The manuscript was prepared by
consistent with previous researdRdy et al., 20)4These results YK and SS.

indicate thatPrevotellecould constitute one of the most crucial

members of the ruminal bacteria in dairy calves during weani ACKNOWLEDGMENTS

transition.

To our knowledge, little is known regarding how and The author thanks Dr. Yasuo Kobayashi, Research Faculty of
when ruminal bacteria establish a stable rumen microbiomegriculture, Hokkaido University, who kindly provided the
in dairy calves. In humans, at1-2 years of age, the infant recombinant plasmid DNA for gRT-PCR analysis. This research
gut microbiome undergoes its second shift, and a stabletadujyas nancially supported by a KAKENHI Grant-in-Aid for

microbiome begins to emerge, consistent with the estaivlesit  Scienti ¢ Research from the Japan Society for the Promotion of
of a varied solid food dietfergstrom et al., 20)4In ruminant  Science (No. 26292156).

studies, changes in the rumen bacterial community caused by
a transition from liquid to solid feed consumption have beenSUPPLEMENTARY MATERIAL

mostly consistent with human studied(mi et al., 2013; Rey et al.,

2019. Therefore, the microbial shifts caused by dietary changerhe Supplementary Material for this article can be found

during weaning transition in this study were closely asatel  online at: http://journal.frontiersin.org/article/103B9/fmich.
with the establishment of a mature rumen microbiome. Howeve 2016.01575

dletary fac_to_rs SUCh as the c_omposmon of calf ‘_'C’tarter amdge Supplementary Figure S1 | Rarefaction curves generated from th e 454
type and timing of introduction should be considered carbfyl pyrosequencing data. HW-1, HWO, HW1, and HW3 represent calves at 1, 0,
although the causes and e ects of the relationship betweesdh 1, and 3 weeks, respectively, after weaning in the HAY group(D 8), and CW-1,
factors have not been establisheé@ijez-Ruiz et al., 20)1.3Nhile CWO0, CW1, and CW3 represent calves at 1, 0, 1, and 3 weeks, respectively,
this study contributes to a greater understanding of theoese ~ 2fter weaning in the CON groupi D 8).

of the ruminal bacteria to dietary factors, further studiase  Supplementary Table S1 | Chemical composition of milk replacer, ~ calf
needed to clarify the e ects of diet on the establishment oftarter concentrate, and mixed hay fed to calves.

ruminal bacteria from immature to mature animals. Supplementary Table S2 | Primer sequences used for gRT-PCR.
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