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Abstract

This study aimed to evaluate the effects of feeding frequency on behavioral patterns and on

diurnal fermentation and bacteriome profiles of the rumen and feces in Holstein and Jersey

cows. Ten Holstein and 10 Jersey cows were offered a TMR (53:47 forage-to-concentrate

ratio dry matter basis) for ad libitum consumption and were randomly allocated within breed

to one of the following feeding frequencies: (1) TMR delivered 1×/d (at 0600 h) or (2) TMR

delivered 2×/d (at 0600 and 1800 h). The experiment lasted for 28 d with the first 14 d for

cow adaptation to the Calan gates and the next 14 d for data collection. On d 23 and 24, an

observer manually recorded the time budget (time spent lying, eating, drinking, standing,

and milking), rumination activity, and number of visits to the feeding gate from each animal.

On d 28, 5 concomitant collections of rumen and fecal samples were performed at intervals

of 6 h via esophageal tubing and fecal grab, respectively. The bacteriome composition from

these samples was determined through sequencing of the V4 region of the 16S rRNA gene.

Feeding frequency did not affect behavioral patterns; however, Holstein cows spend more

time lying (15.4 vs. 13.5 ± 0.8 h) and ruminating (401 vs. 331 ± 17.5 min) than Jersey cows.

Fermentation profiles were similar by feeding frequency in both breeds. While no major diur-

nal fluctuations were observed in the fecal bacterial community from both breeds, diurnal

fluctuations were identified in the rumen bacterial community from Holstein cows which

appeared to follow pH responses. Overall, the bacterial community composition was not dif-

ferentiated by industry standard feeding frequencies but was differentiated by breed and

sample type.

Introduction

The gastrointestinal (GI) tract of dairy cattle is colonized by a wide variety of microorganisms,

which coexist in a symbiotic relationship with the animal. This resident microbiota is central

to the host productive and health responses [1]. As efforts continue to explore host-
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microbiome interactions towards increasing cow productivity [2], identification of factors that

influence the composition of the GI microbiota is warranted. Delivery of fresh feed is a potent

stimulus that can alter dairy cattle behavioral patterns. Previous studies have associated

increased feeding frequency with greater feeding time, more evenly distributed meals through-

out the day, and higher dry matter intake (DMI) [3,4]. Furthermore, changes in feeding fre-

quency can modify nutrient digestibility and fermentation profiles in the rumen and lower GI

tract [5,6]. In turn, diurnal fluctuations in the GI environment can impact the microbial com-

munity composition [7]. For instance, Lengowski et al. [8] found the abundance of rumen

microbial groups to be correlated with fermentation variables such as specific volatile fatty

acids (VFA), acetate: propionate ratio, pH, and ammonia (NH3). Delivery of feed 1× or 2×/d is

a standard feeding practice in dairy operations [9]; however, evaluation of the diurnal dynam-

ics of the GI microbiota under these feeding frequencies is limited.

The rumen microbiota is crucial for feed digestion and performance in dairy cattle [10,11].

However, the microbiota of other sections of the GI tract also have considerable contributions

to the animal nutrition and well-being. In the large intestine, microbial fermentation of plant

structural polysaccharides yields energy in the form of VFA [12] and research suggests that the

bacterial community from this GI section is associated with feed efficiency phenotype [13].

Characterization of the bacteriome across the GI tract has revealed different community pro-

files between the rumen and lower gut [14]. Moreover, breed has also been identified as a fac-

tor that differentiates the bacterial community structure across the GI tract [15,16]. Therefore,

diurnal patterns from the bacterial community could potentially differ between GI sections or

breeds.

The objective of this study was to evaluate the effect of feeding frequency on behavioral pat-

terns and diurnal fermentation and bacteriome profiles of the rumen and feces from two main

dairy breeds, Holstein and Jersey. We hypothesized that increasing feeding frequency will

influence the rumen and lower gut environments through changes in feeding behavior and we

further hypothesized that these environmental variations would promote changes in the diur-

nal profiles of their respective resident bacteriome.

Material and methods

Animals, housing, and diet

All management and experimental procedures involving animals were approved by the Missis-

sippi State University Institutional Animal Care and Use Committee (IACUC #18–313).

This study was conducted in November 2019 and included 10 lactating Holstein cows with

an initial 603 ± 71 (mean ± SD) kg of body weight, 1.5 ± 0.70 parities, 254 ± 8.5 days in milk,

and 24.4 ± 3.85 kg/d of milk yield and 10 Jersey cows with an initial 415 ± 54 kg of body

weight, 1.7 ± 1.49 parities, 252 ± 13.7 days in milk, and 16.8 ± 3.77 kg/d of milk yield. All ani-

mals were housed in a free-stall barn within the same pen at the Bearden Dairy Research Cen-

ter (Starkville, MS). The experimental pen was equipped with 22 deep-bedded sand stalls for a

stocking density of 91%. Cows were milked 2×/d (at 0300 and 1500 h) in a double eight parallel

milking parlor at which animals were moved as a group. All animals were under the same

management and total mixed ration (TMR) and had free access to water troughs. The diet was

balanced to meet or exceed the animal’s requirements [17] in a 53:47 forage-to-concentrate

ratio (dry matter (DM) basis; S1 Table).

Experimental design and feeding protocol

At the beginning of the experiment, Holstein and Jersey cows were randomly allocated to one

of the following feeding frequencies: (1) TMR delivered 1×/d (at 0600 h) or (2) TMR delivered
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2×/d (at 0600 and 1800 h) in a 2 × 2 factorial arrangement of treatments. Within breed, initial

body weight (P = 0.18), days in milk (P = 0.44), and milk yield (P = 0.87) were similar between

treatments. Cows were fed individually using the Calan Broadbent Feeding System (American

Calan Inc., Northwood NH) and went through a 14-d adaptation period. At the end of the

adaptation period, cows were able to access their assigned feed bin without assistance and had

a steady individual intake (mean variation� 10%). The adaptation period was followed by a

14-d collection period. During each feeding, orts were collected and weighed before the fresh

TMR was mixed and offered to the cows. The amount of TMR offered at each feeding to each

cow was adjusted based on the individual orts data from the previous day for ad libitum con-

sumption targeting orts between 5 and 10% (as is basis) of the total TMR offered. No signs of

clinical mastitis were observed during milking or laminitis during daily management and all

cows completed the study. After completion of the study, all cows returned to the farm man-

agement protocols.

Measurements and sampling

Intake measurement and milk yield. On d 20, 21, 27 and 28, TMR and refusals were col-

lected on every feeding and immediately frozen at -20˚C until further analysis. At the end of

the study, TMR and refusals were composited to determine DM (48 h at 55˚C in a forced-air

oven). A subsample from the TMR composite was analyzed for chemical composition (Stan-

dard Package; Cumberland Valley Analytical Services Inc., Hagerstown, MD). Daily individual

intake from each cow was later calculated as the difference between the amount of feed offered

and refused (DM basis). Milk yield for each animal was recorded daily during the entire exper-

iment (Westfalia Surge Metatron 12 Milk Meter; GEA Farm Technologies, Oelde, Germany).

Behavioral observations. On d 23 and 24, cows were monitored continuously for 48 h to

record direct behavioral observations using scan sampling at 15 min intervals by four trained

observers. For each observation period, an observer rounded the experimental pen from the

outside (to prevent disturbance), identified each animal via neck identity collar or ear tag, and

recorded each animal’s activity. The following activities were used to describe the cows daily

time budget: lying (at the stall in a resting position), eating (animal at the assigned feeding gate

with the Calan door unlocked and head in the feed bin), drinking (animal directly in front of

the water trough and actively drinking or immediately after), standing/walking at the isle or

stall, and milking (from the moment the first animal was taken to the parlor until the last ani-

mal returned to the experimental pen). Cows were assumed to perform the recorded activity

during the complete 15 min interval until the next observation. The sum of all the time budget

activities equals 24-h. Simultaneously and independently from the aforementioned activities,

rumination activity (recognized as continuous jaw movements due to remastication of feed or

with signs of regurgitation) was recorded and classified according to the animal’s posture

(lying or standing) and the number of visits to the feeding gate (feeding event from the

moment the cow unlocked the Calan door and interacted with the feed bin to its exit) was also

recorded. For every visit to the feeding gate, the time of entrance and exit from the feed bin

were registered. During the observation period, no management activities out of the routine

were performed.

Rumen and fecal sampling. On d 27, a total of 5 concomitant collections of rumen and

fecal samples were performed at 6 h intervals (0 [pre-feeding am], 6, 12 [pre-feeding pm], 18,

and 24 [pre-feeding am] h). Rumen samples were collected using a gastroesophageal apparatus

that consisted of a reinforced vinyl tube coupled on one end to a metal strainer and on the

other end to a 500 mL sterile collection flask that was also connected to a vacuum pump

(model 1HAB25BM100X, Gast, Benton Harbor, MI). Ruminal contents were collected as
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described by Paz et al. [15]. Briefly, a Frick speculum was used to pass the tube through the

oral cavity into the rumen. The pump was turned on only after the tube was located in the

rumen with the first 200 mL of rumen sample discarded to prevent saliva contamination and

the subsequent 200 mL of rumen sample collected. To prepare the sample for bacterial com-

munity analysis from each animal, particles attached to the strainer were removed and then

mixed with 40 mL of rumen fluid to represent the solid and liquid fractions. After each sample,

the tubing, metal strainer, and Frick speculum were washed with warm water and a new sterile

collection flask was placed to avoid sample carryover. In addition, three subsamples (40 mL

each) of rumen fluid were poured into polypropylene conical tubes for pH, VFA, and NH3

analyses. Approximately 200 g of stool were collected from each cow via fecal grab and stored

in inert, polyethylene cups. Fecal samples were used as a proxy for the lower gut bacterial com-

munity [18]. Immediately after sampling, rumen and fecal pH were measured using a portable

pH meter (handheld pH meter, Oakton, Vernon Hills, IL) by direct insertion. All remaining

samples were immediately placed on ice for less than 10 min before being moved to a -20˚C

freezer on-farm. Once the collection of all samples was completed, samples were transferred to

the laboratory and stored at -80˚C until analysis.

VFA and NH3 analyses. Before analysis, VFA and NH3 samples were thawed and filtered

through four layers of cheesecloth. NH3 concentration was determined using a portable meter

(Orion meter model 290, Thermo Scientific Inc., Waltham, MA) coupled to an NH3 ion selec-

tive electrode (Orion 9512 ammonia sensing electrode Thermo Scientific Inc., Waltham, MA)

[19]. For VFA analysis, filtered samples were acidified with 25% metaphosphoric acid (w/v),

centrifuged at 18,000 × g for 20 min, and the resulting supernatant was analyzed using a

7890A gas chromatography system equipped with a DB-FATWAX Ultra Inert column (30

m × 0.25 mm, 0.25 μm), a 5975C inert XL MSD with triple-axis mass detector, a 7693 series

autosampler (Agilent Technologies, Santa Clara, CA, USA). Ionization was performed in an

electron impact mode at 70 eV and a selected ion monitoring (SIM) mode was used to acquire

ion abundance. Volatile fatty acids were quantified by an internal standard calibration with

authentic volatile fatty acid standards. Isobutyric acid and isovaleric acid averaged 0.6 and 0.8

mol/100 mol across samples and were not included in further analyses.

DNA extraction and amplification. Genomic DNA from rumen and fecal samples was

extracted using the Mag-Bind Stool DNA Kit (Omega Bio-Tek, Norcross, GA, U.S.), according

to the manufacturer’s protocol with a minor modification. For the lysing step, the protocol was

adapted to use a mixer mill (Retsch MM 200) set up for 10 min at 25 Hz. The quality of the

resulting DNA was checked using gel electrophoresis (1% agarose gel) and the concentration

was measured with a NanoDrop One spectrophotometer (Thermo Fisher Scientific, Wilming-

ton, DE, USA). Bacterial amplicon libraries of the V4 region from the 16S rRNA gene were

prepared as described by Paz et al. [20]. The resulting amplicons were normalized to a concen-

tration of 1–2 ng/μl using the SequalPrepTM normalization plate. Pooled libraries were

sequenced using the Illumina MiSeq platform (Illumina, San Diego, CA, USA). Raw sequences

are available at the NCBI Sequence Read Archive (SRA) under the accession no. SRP271418.

Bioinformatics analysis. Raw sequences were analyzed using the QIIME 2 package [21].

Analysis included denoising of raw sequences using Deblur [22], clustering of quality-filtered

reads to amplicon sequence variants (ASV), and rarefaction to an even depth (4,600 reads).

Sampling depth was assessed with rarefaction curves and the Good’s coverage index [23].

Visualization of taxonomic data was done with heat trees using the "metacoder" package [24]

from the R software (v3.6.1) [25]. Alpha diversity was calculated using the observed ASV and

Shannon diversity indices and beta diversity was calculated using the weighted UniFrac dis-

tances via the q2-diversity plugin. Detailed description of the bioinformatic pipeline used in

this study is available at: https://github.com/pazlabgit/feeding_freq_2021.
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Statistical analyses

Prior to analyses, dry matter intake, milk yield, and behavioral data were tested for normality

using the Shapiro-Wilk test and screened for outliers (1.5 times the interquartile range above the

third quartile or below the first quartile) with no observations removed. Data were then analyzed

using the MIXED procedure of SAS 9.4 (SAS Institute Inc., Cary, NC). Analyses for DMI and

milk yield were performed on experimental period means (14 d) and for behavioral observations

on collection period means (2 d). Models included the fixed effects of feeding frequency, breed,

and their interaction. Rumen and fecal pH and rumen VFA data were analyzed as repeated mea-

sures and the compound symmetry, autoregressive, heterogeneous compound symmetry, and

unstructured covariance structures were tested based on the lowest Akaike’s information criteria.

Statistical analyses for alpha and beta diversity metrics were performed in R v 3.5.1 [25].

Alpha diversity indices were compared using the Kruskal-Wallis test and post-hoc pairwise

comparisons were done using the Wilcoxon rank-sum test. Beta diversity was analyzed

through a permutational analysis of variance (PERMANOVA) using the weighted UniFrac

distance matrix as input (adonis function from the "vegan" package [Oksanen et al. [26]]) and

was visualized using the principal coordinate analysis (PCoA) plot. The linear discriminant

analysis (LDA) effect size (LEfSe) method [27] was used to identify differentially abundant fea-

tures across collection times. The P-values were adjusted for multiple testing using the false

discovery rate (FDR) method [28]. For production, behavioral, and fermentation variables, sta-

tistical significance was declared at P� 0.05 and tendencies were discussed at 0.05< P� 0.10.

For bacterial community metrics, statistical significance was declared at P� 0.05.

Results and discussion

Production responses

There were no interactions between feeding frequency and breed on production responses

(P� 0.15; Table 1). No differences were observed in DMI when feeding 1 or 2×/d. According to

Hart et al. [4], feeding frequency increased DMI only after cows were fed 3×/d with no difference

observed between 1 or 2×/d feedings. In contrast, a survey of freestall herds showed an increase in

DMI of 1.42 kg when feeding frequency was increased from 1 to 2×/d [29]. In the current study,

increasing feeding frequency tended (P = 0.07) to increase milk yield which agrees with previous

reports [29,30], but feed efficiency, expressed as kg of milk/kg of DMI, did not differ (P = 0.15).

For breed responses, Holstein cows had a higher DMI (P = 0.07) than Jersey cows; however, the

opposite was observed for DMI capacity (DMI/BW; P = 0.05). A similar response was reported by

Beecher et al. [31] and the authors attributed this to a heavier reticulorumen, as a proportion of

BW, in Jersey compared to Holstein cows. The capacity of the reticulorumen is a main animal fac-

tor regulating DMI [32], thus a proportionally heavier reticulorumen suggests that the physical fill

effect on DMI capacity is lower on Jersey than Holstein cows. Milk production was higher

(P< 0.01) in Holstein cows compared to Jersey cows (P< 0.01), but feed efficiency was similar

between breeds and averaged 1.29 kg of milk/kg of DMI (P = 0.19). In a study that included data

from 13 dairy herds, feed efficiency ranged from 1.11 to 1.67 kg of milk/kg of DMI [33].

Behavioral responses

Similar to production responses, there were no interactions between feeding frequency and

breed on behavioral observations (P� 0.12; Table 1). The average time budget for the animals

was distributed as follows: 60% lying, 18% standing in the alley or stall, 16% eating, 5% milk-

ing, and 1% drinking. No significant differences were observed for time spent standing in the

alley or stall, eating, or drinking between feeding frequencies (P� 0.35) or breeds (P� 0.12).
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Eating and drinking diurnal patterns matched mean responses and did not differ (P� 0.34) by

feeding frequency in both breeds (S1 Fig). These results are consistent with others observing

no differences in diurnal DMI [4] and water consumption [34] patterns in lactating cows fed 1

and 2×/d. Lying time was significantly higher (P = 0.04) for Holstein when compared to Jersey

cows. Similarly, Munksgaard et al. [35] reported that Holstein cows spent more time lying

while Jerseys cows took a greater number of steps throughout the day. In the current study,

Jersey cows tended (P = 0.07) to visit more times their assigned feeding gates. Furthermore, a

positive correlation between rumination time and lying time was found in dry cows [36]. In

this study, differences between breeds support this correlation since both rumination time and

lying time were greater in Holstein compared to Jersey cows. Overall, cows spent 89% and

11% of their rumination time lying and standing, respectively. A factor that could influence

the rumination behavior that was not measure in this study is sorting. Cows normally sort

against long forage particles [37] and as the TMR particle size increases, behavioral responses

such as ruminating and eating time have been observed to linearly increase [38]. In group-fed

cows, DeVries et al. [3] reported a curvilinear increase throughout the day in the neutral deter-

gent fiber content of the diet which reflected sorting in feeding frequencies from 1×/d up to

4×/d, while in tie stall cows, Macmillan et al. [39] observed no differences in sorting between

feeding frequencies of 1 and 3×/d. This discrepancy underlines the need to further elucidate

the relationships between feeding frequency, sorting, and behavioral parameters. It is impor-

tant to note that observations during 2 d with 15 min intervals adequately describe lying and

standing behavior, but for eating and rumination shorter min intervals than the one used in

this study are recommended [40,41]. Yet, observed rumination and eating times are in agree-

ment with previous works [42,43].

Table 1. Effects of feeding frequency and breed on production responses and behavioral observations.

Feeding frequency

1×/d 2×/d P-value1

Measure2 Holstein Jersey Holstein Jersey SEM FF B FF×B

DMI, kg/d 17.6 17.0 19.3 14.1 1.48 0.70 0.07 0.15

DMI capacity3, kg/100 kg of BW 3.10 4.34 3.06 3.30 0.36 0.15 0.05 0.18

Milk yield, kg/d 23.8 16.2 26.7 17.7 1.16 0.07 < 0.01 0.55

Feed efficiency4, kg/kg 1.38 0.95 1.44 1.39 0.42 0.18 0.19 0.31

Lying, h/d 15.0 13.1 15.7 13.8 0.83 0.39 0.04 0.98

Standing, h/d

Eating 3.77 4.17 3.20 4.03 0.38 0.35 0.13 0.58

Drinking 0.15 0.43 0.23 0.23 0.08 0.46 0.12 0.12

In alley or stall 3.73 4.98 3.53 4.58 0.73 0.68 0.13 0.89

Total 7.65 9.57 6.95 8.82 0.83 0.40 0.04 0.98

Rumination, min/d

Lying 358 268 378 303 20.7 0.21 < 0.01 0.72

Standing 43.5 54.0 22.5 36.0 12.9 0.15 0.37 0.91

Total 402 322 400 339 17.5 0.67 < 0.01 0.61

Visits to the feeder, n/d 10 13 10 13 1.46 0.95 0.07 0.74

1FF = feeding frequency; B = breed.
2Times for direct behavioral observations were recorded under the assumption that the registered activity was performed during the complete 15 min interval. Lying

+ Total Standing + 1.3 h Milking = 24 h.
3DMI capacity = DMI/BW.
4Feed efficiency = MY/DMI.

https://doi.org/10.1371/journal.pone.0248147.t001
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Fermentation characteristics

Effects of feeding frequency, breed, and time on rumen and fecal pH and rumen NH3, total

VFA concentration, and molar proportions of individual VFA are shown in Table 2. Interac-

tions between feeding frequency and breed for the rumen and fecal fermentation variables

were not significant (P� 0.33). Rumen and fecal pH varied across collection times (P< 0.01),

ranging from 6.50 to 6.75 at 6 and 24 h and from 6.63 to 7.02 for collection times at 24 and 12

h, respectively (S2 Table). Holstein cows had a lower (P = 0.01) rumen pH compared to Jersey

cows. On average, Holstein cows consumed 0.9 kg of concentrate more than Jersey cows. Con-

sumption of grain-rich concentrates increases the production of VFA which can promptly dis-

sociate decreasing the rumen pH [44]. Total VFA concentration was higher (P = 0.02) in

Holstein compared to Jersey cows. Holstein cows ruminated more than Jersey cows potentially

increasing saliva production. In dairy cattle, buffers in saliva, bicarbonate and hydrogen phos-

phate, can aid to remove around 37% of total hydrogen from to rumen to maintain physiologi-

cal pH [45]. For Holstein cows in this study, it can only be speculated that the salivary buffer

was not enough to compensate pH to that observed in Jersey cows which consumed less con-

centrate. Nevertheless, a healthy rumen environment was maintained as reflected by pH

values� 6.5 across times [46]. Similar to rumen pH, fecal pH differed by breed (P = 0.07). Fol-

lowing a grain challenge, Luan et al. [47] observed the patterns of fecal and rumen pH to be

similar, but the fecal pH lagged in time. In the current study, a lower fecal pH in Holstein cows

compared to Jersey cows suggests that the higher DMI resulted in more fermentable carbohy-

drates reaching the hindgut. For rumen NH3, a significant feeding frequency × time interac-

tion was observed where NH3 concentration was lower at collection time 0 h (7.19 vs 9.21 mg/

dL) and higher at collection time 24 h (10.2 vs 6.78 mg/dL) in 1×/d compared to 2×/d feeding.

No effect of feeding frequency was detected for total VFA concentration or the molar propor-

tion of individual VFA (P� 0.12). Similar diurnal feed intake patterns between feeding fre-

quencies support these observations. In addition, similar responses have been reported when

increasing feeding frequency from 1 to 4×/d in Holstein heifers [48]. However, total VFA con-

centration was higher during the first two collection times compared to the remaining times

(P< 0.01; S2 Table). Difference between collection times 0 and 24 h, which represented pre-

feeding am times, could be related to a day effect on total VFA concentration [49].

Table 2. Effects of feeding frequency, breed, and time on rumen and fecal pH and rumen fermentation parameters.

Feeding frequency

1×/d 2×/d P-value1

Measure Holstein Jersey Holstein Jersey SEM FF B T

Rumen pH 6.48 6.81 6.56 6.72 0.08 0.97 0.01 <0.01

Feces pH 6.71 6.80 6.67 6.85 0.07 0.91 0.07 <0.01

Ammonia, mg/dL 8.54 9.78 7.97 8.82 0.85 0.40 0.26 0.50

Total VFA, mM 198 157 181 158 12.4 0.53 0.02 <0.01

VFA, mol/100 mol

Acetic acid 70.4 71.2 69.8 70.6 1.09 0.60 0.49 0.12

Propionic acid 16.8 16.2 18.0 16.0 1.01 0.67 0.26 0.32

Butyric acid 11.4 11.7 11.4 11.8 0.58 0.93 0.55 0.23

Valeric acid 1.03 1.10 1.12 1.22 0.08 0.23 0.33 0.14

1FF = feeding frequency; B = breed; T = time (0 [pre-feeding am], 6, 12 [pre-feeding pm], 18, 24 [pre-feeding am] h). All interactions were not significant (P� 0.15) but

the FF×T interaction for ammonia (P = 0.01).

https://doi.org/10.1371/journal.pone.0248147.t002
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Sequencing information

A total of 5,971 ASV were identified across the rarefied samples. Samples with less than 4,600

quality-filtered reads were removed from the analyses. Rarefaction curves showed a similar

coverage for feeding frequency (1 and 2×/d feed deliveries), breed (Holstein and Jersey), sam-

ple type (rumen and feces), and collection time (0 [pre-feeding am], 6, 12 [pre-feeding pm],

18, and 24 [pre-feeding am] h) (S2 Fig). Based on the Good’s coverage index, the sequencing

depth in this study enable the characterization of at least 95% of the bacterial community

across samples.

Sample type

A significant sample type effect on the bacterial community composition was observed

(P< 0.01). This was clearly visualized using a PCoA plot which revealed rumen and fecal sam-

ples clustered separately (Fig 1). The taxonomy analysis showed that both rumen and fecal bac-

terial communities were dominated by members of the Bacteroidetes and Firmicutes phyla (Fig

2) but in different proportions, 49.0 and 11.8% of the total reads in the rumen samples and

47.6 and 37.3% of the total reads in the fecal samples. Other abundant phyla in the rumen sam-

ples were Verrucomicrobia, Proteobacteria, Fibrobacteres, Spirochaetes, Tenericutes, and Cyano-
bacteria (11.6, 10.9, 4.5, 4.2, 3.8, and 1.7% of the total reads) and in the fecal samples were

Spirochaetes, Proteobacteria, Tenericutes, TM7, and Verrucomicrobia (5.2, 3.7, 3.4, 0.9, and

0.9% of the total reads). Heat trees displaying the classification for all the taxonomic levels in

the rumen and fecal bacterial communities are shown in S3 Fig. Considering previous studies

that characterized the bacteriome across the GI tract of Nelore and Holstein cattle also

observed site specificity [14,18], further bacteriome analyses in this study were performed

within sample type (rumen or feces).

Alpha diversity

Alpha diversity was evaluated using the observed ASV for richness, the Shannon index for

diversity, and the Pielou’s index for evenness. In the rumen, species richness did not differ by

feeding frequency (P = 0.41) or breed (P = 0.20), whereas species richness was higher

Fig 1. Principal coordinate analysis displaying clustering of bacterial communities by sample type. Beta diversity

calculated by using the weighted UniFrac distances. Ellipses represent the 95% confidence intervals.

https://doi.org/10.1371/journal.pone.0248147.g001
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(P< 0.01) at collection time 0 compared to the remaining times (Fig 3). Species diversity was

similar between feeding frequencies (P = 0.35) and collection times (P = 0.08) and differed by

breed (P = 0.03). A higher rumen methanogen diversity has been reported in Holstein com-

pared to Jersey cows [50]. Yet, studies have reported similar alpha metrics associated with the

rumen bacterial community between the Holstein and Jersey breeds under the same diet

[15,51]. Evenness was similar for feeding frequency and collection time (P� 0.10), but Hol-

stein cows exhibited higher evenness compared to Jersey cows (P = 0.05). In fecal samples, bac-

terial richness was similar for feeding frequency, breed, and collection time (P� 0.32; S2 Fig).

Similar to the rumen, fecal samples from Holstein cows exhibited higher diversity and even-

ness (P� 0.04) than Jersey cows. Overall, the bacterial community diversity from both the

rumen and feces was affected by breed but not by feeding frequency. In addition, the bacterial

community richness from the rumen was affected by collection time.

Beta diversity

Feeding frequency and breed effects. Weighted UniFrac distances did not separate the

rumen bacteriome community by feeding frequency but by breed (Fig 4A and 4B). Breed dif-

ferences in the composition and function of the rumen microbiome have been reported

[15,52]. In addition, a potential role of the host genetics shaping the rumen microbiota is start-

ing to emerge [53,54]. Contrarily to our hypothesis, the rumen bacteriome structure was not

influenced by feeding frequency (P = 0.44). Feeding frequency can influence the flow of sub-

strates and fermentation patterns in the rumen through changes in feeding behavior such as

total feeding time, distribution of feeding time throughout the day, meal size, and total DMI

[4,39]. In turn, a dynamic rumen environment can influence the bacteriome profile. In the

current study, we observed parallel diurnal feed intake patterns between feeding frequencies in

Fig 2. Phyla level classification of the bacterial communities from the rumen and feces of dairy cows.

https://doi.org/10.1371/journal.pone.0248147.g002
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both breeds. This promoted similar DMI responses and similar fermentation profiles with no

overall differences in pH, NH3 and total VFA concentrations, and molar proportion of indi-

vidual VFA. In turn, under comparable rumen environments, the bacteriome composition did

not differ by feeding frequency. Following ruminal observations, the fecal bacterial community

composition was differentiated by breed but not by feeding frequency (Fig 4C and 4D). In

agreement with our results, Fan et al. [16] reported significant differences in the fecal microbial

population of preweaned calves from 6 breeds of beef cattle. Similar fecal pH by feeding fre-

quency suggests a similar environment in the lower gut and supports no effect on the bacter-

iome composition. These results show that both site and breed are factors that drive the

bacterial community composition across the gastrointestinal tract.

Diurnal profiles. Diurnal oscillations of the bacteriome composition in the GI tract could

result in functional profiles that influence the host metabolic balance [55]. However, character-

ization of the diurnal patterns from the GI bacteriome composition in the main dairy breeds

and identification of factors that potentially influence these patterns is scarce. The current

study characterized the diurnal profile of the microbial community in the rumen and feces

over 5 collection times equally distributed along a 24 h period. Since feeding frequency did not

influence bacteriome composition, diurnal patterns were assessed by breed and sample type.

Diurnal differences in the composition of the rumen bacteriome were seen in Holstein but not

Fig 3. Alpha diversity metrics of the rumen bacterial community. (A, B, C) Observed amplicon sequence variants,

(D, E, F) Shannon index, and (G, H, I) evenness for feeding frequency, breed, and collection time (0 [pre-feeding am],

6, 12 [pre-feeding pm], 18, and 24 [pre-feeding am] h).

https://doi.org/10.1371/journal.pone.0248147.g003
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in Jersey cows (Fig 5). Specifically, bacteriome composition at 6 h differed from that at 0 and

24 h. The pH value at 6 h was the lowest and differed (P< 0.01) from the other two times

(6.50, 6.63, and 6.75, respectively; S2 Table). In a study with Holstein cows fed diets with a

30:70 forage-to-concentrate ratio, Shaani et al. [7] also observed changes in the rumen bacter-

iome linked to pH as the community 10 h after feeding differed from the communities 1 h

prior to feeding and 4 h after feeding where pH across those times averaged 6.2, 7.1, and 6.8,

respectively. Welkie et al. [56] suggested that the diurnal variation in composition of the liq-

uid-associated bacteria is greater than that of the solid-associated bacteria. The latter should be

viewed with caution since that study only used two Holstein cows and characterization of the

bacteriome was limited to 155 amplicon lengths using automated ribosomal intergenic spacer

analysis. The rumen sample collection method used in the present study, which included

esophageal tubing with the addition of particles retained in the strainer, is adequate to describe

the rumen bacterial community [15]. Similar rumen bacteriome composition across times for

Jersey cows could be related to higher pH values compared to Holstein cows. For fecal samples,

no differences in the bacterial community composition were observed across collection times

in both breeds (P� 0.07) despite changes in pH. To further explore diurnal variations at the

ASV level, LEfSe was used to identify differentially abundant features in both the rumen and

fecal samples (S3 Fig). Including data from both breeds, the relative abundance of 195 ASV

Fig 4. Principal coordinate analysis of the bacterial community for feeding frequency and breed within sample

type in dairy cows. (A, B) Rumen and (C, D) feces. Beta diversity calculated by using the weighted UniFrac distances.

Ellipses represent the 95% confidence intervals.

https://doi.org/10.1371/journal.pone.0248147.g004
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differed at least once during the collection times in the rumen, whereas 302 ASV differed at

least once during the collection times in the feces. The majority of abundant (> 1% relative

abundance) ASV that significantly varied during the day in the rumen belonged to the Prevo-
tella or unclassified genera, whereas in the feces ASV also belonged to the 5-7N15 genus. Vari-

ation of specific ASV throughout the day could reflect fermentation dynamics of the different

dietary components in both the rumen and lower gut. Dairy farms will continue to grow in

size and rely more on technology [57]. The use of automatic feeding systems allows more fre-

quent delivery of fresh feed compared to conventional industry practices. Increasing feeding

frequency above 2×/d can influence both the rumen and postrumen conditions [39,58]; how-

ever, how these changes impact the relationships between the gastrointestinal environment,

microbiome structure and function, and production and health responses are areas that

require further research efforts.

Conclusions

The bacterial community profile of the GI tract in dairy cows can be altered by multiple fac-

tors. This study evaluated feeding frequency as a potential factor that could impact the GI bac-

terial community through changes in feeding behavior. Feeding frequency of 1 or 2×/d

Fig 5. Principal coordinate analysis of the bacterial community across times for each sample type within breed in

dairy cows. (A, B) Rumen and (C, D) feces. Collection time = 0 (pre-feeding am), 6, 12 (pre-feeding pm), 18, and 24

(pre-feeding am) h. Ellipses represent the 95% confidence intervals. (A) Beta diversity at 6 h differed from that at 0 and

24 h in the rumen bacterial community from Holstein cows.

https://doi.org/10.1371/journal.pone.0248147.g005
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resulted in similar feeding patterns and fermentation profiles and did not differentiate the bac-

terial community in the rumen or feces in both Holstein and Jersey cows. However, breed and

sample type significantly influenced the bacteriome composition. No major diurnal fluctua-

tions were observed in the fecal bacterial community from both breeds but were identified in

the rumen bacterial community from Holstein cows which appeared to follow pH responses.

Supporting information

S1 Fig. Eating and drinking diurnal patterns from Holstein and Jersey cows. Vertical

dashed lines represent feeding times.

(TIF)

S2 Fig. Rarefaction curves of the bacterial community from dairy cows. (A) Feeding fre-

quency, (B) breed, (C) sample type, and (D) collection time (0 [pre-feeding am], 6, 12 [pre-

feeding pm], 18, and 24 [pre-feeding am] h). Samples were rarefied at an even depth of 4,600

reads and values represent medians from 10 iterations.

(TIF)

S3 Fig. Heat trees displaying the taxonomic profiles of the bacterial communities from the

rumen and feces of dairy cows. Color and size of the nodes (circles) and edges (lines) corre-

spond to the relative abundance of the respective taxonomic rank.

(TIF)

S4 Fig. Alpha diversity metrics of the fecal bacterial community. (A, B, C) Observed ampli-

con sequence variants, (D, E, F) Shannon index, and (G, H, I) evenness for feeding frequency,

breed, and collection time (0 [pre-feeding am], 6, 12 [pre-feeding pm], 18, and 24 [pre-feeding

am] h).

(TIF)

S5 Fig. Diurnal profile of the differentially abundant amplicon sequence variants shown at

the genus rank. (A) Rumen and (B) fecal samples from both Holstein and Jersey cows. Ampli-

con sequence variants with a relative abundance > 1% are presented. Collection time = 0 (pre-

feeding am), 6, 12 (pre-feeding pm), 18, and 24 (pre-feeding am) h.

(TIF)

S1 Table. Ingredient and chemical composition of the diet.

(DOCX)

S2 Table. Diurnal patterns of the rumen and fecal pH and rumen fermentation parame-

ters.

(DOCX)
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48. Robles V, González LA, Ferret A, Manteca X, Calsamiglia S. Effects of feeding frequency on intake,

ruminal fermentation, and feeding behavior in heifers fed high-concentrate diets. J Anim Sci. 2007; 85:

2538–2547. https://doi.org/10.2527/jas.2006-739 PMID: 17609471

49. Dieho K, Dijkstra J, Schonewille JT, Bannink A. Changes in ruminal volatile fatty acid production and

absorption rate during the dry period and early lactation as affected by rate of increase of concentrate

allowance. J Dairy Sci. 2016; 99: 5370–5384. https://doi.org/10.3168/jds.2015-10819 PMID: 27157578

50. King EE, Smith RP, St-Pierre B, Wright ADG. Differences in the rumen methanogen populations of lac-

tating Jersey and Holstein dairy cows under the same diet regimen. Appl Environ Microbiol. 2011; 77:

5682–5687. https://doi.org/10.1128/AEM.05130-11 PMID: 21705541

51. Bainbridge ML, Cersosimo LM, Wright ADG, Kraft J. Rumen bacterial communities shift across a lacta-

tion in Holstein, Jersey and Holstein × Jersey dairy cows and correlate to rumen function, bacterial fatty

acid composition and production parameters. FEMS Microbiol Ecol. 2016;92. https://doi.org/10.1093/

femsec/fiw059 PMID: 26985012

52. Li F, Hitch TCA, Chen Y, Creevey CJ, Guan LL. Comparative metagenomic and metatranscriptomic

analyses reveal the breed effect on the rumen microbiome and its associations with feed efficiency in

beef cattle. Microbiome. 2019; 7: 6. https://doi.org/10.1186/s40168-019-0618-5 PMID: 30642389

53. Li F, Li C, Chen Y, Liu J, Zhang C, Irving B, et al. Host genetics influence the rumen microbiota and heri-

table rumen microbial features associate with feed efficiency in cattle. Microbiome. 2019;7. https://doi.

org/10.1186/s40168-019-0621-x PMID: 30658700

54. Abbas W, Howard JT, Paz HA, Hales KE, Wells JE, Kuehn LA, et al. Influence of host genetics in shap-

ing the rumen bacterial community in beef cattle. Sci Rep. 2020; 10: 15101. https://doi.org/10.1038/

s41598-020-72011-9 PMID: 32934296

55. Thaiss CA, Zeevi D, Levy M, Segal E, Elinav E. A day in the life of the meta-organism: Diurnal rhythms

of the intestinal microbiome and its host. Gut Microbes. 2015; 6: 137–142. https://doi.org/10.1080/

19490976.2015.1016690 PMID: 25901892

56. Welkie DG, Stevenson DM, Weimer PJ. ARISA analysis of ruminal bacterial community dynamics in

lactating dairy cows during the feeding cycle. Anaerobe. 2010; 16: 94–100. https://doi.org/10.1016/j.

anaerobe.2009.07.002 PMID: 19615457

57. Britt JH, Cushman RA, Dechow CD, Dobson H, Humblot P, Hutjens MF, et al. Invited review: Learning

from the future-A vision for dairy farms and cows in 2067. J Dairy Sci. 2018;0. https://doi.org/10.3168/

jds.2017-14025 PMID: 29501340

58. Shabi Z, Bruckental I, Zamwell S, Tagari H, Arieli A. Effects of extrusion of grain and feeding frequency

on rumen fermentation, nutrient digestibility, and milk yield and composition in dairy cows. J Dairy Sci.

1999; 82: 1252–1260. https://doi.org/10.3168/jds.S0022-0302(99)75348-8 PMID: 10386311

PLOS ONE Effects of feeding frequency on behavioral patterns and rumen and fecal bacterial communities in dairy cows

PLOS ONE | https://doi.org/10.1371/journal.pone.0248147 March 5, 2021 16 / 16

https://doi.org/10.1093/jas/skx073
https://doi.org/10.1093/jas/skx073
http://www.ncbi.nlm.nih.gov/pubmed/29401247
https://doi.org/10.2527/jas.2012-5554
https://doi.org/10.2527/jas.2012-5554
http://www.ncbi.nlm.nih.gov/pubmed/23965385
https://doi.org/10.3168/jds.2010-3458
http://www.ncbi.nlm.nih.gov/pubmed/22192189
https://doi.org/10.2527/jas.2010-3301
https://doi.org/10.2527/jas.2010-3301
http://www.ncbi.nlm.nih.gov/pubmed/20952531
https://doi.org/10.3168/jds.S0022-0302(97)76074-0
https://doi.org/10.3168/jds.S0022-0302(97)76074-0
http://www.ncbi.nlm.nih.gov/pubmed/9241607
https://doi.org/10.1016/j.tvjl.2007.12.016
https://doi.org/10.1016/j.tvjl.2007.12.016
http://www.ncbi.nlm.nih.gov/pubmed/18329918
https://doi.org/10.3168/jds.2015-9671
http://www.ncbi.nlm.nih.gov/pubmed/26774720
https://doi.org/10.2527/jas.2006-739
http://www.ncbi.nlm.nih.gov/pubmed/17609471
https://doi.org/10.3168/jds.2015-10819
http://www.ncbi.nlm.nih.gov/pubmed/27157578
https://doi.org/10.1128/AEM.05130-11
http://www.ncbi.nlm.nih.gov/pubmed/21705541
https://doi.org/10.1093/femsec/fiw059
https://doi.org/10.1093/femsec/fiw059
http://www.ncbi.nlm.nih.gov/pubmed/26985012
https://doi.org/10.1186/s40168-019-0618-5
http://www.ncbi.nlm.nih.gov/pubmed/30642389
https://doi.org/10.1186/s40168-019-0621-x
https://doi.org/10.1186/s40168-019-0621-x
http://www.ncbi.nlm.nih.gov/pubmed/30658700
https://doi.org/10.1038/s41598-020-72011-9
https://doi.org/10.1038/s41598-020-72011-9
http://www.ncbi.nlm.nih.gov/pubmed/32934296
https://doi.org/10.1080/19490976.2015.1016690
https://doi.org/10.1080/19490976.2015.1016690
http://www.ncbi.nlm.nih.gov/pubmed/25901892
https://doi.org/10.1016/j.anaerobe.2009.07.002
https://doi.org/10.1016/j.anaerobe.2009.07.002
http://www.ncbi.nlm.nih.gov/pubmed/19615457
https://doi.org/10.3168/jds.2017-14025
https://doi.org/10.3168/jds.2017-14025
http://www.ncbi.nlm.nih.gov/pubmed/29501340
https://doi.org/10.3168/jds.S0022-0302(99)75348-8
http://www.ncbi.nlm.nih.gov/pubmed/10386311
https://doi.org/10.1371/journal.pone.0248147

