
2242

ABSTRACT

The objective of this study was to evaluate ruminal 
microbiome changes associated with feeding Lactobacil-
lus plantarum GB-LP1 as direct-fed microbials (DFM) 
in high-producing dairy cow diets. A dual-flow continu-
ous culture system was used in a replicated 4 × 4 Latin 
square design. A basal diet was formulated to meet 
the requirements of a cow producing 45 kg of milk per 
day (16% crude protein and 28% starch). There were 
4 experimental treatments: the basal diet without any 
DFM (CTRL); a mixture of Lactobacillus acidophilus, 
1 × 109 cfu/g, and Propionibacterium freudenreichii, 2 
× 109 cfu/g [MLP = 0.01% of diet dry matter (DM)]; 
and 2 different levels of L. plantarum, 1.35 × 109 cfu/g 
(L1 = 0.05% and L2 = 0.10% of diet DM). Bacterial 
samples were collected from the fluid and particulate 
effluents before feeding and at 2, 4, 6, and 8 h after 
feeding; a composite of all time points was made for 
each fermentor within their respective fractionations. 
Bacterial community composition was analyzed through 
sequencing the V4 region of the 16S rRNA gene using 
the Illumina MiSeq platform. Sequenced data were 
analyzed on DADA2, and statistical analyses were 
performed in R (RStudio 3.0.1, https: / / www .r -project 
.org/ ) and SAS 9.4 (SAS Institute Inc.); orthogonal 
contrasts were used to compare treatments. Different 
than in other fermentation scenarios (e.g., silage or beef 
cattle high-grain diets), treatments did not affect pH 
or lactic acid concentration. Effects were mainly from 
overall DFM inclusion, and they were mostly observed 
in the fluid phase. The relative abundance of the phy-
lum Firmicutes, family Lachnospiraceae, and 6 genera 
decreased with DFM inclusion, with emphasis on Bu-
tyrivibrio_2, Saccharofermentans, and Ruminococcus_1 

that are fibrolytic and may display peptidase activity 
during fermentation. Lachnospiraceae_AC2044_group 
and Lachnospiraceae_XPB1014_group also decreased 
in the fluid phase, and their relative abundances were 
positively correlated with NH3-N daily outflow from the 
fermentors. Specific effects of MLP and L. plantarum 
were mostly in specific bacteria associated with proteo-
lytic and fibrolytic functions in the rumen. These find-
ings help to explain why, in the previous results from 
this study, DFM inclusion decreased NH3-N concentra-
tion without altering pH and lactic acid concentration.
Key words: Butyrivibrio, Lactobacillus plantarum, 
Lactobacillus acidophilus, Propionibacterium 
freudenreichii

INTRODUCTION

Lactic acid bacteria (LAB) have long been used as 
silage inoculants, as they establish well in various for-
ages and rapidly reduce silage pH through lactic acid 
production (Kung et al., 2003; Muck et al., 2018). In 
addition to improving silage fermentation, some LAB 
such as Lactobacillus plantarum are aerotolerant (Ped-
ersen et al., 2012) and may survive in the silage until 
it is fed to animals. Cows consuming silage inoculated 
with these LAB improve lactation performance, even 
when these effects do not fully come from silage fermen-
tation (Kung et al., 2003; Oliveira et al., 2017; Monteiro 
et al., 2021). The possible reason for this is that these 
bacteria further ferment substrates in the rumen, alter-
ing the ruminal microbiome and their fermentation end 
products (Weinberg et al., 2003, 2004a,b). Although 
the literature is robust regarding the mode of action of 
LAB in silage, little is known about their mechanism in 
the rumen (Muck, 2013; Oliveira et al., 2017; Monteiro 
et al., 2021).

A major concern related to feeding LAB directly to 
dairy cows is to further decrease ruminal pH through 
a greater lactic acid accumulation, which may increase 
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chances of SARA (Plaizier et al., 2008). Thus, in vivo 
studies investigating LAB as direct-fed microbials 
(DFM) commonly feed them in combination with lac-
tic acid-utilizing bacteria (Raeth-Knight et al., 2007; 
Boyd et al., 2011; Philippeau et al., 2017). The latter 
ferment lactic acid into propionic acid, which increases 
propionic acid supply to the animal and reduces the 
accumulation of ruminal lactic acid (McAllister et al., 
2011), which reduces the risk of SARA due to LAB as 
DFM in the diet (Raeth-Knight et al., 2007; Philippeau 
et al., 2017).

Little has been studied, however, about other mecha-
nisms by which these LAB could affect the rumen mi-
crobiome. In lactation performance studies, LAB from 
silage inoculants likely improve ruminal N metabolism 
in dairy cows as well (Kung et al., 2003; Muck, 2013; 
Oliveira et al., 2017). Contreras-Govea et al. (2011, 
2013) showed that LAB-inoculated silage yielded 
greater microbial biomass and microbial NAN than 
untreated silage during ruminal fermentation in vitro. 
Although some of these LAB effects may be because of 
changes in silage fermentation, an effect on ruminal N 
metabolism is of great importance to high-producing 
dairy cows. Thus, such outcomes from feeding LAB as 
DFM to dairy cows should be considered.

Aiming at elucidating the mode of action of LAB 
as DFM in the rumen, our companion study (Mon-
teiro et al., 2020) evaluated the DFM effects of LAB 
at 2 inclusion rates (L. plantarum GB-LP1; L1 and 
L2) as well as of known lactic acid-producing and 
-utilizing bacteria (Lactobacillus acidophilus NP51 
and Propionibacterium freudenreichii NP24; MLP) 
in high-producing dairy cow diets (16% CP and 28% 

starch). Supplementation with LAB and MLP reduced 
ruminal NH3-N concentration in vitro compared with 
those without DFM supplementation, suggesting pos-
sible effects on microbial N metabolism. Based on 
these findings, we hypothesized that MLP, L1, and L2 
would all decrease ruminal bacteria associated with AA 
deamination during fermentation. Therefore, the objec-
tive of the current study was to evaluate the ruminal 
microbiome changes when MLP, L1, and L2 were fed as 
DFM to high-producing dairy cow diets in a dual-flow 
continuous culture system. The second objective was 
to evaluate whether the tested DFM affect microbial 
N metabolism by modifying different microbial com-
munities, and whether different inclusion rates of L. 
plantarum GB-LP1 (L1 vs. L2) could have further ef-
fects on these populations.

MATERIALS AND METHODS

Ethical Approval

Care and handling of all ruminally cannulated ani-
mals used in this study were conducted under protocols 
approved by the Institutional Animal Care and Use 
Committee of the University of Florida (Gainesville).

Experimental Design, Treatments, and Sampling

A basal diet was formulated following the NRC 
(2001) recommendations for a lactating Holstein cow of 
680 kg BW, 90 DIM, 27 kg of DMI per day, and pro-
ducing 45 kg of milk per day. Diets were formulated to 
have a 60:40 forage-to-concentrate ratio and to contain 
16% CP and 30% of starch (DM basis; Table 1). All 
dietary ingredients used for the entire experiment were 
from the same batch of feed, and they were ground on 
the same day. The corn silage was pre-dried at 60°C for 
48 h to allow partial dryness (>90% DM) of the mate-
rial before grinding. Dietary ingredients were ground 
to pass a 2-mm sieve using a Wiley mill (Arthur H. 
Thomas Co.). Then, each ingredient was individually 
homogenized, and a subsample (500 g) from each of the 
ingredients was ground to pass a 1-mm sieve for chemi-
cal analysis. All ground materials were properly stored 
in a 21°C and 50% humidity-controlled environment for 
later use.

The experimental treatments were chosen based on 
preliminary studies evaluating the effects of L. planta-
rum as DFM on in vitro ruminal fermentation, nutrient 
digestibility, and N utilization (Monteiro et al., 2020). 
A total of 4 treatments were used in this study, and all 
treatments were composed of the basal diet with the 
addition of one DFM, excluding the control, which had 
no DFM. All DFM used in the study were in the solid 
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Table 1. Ingredients and chemical composition (% of DM unless 
otherwise stated) of the basal diet used in the study

Item Basal diet

Ingredient
 Alfalfa hay 14.0
 Corn silage 46.0
 Ground corn 23.3
 Solvent soybean meal 48% CP 14.2
 Vitamin and mineral premix 2.50
Chemical composition  
 OM 93.7
 CP 16.0
 RDP1 9.57
 RUP1 6.40
 NDF 31.7
 Forage NDF 28.3
 NFC2 43.5
 Starch 29.3
 Ether extract 2.50
 NEL,

2 Mcal/kg of DM 1.55
1Estimated using the NRC (2001) model.
2NFC = 100 − (% NDF + % CP + % fat + % ash), according to 
NRC (2001).
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form (<1-mm particle size) and were added to the basal 
diet in a partial replacement of ground corn. Therefore, 
treatments were a negative control (CTRL = basal diet 
without additives); a mix of lactic acid-producing and 
-utilizing bacteria (MLP = 0.01% of diet DM of mixed 
L. acidophilus NP51, 1 × 109 cfu/g, and P. freuden-
reichii NP24, 2 × 109 cfu/g) as a positive control; and 2 
inclusion levels of the LAB L. plantarum GB-LP1, 1.35 
× 109 cfu/g (L1 = 0.05% and L2 = 0.10% of diet DM). 
The MLP used in this study is a known MLP obtained 
from a commercial setting. Different strains of lactic 
acid-producing bacteria were used in MLP and L1 and 
L2 treatments to test whether a lactic acid-producing 
bacterium, independent of the strain, could alone have 
similar effects as a known MLP.

Eight dual-flow continuous culture fermentors (1,820 
mL each) originally developed by Hoover et al. (1976) 
and modified by Del Bianco Benedeti et al. (2015), 
Silva et al. (2016), Paula et al. (2017), and Brandao 
et al. (2018) were used in a replicated 4 × 4 Latin 
square design. There were 4 experimental periods, each 
consisting of 11 d of in vitro fermentation. Experimen-
tal treatments were randomly assigned to a fermentor 
within square at the beginning of each experimental 
period. The first 7 d of fermentation were used for diet 
adaptation, and the following 4 d were used for sample 
collections. All procedures performed during the adap-
tation period were previously described in Monteiro et 
al. (2020). On d 7 (1 d before sampling) and through 
the rest of the period, the effluent containers were im-
mersed in a chilled water bath (<2°C) to stop microbial 
activity. On d 8, 9, and 10, samples of 15 mL from 
the filtered effluent containers were collected in 50-mL 
centrifuge tubes before feeding and at 2, 4, 6, and 8 h 
after the morning feeding for analysis of bacteria com-
munity composition (BCC) of the fluid phase. Samples 
were composited per time point across the 3 collection 
days, totaling 45 mL collected from each fermentor per 
time point per period. Simultaneously, 200 mL of the 
effluent was collected, and the solids were retained after 
being strained through 4 layers of cheesecloth for BCC 
analysis of the particulate phase. Approximately 25 g 
of solids were then collected at each time point and 
composited in the same manner as the liquid samples. 
All samples were stored at −80°C for further bacterial 
isolation and DNA extraction and sequencing analysis.

On d 9, 10, and 11, a 500-g sample was taken from 
the mixed fluid and particulate effluents of each fer-
mentor and stored at −20°C for further analysis of DM, 
ash, and CP. At the end of d 11, the entire fermentation 
contents from each fermentor were used for bacterial 
isolation to calculate the N fractions during fermenta-
tion. All chemical analyses and calculations for N me-

tabolism variables were previously described in Paula 
et al. (2017) and Monteiro et al. (2020). In brief, total 
N remaining after the fermentation was partitioned in 
NH3-N and NAN (undegraded feed N and bacterial N). 
Outflow of each of these fractions from fermentation 
were calculated following the equations described by 
Calsamiglia et al. (1996) and Bach and Stern (1999), 
with the former also used to calculate dietary N flow, 
bacterial efficiency, and efficiency of N utilization.

DNA Extraction

Bacterial DNA was extracted from the composite 
samples of the fluid and particulate phases following 
the procedure from Stevenson and Weimer (2007). 
This procedure follows a phenol-chloroform extraction 
method with bead beating and has previously been 
described by Dai et al. (2017) for samples collected 
from dual-flow continuous culture fermentors. Briefly, 
samples were thawed at room temperature on the day 
of DNA extraction, and 24 mL of the samples from the 
fluid phase as well as 24 g of the solids from the par-
ticulate phase were used in the procedure. Solids from 
the particulate phase were blended with a DNA extrac-
tion buffer composed of Tris HCl, EDTA, and NaCl, 
to detach bacteria from feed particles. The blended 
content was subsequently centrifuged at a low speed 
(500 × g for 15 min at 4°C) to remove feed particles. 
The supernatant was collected and centrifuged again 
at high speed (10,000 × g for 25 min at 4°C) to iso-
late the bacterial pellet. The pellet was then collected 
and resuspended in DNA extraction buffer. The liquid 
samples from the fluid phase were directly centrifuged 
at high speed again, and the same steps for collecting 
the pellet of bacteria and resuspending them in DNA 
extraction buffer were performed.

The bacterial cells were then mechanically and chem-
ically disrupted by SDS and repeated events of bead 
beating, cooling down, and heating (60°C). Briefly, 
resuspended bacterial cells were added into a 2-mL 
DNase-free screw-cap microcentrifuge tube containing 
zirconium beads (BioSpec Products), 20% sodium lau-
ryl sulfate solution, and phenol; physical disruption of 
the cells was performed using a bead beater machine 
(Biospec Products). The microcentrifuge tube was cen-
trifuged, and the DNA collected by a series of extrac-
tions with phenol, phenol/chloroform, and chloroform. 
The pellet of DNA was obtained by a precipitation in 3 
M Na acetate buffer and isopropanol. Then, the DNA 
pellets were centrifuged twice with a 70% ethanol solu-
tion, and after evaporation the pellet was resuspended 
in Tris-EDTA buffer. Before storage in −80°C, the DNA 
concentration was measured using a Qubit Fluorometer 
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(Invitrogen), and DNA from different hours but from 
the same fermentor was pooled in equal proportions to 
yield 1 sample for each fermentor per period.

DNA Sequencing

Procedures for DNA sequencing were performed ac-
cording to Kozich et al. (2013). Briefly, amplification 
was performed with PCR in a C1000 Touch Thermal 
Cycler (Bio-Rad). The V4 region of the 16S rRNA gene 
was amplified by dual-index universal bacterial prim-
ers (forward: GTGCCAGCMGCCGCGGTAA; reverse: 
GGACTACHVGGGTWTCTAAT) through an initial 
denaturation of 5 min under 95°C, followed by 30 cycles 
of 30 s at 95°C, 30 s at 55°C, 1 min at 72°C, and 5 min 
for final elongation at 72°C. Forward and reverse prim-
ers, as well as small DNA fragment contaminants, were 
removed using a 1% low-melting agarose gel extraction 
kit (National Diagnostics). Amplicons were then puri-
fied and normalized using a SequalPrep plate kit (In-
vitrogen), and the DNA concentration was measured 
with a Qubit fluorometer. Adapters were added to the 
amplicons, and the DNA library was constructed by 
equally pooling all the amplicons together and using 
quantitative real-time PCR for quality check. A total 
of 32 samples from the fluid phase and 32 from the 
particulate phase were sequenced. Sequencing was per-
formed using a MiSeq reagent kit V2 (2 × 250 cycles 
run; Illumina) in an Illumina MiSeq platform at the 
Interdisciplinary Center for Biotechnology Research of 
the University of Florida (Gainesville). All sequences 
were deposited in the Sequence Read Archive of the 
National Center for Biotechnology Information (https: 
/ / www .ncbi .nlm .nih .gov/ sra) under access no. PRJ-
NA772193.

Taxonomic Analyses

Sequenced amplicons were processed using the 
DADA2 pipeline package in R (Callahan et al., 2016), 
similarly to de Assis Lage et al. (2020); taxonomy as-
signment was performed using the 16S rRNA SILVA 
v. 132 database (Pruesse et al., 2007). The DADA2 
pipeline is an improvement from the Divisive Amplicon 
Denoising Algorithm (DADA) from Rosen et al. (2012), 
which allows a higher-resolution inference to the se-
quenced amplicons compared with traditional denois-
ing algorithms that are based on similarity clustering. 
In DADA2, inference was based on a single-nucleotide 
difference (amplicon sequence variants) instead of 
similarity proportions used by operational taxonomy 
units. Therefore, taxonomy assignment in this study 
was based on amplicon sequence variants and not op-

erational taxonomy units, to improve the accuracy of 
our BCC analysis.

Briefly, paired-end fastq files were demultiplexed, 
and the quality profiles of the forward and reverse 
readings were separately inspected, filtered, and 
trimmed based on the relationship between error rates 
and quality scores. Forward and reverse readings were 
then merged, chimeras were removed, and an amplicon 
sequence variants table was created. Taxonomy was 
assigned using the SILVA database described earlier, 
and a phyloseq object was created using the phyloseq 
package in R (McMurdie and Holmes, 2013). The rela-
tive abundances were calculated also using the phyloseq 
package in R, and the data was split into the different 
taxonomic levels for statistical analyses. Heatmaps and 
bar graphs were generated using the ggplot2 package in 
R (Wickham, 2016).

Shannon and Chao 1 indexes were obtained through 
the microbiome (Lahti and Shetty, 2017) and vegan 
(Oksanen et al., 2020) packages in R. To visualize pos-
sible differences in BCC composition, a second denois-
ing algorithm called Prevalence Interval for Microbi-
ome Evaluation (PIME) was applied to the paired-end 
readings (pime package in R; Roesch et al., 2020). This 
algorithm allows for the separation of noise across 
samples from biologically significant findings. In PIME, 
taxa were filtered through random forest classifica-
tions and noise removed through prevalence intervals, 
from which taxa that were not shared, given an ideal 
prevalence interval within an independent group [frac-
tionation (bacteria in the fluid vs. particulate phases) 
and experimental treatments], were removed for better 
visualization of community differences.

Statistical Analyses

Statistical analyses were carried out in R (RStudio 
3.0.1, https: / / www .r -project .org/ ) and SAS 9.4 (SAS 
Institute Inc.). In R, principal component analysis plots 
were generated using the pime package (Roesch et al., 
2020) for the purpose described earlier. The bacte-
rial community composition (Jaccard) and structure 
(Bray-Curtis) between the fluid and particulate phases 
(fractionation), treatments in the whole BCC, and 
treatments within fluid and particulate phases, were 
analyzed using the pairwise.adonis analysis from the 
vegan package (Callahan et al., 2016). Correlation anal-
ysis was performed between the ruminal N metabolism 
variables [daily flow (g) unless otherwise stated: NH3-N, 
RDP-N, RUP-N, bacterial N, efficiency of N utilization 
(%), and bacterial efficiency (%)] and between bacterial 
taxa that differed between treatments using the Pear-
son correlation procedure. The significance threshold 
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was declared at P ≤ 0.05 and tendencies at 0.05 < P 
≤ 0.10.

In SAS, relative abundances from the fluid and 
particulate phases, as well as ruminal N metabolism 
data, were analyzed using the GLIMMIX procedure in 
a replicated 4 × 4 Latin square design. The model used 
was as follows:

 Yijkl = µ + Si + Pj + F(S)ki + Tl + Eijkl, 

where Yijkl is the response variable, µ is overall mean, 
Si is the effect of Latin square (i = 1 or 2), Pj is the 
random effect of period (j = 1 to 4), F(S)ki is the ran-
dom effect of fermentor (F) within square (k = 1 to 
4), Tl is the effect of treatment (l = 1 to 4), and Eijkl is 
the residual error. Orthogonal contrasts were used to 
compare CTRL vs. DFM; MLP vs. L1 and L2; and L1 
vs. L2. Significance was also declared at P ≤ 0.05 and 
tendencies at 0.05 < P ≤ 0.10.

RESULTS AND DISCUSSION

A total of 2,909,515 sequences were yielded at the 
end of the 16S rRNA sequencing and DADA2 pipe-
line, from which sequencing, filtering, denoising, merg-
ing, and the removal of chimeras were applied. These 
sequences were generated from the 32 samples of the 
fluid phase and 32 samples from the particulate phase 
that DNA was extracted. Based on those sequences, a 
total of 11,027 taxa were identified after taxonomy as-
signment. Because the DNA was extracted considering 
the fractionation of bacterial communities (fluid and 
particulate phases), results are presented within their 
respective fractionations.

The profile of bacterial communities is reported in 
Figure 1. Principal component analysis through PIME 
shows differences in the core microbiome of the fluid 
and particulate phases of fermentation. In fact, we ob-
served differences in the bacterial community structure 
(Bray-Curtis) and composition (Jaccard) for fraction-
ation in our study (Figure 1). These results confirmed 
the differences we expected for both bacterial groups 
in the fluid and particulate phases (Czerkawski, 1986; 
Henderson et al., 2013). These groups were previously 
described by Czerkawski (1986) as being composed of 
bacteria in the free-floating state mixed with others 
loosely attached to particles (fluid phase), and of bac-
teria firmly attached to particles (particulate phase).

Regarding the treatments, we could not detect ma-
jor differences among their community composition 
(Figure 1). However, we observed an effect of L. plan-
tarum inclusion level on Chao 1 Shannon indexes of 
the bacterial community in the fluid phase, in which 

L1 decreased both parameters (Table 2). The decrease 
in richness and diversity for L1 compared with L2 
treatments represents a possible negative effect of the 
lower inclusion level of L. plantarum on some specific 
bacterial groups as well as on the overall abundance 
of the microbial populations (Whittaker, 1972). These 
results suggest a greater effect of L1 compared with L2 
on the microbial population. The principal component 
analysis plots also show a small distinction between 
treatments, which could be associated with the find-
ings from our companion study (Monteiro et al., 2020), 
which reported improvements in N metabolism for the 
DFM treatments. Therefore, to identify smaller differ-
ences between treatments, we evaluated the relative 
abundances of individual bacteria taxa from fermen-
tation throughout the different taxonomic levels and 
report them herein.

Effects on Bacterial Community Phyla and Families

A total of 18 phyla were identified in both the 
fluid and particulate phases; all phyla with a relative 
abundance greater than 0.50% are shown in Table 3. 
The main phyla in both fractions were Bacteroidetes 
(fluid = 45.9%; particulate = 39.5%), Firmicutes (fluid 
= 29.9%; particulate = 39.4%), and Proteobacteria 
(fluid = 12.6%; particulate = 9.06%), in accordance 
with those reported by Henderson et al. (2015) in a 
study evaluating the rumen core microbiome across 
32 ruminant species. The major difference between 
fractions was the increase in the relative abundance of 
Firmicutes in the particulate phase at the expense of 
a small decrease in Bacteroidetes and Proteobacteria. 
Regarding the less-abundant phyla among those with 
relative abundance greater than 0.50%, Cyanobacteria 
and Tenericutes were more abundant in the fluid phase, 
whereas Fibrobacteres and Actinobacteria were more 
abundant in the particulate phases.

In the fluid phase, we observed a difference in the 
relative abundance of Firmicutes when DFM was in-
cluded in the diet, with their relative abundance reduced 
compared with the control treatment. The decrease in 
Firmicutes was likely associated with a decrease in the 
relative abundance of its family, Lachnospiraceae, as re-
ported in Table 4. Lachnospiraceae was the second most 
abundant family (12.4%) after Prevotellaceae (36.2%) 
in the fluid phase. The family Lachnospiraceae is com-
posed of strictly anaerobic bacteria, which degrade a 
variety of carbohydrates in the rumen, such as pectin 
(Dehority, 1969), cellulose (Bryant and Small, 1956), 
and starch (Stackebrandt, 2014), but it also contains 
proteolytic (Wallace and Brammall, 1985; Wallace, 
1996) and urealytic bacteria (Cook et al., 2007). Our 
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companion study (Monteiro et al., 2020) reported no 
major changes in ruminal nutrient digestibility and 
short-chain fatty acid (SCFA) concentration but a de-
crease in ruminal NH3-N concentration when DFM was 
included in the diet. Therefore, the decrease in some 
Lachnospiraceae genera may be associated with AA de-
amination, stated earlier as the hypothesis of our study.

Another difference we observed in the fluid phase was 
the effect of L. plantarum on the relative abundance of 
Tenericutes, which was negatively affected by the L1 
treatment. Tenericutes comprises a mixture of faculta-
tive and obligate anaerobes that lack a peptidoglycan 
cell wall, which makes this phylum possibly resistant 
to antibacterial molecules in the rumen (Krieg et al., 
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Figure 1. Profile of whole bacterial community between the fluid and particulate fractions of the ruminal contents (A) and among differ-
ent experimental treatments (B). Panels C and D show the profiles of the bacterial communities among treatments in the fluid and particulate 
phases of the ruminal content. Principal coordinate analysis (PCoA) were constructed using Prevalence Interval for Microbiome Evaluation 
(PIME; pime package in R; Roesch et al., 2020) with the lowest out-of-bag error rate and prevalence interval of 35%. * indicates differences (P 
< 0.05) in bacterial community structure (Bray-Curtis) and composition (Jaccard); no trends were observed in profiling. Additive inclusion in 
the basal diet for each treatment: CTRL = control (no additives); MLP = 0.01% of a mix of Lactobacillus acidophilus and Propionibacterium 
freudenreichii; L1 = 0.05% Lactobacillus plantarum; L2 = 0.10% L. plantarum.

Table 2. Effects of direct-fed microbials (DFM) on the bacterial α diversity of fermentors in a dual-flow continuous culture system

Item, %

Treatment1

SEM

P-value2

CTRL MLP L1 L2
CTRL vs. 
additives

MLP vs. 
L1 and L2 L1 vs. L2

Fluid phase         
 Chao 1 689 703 653 777 39.8 0.62 0.79 0.03
 Shannon 6.27 6.25 6.15 6.33 0.06 0.77 0.94 0.05
Particulate phase         
 Chao 1 695 715 730 738 22.9 0.21 0.50 0.79
 Shannon 6.29 6.28 6.31 6.35 0.05 0.68 0.43 0.61
1Additives in the basal diet for each treatment (% of diet DM): CTRL = control (no DFM added); MLP = 0.01% of a mix of Lactobacillus 
acidophilus and Propionibacterium freudenreichii; L1 = 0.05% Lactobacillus plantarum; L2 = 0.10% L. plantarum.
2Significant differences were considered at P ≤ 0.05, and a tendency between P > 0.05 and ≤ 0.10.
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2010; Golder et al., 2018). Thus, these changes may 
have occurred through other mechanisms, such as other 
direct effects of L. plantarum on Tenericutes, through 
changes in the microbial community dynamics, or 
even by Tenericutes being part of the dynamic change 
caused by L1 treatment. Furthermore, most of the 
Tenericutes in this study were assigned to the family 

Anaeroplasmataceae and genus Anaeroplasma, which 
followed the same effect of Tenericutes and reduced 
with L1 treatment (Supplemental Table S1; https: / / 
doi .org/ 10 .25338/ B8P046). This bacterium has been 
described as having proteolytic properties (Joblin and 
Naylor, 2002), which could be a particular effect of L. 
plantarum on decreasing ruminal NH3-N concentration, 
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Table 3. Effects of direct-fed microbials (DFM) on the relative abundance of bacterial phylum in a dual-flow continuous culture system

Item,1 %

Treatment2

SEM

Contrast P-value3

CTRL MLP L1 L2
CTRL vs.  

DFM
MLP vs.  

L1 and L2 L1 vs. L2

Fluid phase         
 Bacteroidetes 45.2 46.7 45.5 46.4 1.38 0.51 0.68 0.64
 Firmicutes 31.9 29.3 29.2 29.1 1.12 0.02 0.94 0.94
 Proteobacteria 10.9 13.1 14.3 12.1 1.85 0.30 0.97 0.41
 Spirochaetes 6.02 5.70 5.78 6.42 0.72 0.95 0.65 0.53
 Patescibacteria 1.09 1.12 1.09 1.17 0.17 0.85 0.96 0.72
 Cyanobacteria 0.76 0.79 0.84 0.83 0.17 0.79 0.84 0.98
 Tenericutes 0.74 0.53 0.54 0.79 0.08 0.21 0.19 0.03
Particulate phase         
 Bacteroidetes 40.1 39.7 39.5 38.7 1.32 0.59 0.70 0.68
 Firmicutes 40.2 38.9 38.2 40.2 1.27 0.47 0.87 0.26
 Proteobacteria 7.48 9.88 10.4 8.44 1.50 0.23 0.81 0.36
 Spirochaetes 5.56 5.24 5.75 5.56 0.43 0.93 0.43 0.75
 Patescibacteria 1.32 1.22 1.22 1.40 0.14 0.78 0.60 0.38
 Fibrobacteres 1.08 1.08 1.11 0.97 0.11 0.81 0.81 0.39
 Actinobacteria 0.75 0.72 0.78 0.84 0.05 0.46 0.04 0.30
1Only phyla with relative abundance greater than 0.50% from 16S rRNA sequencing were reported.
2Additives in the basal diet for each treatment (% of diet DM): CTRL = control (no DFM added); MLP = 0.01% of a mix of Lactobacillus 
acidophilus and Propionibacterium freudenreichii; L1 = 0.05% Lactobacillus plantarum; L2 = 0.10% L. plantarum.
3Significant differences were considered at P ≤ 0.05, and a tendency between P > 0.05 and ≤ 0.10.

Table 4. Effects of direct-fed microbials (DFM) on the relative abundance of the most abundant bacterial families in a dual-flow continuous 
culture system

Item,1 %

Treatment2

SEM

Contrast P-value3

CTRL MLP L1 L2
CTRL vs.  

DFM
MLP vs.  

L1 and L2 L1 vs. L2

Fluid phase         
 Prevotellaceae 35.2 36.8 36.3 36.7 1.23 0.37 0.86 0.83
 Lachnospiraceae 14.2 12.3 11.0 12.0 1.09 0.05 0.54 0.48
 Succinivibrionaceae 10.4 12.7 14.2 11.7 1.95 0.29 0.89 0.37
 Veillonellaceae 11.7 11.3 12.9 11.3 1.10 0.91 0.53 0.30
 Spirochaetaceae 6.44 6.08 6.13 6.83 0.78 0.92 0.68 0.53
 Ruminococcaceae 4.80 4.26 3.96 4.59 0.34 0.19 0.97 0.20
 Rikenellaceae 3.49 3.48 3.30 3.83 0.40 0.91 0.87 0.36
Particulate phase         
 Prevotellaceae 34.8 34.3 34.0 33.1 1.11 0.46 0.56 0.58
 Lachnospiraceae 22.8 22.3 21.4 23.1 0.93 0.58 0.97 0.21
 Succinivibrionaceae 7.06 9.58 10.2 8.07 1.54 0.22 0.82 0.33
 Veillonellaceae 9.34 8.73 8.97 9.02 0.64 0.54 0.73 0.96
 Spirochaetaceae 5.74 5.40 5.93 5.72 0.44 0.92 0.44 0.75
 Ruminococcaceae 5.42 5.19 5.28 5.71 0.26 0.91 0.34 0.25
 Rikenellaceae 2.08 1.90 1.91 2.07 0.18 0.57 0.67 0.52
1Only the major bacterial families were reported.
2Additives in the basal diet for each treatment (% of diet DM): CTRL = control (no DFM added); MLP = 0.01% of a mix of Lactobacillus 
acidophilus and Propionibacterium freudenreichii; L1 = 0.05% Lactobacillus plantarum; L2 = 0.10% L. plantarum.
3Significant differences were considered at P ≤ 0.05, and a tendency between P > 0.05 and ≤ 0.10.
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as reported in our companion study (Monteiro et al., 
2020). In the particulate phase, we observed a differ-
ence in the relative abundance of Actinobacteria, in 
which the L. plantarum treatments had greater relative 
abundance compared with the MLP treatment. Acti-
nobacteria has been reported to be more abundant in 
the particulate phase in other studies because of its 
activity toward polysaccharide degradation (Deusch et 
al., 2017). These differences observed for Actinobacteria 
may be related to the fact that some bacteria from this 
phylum are lactic acid producers. and others are lactic 
acid utilizers (Golder et al., 2018), which may be in 
direct competition with the MLP treatment, as this 
contains both type of bacteria. These differences were 
not large enough to cause major changes in nutrient 
digestibility or SCFA concentration, as reported in our 
companion study (Monteiro et al., 2020); this led us to 
hypothesize that specific bacterial genera could instead 
be associated with improvements in N metabolism.

Effects on Bacterial Community Genera

To better understand changes in bacterial phyla and 
families, we conducted downstream analysis to the ge-
nus taxonomic level. A total of 168 genera were identi-
fied, and Prevotella_1 was the most abundant genus 
observed in both the fluid (28.2%) and the particulate 
(21.8%) phases. These findings are similar to previous 
findings reported by Dai et al. (2017, 2019) and Salfer 
et al. (2018) using the same system and by Henderson 
et al. (2015) across different ruminant species. From 
all the genera identified, the DFM inclusion decreased 
6 genera and tended to decrease 8 others in the fluid 
phase, whereas 1 genus was decreased and 3 others 
tended to decrease in the particulate phase (Figure 2). 
All the bacteria that decreased with DFM inclusion 
in both phases were from the phylum Firmicutes and 
families Lachnospiraceae and Ruminococcaceae. The 
major effects of DFM inclusion seemed to be in the 
fluid phase, in which some of the most abundant rumi-
nal bacteria were decreased (Butyrivibrio_2, Saccharo-
fermentans, and Ruminococcus_1). All these 3 bacterial 
genera play an important role on the degradation of the 
plant cell wall (Deusch et al., 2017; Henderson et al., 
2019; Palevich et al., 2019) and some proteins (Cotta 
and Hespell, 1986; Wallace, 1996) and thus are of great 
importance for the normal functioning of the microbial 
community of the rumen.

A genomic analysis of Butyrivibrio spp. (Palevich et 
al., 2019) reported a high activity of this genus toward 
the degradation of some components of plant cell walls 
and the fermentation of a variety of monosaccharides. 
Palevich et al. (2019) also demonstrated through sub-

strate utilization tests that Butyrivibrio spp. are able 
to grow on pectin and hemicellulose, but not cellulose, 
and ferment most of the soluble carbohydrates pres-
ent in the rumen. Similarly, Saccharofermentans spp. 
and Ruminococcus spp., despite having high cellulolytic 
activity, both ferment mono- and oligosaccharides as 
well (Chen et al., 2010; Deusch et al., 2017; La Reau 
and Suen, 2018). These 3 bacterial genera have been 
reported to generate butyric, acetic, lactic, formic, and 
fumaric acids, in their respective order of importance, 
as end products of fermentation (Chen et al., 2010; La 
Reau and Suen, 2018; Palevich et al., 2019). However, 
differences in nutrient digestibility or the concentra-
tion of most of these SCFA were not detected in our 
companion study (Monteiro et al., 2020).

Therefore, a plausible explanation for these major 
differences in bacterial genera was that the DFM tested 
in our study use soluble monosaccharides as substrates 
(Pedersen et al., 2012), making them likely associated 
with the fluid phase of the rumen. Because of that, we 
believe that the bacterial genera changes in the fluid 
phase were likely due to competition (Hibbing et al., 
2010). Competition occurs when different bacteria uti-
lize the same substrate in a shared environment (Hib-
bing et al., 2010). The DFM tested in our study and the 
bacterial genera that had their molar concentration de-
creased compete for the same monosaccharides, which 
may have enabled the tested DFM to use antimicrobial 
compounds (e.g., bacteriocins) against those bacteria 
(Riley and Wertz, 2002; Hibbing et al., 2010). Although 
the literature is scarce regarding studies evaluating the 
bacteriocin production by L. acidophilus NP51 and L. 
plantarum GB-LP1 that composed the DFM in our 
study, lactobacilli are known to be one of the major 
bacteriocin producers among other gram-positive bac-
teria (Suma et al., 1998; Maldonado et al., 2004; Perez 
et al., 2014). By contrast, the tested DFM possibly 
fermented those monosaccharides to lactic and acetic 
acid (Pedersen et al., 2012), the former of which was 
possibly later fermented by lactic acid-utilizing bacteria 
to propionic, acetic, or butyric acid (Chen et al., 2019), 
compensating the deficit caused by the negatively af-
fected bacteria.

Interestingly, Butyrivibrio and Ruminococcus species 
have been reported to also have dipeptidyl peptidase 
activity in the rumen (Wallace, 1996), which would hy-
drolyze peptides into dipeptides for subsequent dipep-
tide hydrolysis to AA and deamination. By reducing 
the abundance of these bacteria, less dipeptides and 
free AA may have been released into fermentation and, 
therefore, less NH3-N produced. In fact, the inclusion 
of these DFM in our companion study decreased NH3-
N concentration and daily outflow from fermentation 
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(Monteiro et al., 2020). These findings suggest that 
monosaccharide fermentation may have been shifted 
toward DFM in our study, which decreased bacteria 
with the potential to hydrolyze peptides, consequently 
decreasing AA deamination and NH3-N production.

Similarly, the decrease in Lachnospiraceae_AC2044_
group and Lachnospiraceae_XPB1014_group in the 
fluid phase may also be associated with the decrease in 
NH3-N reported in our companion study. These genera 
have been reported to be negatively correlated with 
branched-chain volatile fatty acids in yaks grazing low-
CP (10%) and high-NDF shrubs (63%; Yang et al., 
2020). Although we did not observe branched-chain 
volatile fatty acid changes in our companion study 

(Monteiro et al., 2020), these 2 genera may require 
branched-chain volatile fatty acids for branched-chain 
AA (BCAA) synthesis, as do other cellulolytic bacte-
ria in the rumen that do not synthesize these SCFA by 
themselves (Allison and Bryant, 1963). The decrease 
of these bacteria may be associated with a decrease 
in BCAA deamination, which would directly decrease 
NH3-N production during fermentation. Finally, the 
main difference in the tendencies was in the decrease of 
the genera Prevotellaceae_Ga6A1_group due to DFM 
inclusion in both the fluid and particulate phases. This 
genus has been reported to be highly fibrolytic (Jami 
and Mizrahi, 2012; Guo et al., 2019), but as part of 
the Prevotellaceae family it may ferment a variety of 
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Figure 2. Relative abundance of all genera that decreased with the addition of direct-fed microbials (DFM) in both fluid and particulate 
phases. Additive inclusion in the basal diet for each treatment: CTRL = control (no additives); MLP = 0.01% of a mix of Lactobacillus aci-
dophilus and Propionibacterium freudenreichii; L1 = 0.05% Lactobacillus plantarum; L2 = 0.10% L. plantarum. * indicates significant contrast 
of control vs. DFM (P < 0.05); † indicates a trend for the same contrast (P > 0.05 and ≤ 0.10).
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soluble carbohydrates, AA, and small peptides (Steven-
son and Weimer, 2007), which is attributable to the 
same proposed mechanism explained earlier.

An effect of the type of DFM included was observed 
in the fluid phase for Lachnospiraceae_NK3A20_group 
(P = 0.04; Supplemental Table S1), whereby L1 and L2 
treatments reduced their relative abundance compared 
with MLP treatment. This genus has been reported to 
ferment sugars, proteins, and AA (Vacca et al., 2020), 
and their decrease due to L. plantarum may demon-
strate the specificity of this bacterium when targeting 
other bacteria. We also observed an effect of L. plan-
tarum level on the relative abundance of Prevotella_1 
(P = 0.04), Prevotellaceae_YAB2003_group (P = 0.05), 
and Anaeroplasma (P = 0.03), whereby the first and 
the last increased with the greater inclusion level of L. 
plantarum but the second showed the opposite pattern. 
As described earlier, Prevotella is the most abundant 
genus in the rumen (Henderson et al., 2015) and can 
degrade a wide variety of substrates, such as carbohy-
drates and amino acids (Stevenson and Weimer, 2007). 
The greater inclusion level of L. plantarum, along with 
their greater negative effects on some fibrolytic bacte-
ria, may have decreased competition to Prevotella that 
dominates fermentation; thus, this decrease in competi-
tion may have consequently been the factor increasing 
its population. In the particulate phase, fewer bacteria 
taxa were affected by DFM inclusion. Similar to the 
fluid phase, a greater inclusion level of L. plantarum in-
creased the relative abundance of Lachnoclostridium_10 

(P = 0.03), whereas Lachnospiraceae_AC2044_group 
(P = 0.05) and Ruminococcaceae_UCG_001 (P = 0.04) 
showed the opposite pattern. Lachnospiraceae and 
Ruminococcaceae are 2 major families of the phylum 
Firmicutes involved in cellulose and hemicellulose deg-
radation (Wang et al., 2021), similar to those negatively 
affected in general by the DFM inclusion. In addition, 
the reason why the tested DFM in our study (especially 
L. plantarum) seemed to negatively affect specifically 
bacteria from the phylum Firmicutes and that are re-
lated to plant cell wall degradation is intriguing and 
warrants of further research.

We also analyzed the relative abundance of the Mega-
sphaera population in the fluid and particulate phases 
to understand whether any of the tested DFM would 
increase its abundance through lactic acid stimulation. 
Megasphaera accounts for the metabolism of more than 
80% of lactic acid in the rumen (Russell, 2002); thus, 
we expected that this population would be affected by 
DFM inclusion. We observed an effect of L. planta-
rum inclusion rate, whereby L1 had greater relative 
abundance of Megasphaera in the particulate phase 
compared with the L2 treatment (Figure 3). Although 
we did not observe lactic acid concentration differences 
across treatments in our companion study (Monteiro 
et al., 2020), the L1 treatment had numerically greater 
lactic acid concentration over time compared with the 
L2 treatment, which may have stimulated Megasphaera 
growth and propionic acid production (McAllister et 
al., 2011). The latter was confirmed in our companion 
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Figure 3. Relative abundance of Megasphaera spp. in both fluid and particulate phases when direct-fed microbials (DFM) were included in 
the basal diet. Additive inclusion in the basal diet for each treatment: CTRL = control (no additives); MLP = 0.01% of a mix of Lactobacillus 
acidophilus and Propionibacterium freudenreichii; L1 = 0.05% Lactobacillus plantarum; L2 = 0.10% L. plantarum. Error bars indicate SE.
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study by a trend of increasing propionic acid concentra-
tion for the L1 treatment compared with the L2 treat-
ment (Monteiro et al., 2020).

Interestingly, the relative abundances of Lactobacillus 
and Propionibacterium genera were not detected in our 
analysis. The samples used for the 16S rRNA analyses 
were collected at 2, 4, 6, and 8 h after feeding, which 
indicates a low survival rate of the tested DFM during 
fermentation and only an imminent effect immediately 

after introduction into the fermentor. The lack of se-
quences from these DFM in our analysis corroborates 
previous studies that evaluated the persistency of DFM 
in the rumen and concluded that the establishment 
of such populations is difficult, even when the DFM 
candidate was isolated from the rumen (Weimer et al., 
2015). This suggests that dosing frequency is an issue 
that needs further investigation to ensure establishment 
and persistency of DFM in the rumen.

Monteiro et al.: LACTIC ACID-PRODUCING BACTERIA AND THE RUMEN MICROBIOME

Figure 4. Pearson correlation analysis between the relative abundance of the main bacterial groups affected by inclusion of direct-fed micro-
bials and the ruminal N metabolism variables observed in the study. Additive inclusion in the basal diet for each treatment: CTRL = control 
(no additives); MLP = 0.01% of a mix of Lactobacillus acidophilus and Propionibacterium freudenreichii; L1 = 0.05% Lactobacillus plantarum; 
L2 = 0.10% L. plantarum.
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Correlations Between Bacterial Groups  
and Ruminal N Metabolism

The correlation of the main bacterial groups affected 
by DFM inclusion and the ruminal N metabolism vari-
ables observed in this study are reported in Figure 4. 
Despite the effects of DFM on bacterial phyla, families, 
and some abundant genera in the fluid phase, only 2 
genera (Lachnospiraceae_AC2044_group and Lach-
nospiraceae_XPB1014_group) in the fluid phase were 
positively correlated with NH3-N daily outflow from fer-
mentation. However, Lachnospiraceae_XPB1014_group 
tended to be positively correlated with RDP-N flow 
and negatively correlated with RUP-N flow. Using the 
model we proposed earlier through the study of Yang 
et al. (2020) and these findings regarding their positive 
correlation with NH3-N daily outflow from fermenta-
tion, we are able to reinforce a possible direct effect 
of these bacteria on BCAA deamination and NH3-N 
production during fermentation.

Other possible correlations were observed among 
other bacterial groups, as with the phylum Firmicutes, 
which tended to be negatively correlated with RDP-
N flow (g/d), even though no changes in RDP-N flow 
were observed in our companion study (Monteiro et al., 
2020). Other genera, such as Veillonellaceae_UCG-001, 
tended to be positively correlated with NH3-N flow, and 
Desulfovibrio tended to be negatively correlated with 
efficiency of N utilization (P = 0.07 and r = −0.32; 
data not shown). However, neither of these genera were 
affected by DFM inclusion in our study. It would have 
been informative to have data on the resilience of the 
DFM strains used in our study, to better understand 
their associations with specific changes in bacteria 
community and ruminal fermentation. In this study, 
the MLP treatment consisted of a binary culture of L. 
acidophilus NP51 and P. freudenreichii NP24. Thus, a 
pure culture of Lactobacillus, which would have been 
a good candidate to replace L. plantarum in the L1 
and L2 treatments, was not available. Isolating the L. 
acidophilus NP51 strain from the mixed culture, and 
use of pure cultures of that strain for treatments L1 
and L2, was not feasible in this study and therefore 
warrants further investigation.

CONCLUSIONS

Most of the changes in the ruminal microbiome due 
to DFM inclusion occurred in the fluid phase of the fer-
mentation. Despite minor changes in some specific gen-
era, competition was possibly one of the major mecha-
nisms that could explain the microbiome changes in this 
study. Two major groups of bacteria were decreased by 
DFM inclusion: those directly associated with NH3-N 

production through a possible BCAA deamination, and 
those indirectly associated with NH3-N production via 
dipeptidase activity during fermentation. Except for a 
slight increase in Megasphaera elsdenii in the lower in-
clusion rate of L. plantarum compared with the higher 
inclusion rate, little to no differences were observed 
between the DFM treatments tested on the ruminal 
microbial community composition. Therefore, the ef-
fects of the tested DFM on ruminal fermentation were 
probably caused not by the decrease of a single bacte-
rial group but by the decrease of different bacteria that 
together resulted in the observed effects here and in our 
companion study.
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