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Effects of ruminal
lipopolysaccharides on growth
and fermentation end products
of pure cultured bacteria
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Elevated levels of ruminal lipopolysaccharides (LPS) have been linked to ruminal acidosis; however,
they result in reduced endotoxicity compared to LPS derived from species like Escherichia coli.
Additionally, there is a knowledge gap on the potential effect of LPS derived from ruminal microbiome
on ruminal bacteria species whose abundance is associated with ruminal acidosis. The objective

of this study was to evaluate the effects of LPS-free anaerobic water (CTRL), E. coli-LPS (E. COLI),
ruminal-LPS (RUM), and a 1:1 mixture of E. coli and ruminal-LPS (MIX) on the growth characteristics
and fermentation end products of lactate-producing bacteria (Streptococcus bovis JB1, Selenomonas
ruminantium HD4) and lactate-utilizing bacterium (Megasphaera elsdenii T81). The growth
characteristics were predicted based on the logistic growth model, the ammonia concentration was
determined by the phenolic acid/hypochlorite method and organic acids were analyzed with high
performance liquid chromatography. Results indicate that, compared to the CTRL, the maximum
specific growth rate of S. bovis JB1 decreased by approximately 19% and 23% when RUM and MIX
were dosed, respectively. In addition, acetate and lactate concentrations in Se. ruminantivm HD4 were
reduced by approximately 30% and 18%); respectively, in response to MIX dosing. Compared to CTRL,
lactate concentration from S. bovis JB1 was reduced approximately by 31% and 22% in response to
RUM and MIX dosing; respectively. In summary, RUM decreased the growth and lactate production of
some lactate-producing bacteria, potentially mitigating the development of subacute ruminal acidosis
by restricting lactate availability to some lactate-utilizing bacteria that metabolize lactate into VFAs
thus further contributing to the development of acidosis. Also, RUM did not affect Megasphaera
elsdeniiT81 growth.

Gram-negative bacterial cell membranes contain lipopolysaccharide (LPS), a tripartite molecule composed of:
alipid A moiety, a core oligosaccharide region, and repeating O-antigen units'. Lipid A moiety consists of acyl
chains, whose length is associated with the ability of the molecule to trigger the host immune response®*. In
general, lipid A moieties with six acyl chains (e.g. Escherichia coli lipid A) induce strong host immunological
response, whereas, the under-acylated forms exhibit weak host immunological response®. Several diseases are
associated with increased levels of LPS in blood plasma, including ruminal acidosis in cattle’. Ruminal acidosis
is a metabolic disorder that occurs when the consumption of rapidly fermentable carbohydrates replace effective
fiber, causing excessive organic acid (volatile fatty acids and lactate) accumulation in the rumen, which has been
associated with reduced feed intake, reduced milk production, and milk fat depression®’. In general, ruminal
pH of 5.6 or below is considered a threshold for ruminal acidosis, where subacute acidosis is characterized with
a pH between 5 and 5.6 and acute acidosis is characterized when ruminal pH is below 5. In subacute acidosis,
the driving factor that decreases ruminal pH is the accumulation of volatile fatty acids and their decreased
absorption from the ruminal epithelium. Lactic acid is produced by lactate-producing bacteria and is normally
rapidly metabolized into volatile fatty acids, as long as the pH remains above 5 (subacute acidosis)>®. Thus, SARA
may be a consequence of VFA accumulation, and not necessarily lactate accumulation; however, lactate can be
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converted to VFA and indirectly contribute to SARA by contributing to VFA accumulation. When pH drops
below 5 for a sustained period, the growth of lactate-utilizing bacteria is inhibited and lactic acid accumulates,
characterizing acute acidosis®.

Ruminal bacteria composition is determined by several factors, including the diet’. In general, cows fed
high forage diets contain more Gram-negative bacteria, whereas cows fed high grain diets contain more Gram-
positive bacteria’. In the rumen Gram-negative bacteria are the major source of LPS'®!!. The presence of LPS in
the ruminal fluid is normal since bacterial death and lysis are normal processes that take place during ruminal
fermentation; however, under SARA conditions, ruminal LPS concentration is much greater compared to healthy
cattle’>!?. Additionally, LPS seems to affect ruminal fermentation and bacterial diversity by stimulating the
growth of Gram-negative bacteria associated with starch digestion''. Furthermore, from previous reports, LPS
from Escherichia coli (E. coli) has been suggested to be utilized as a substrate for acidosis related bacteria including
Streptococcus bovis and Selenomonas ruminantium' therefore, LPS seems to have a potential effect on the growth
of bacteria related to acidosis.

Previously, two studies have shown that LPS affect the growth of Anaeroplasma abactoclasticum (An.
abactoclasticum) strain 6-1'° and that seems to work as a factor to stimulate the growth of S. bovis JB1'%. However,
the underlying mechanism of that response is still unknown. In previous studies, E. coli O25:B6 LPS was extracted
with Boivin'® and Westphal'” methods and included into An. abactoclasticum strain 6-1 media. The LPS extracted
by the Boivin method stimulated the growth of strain 6-1, whereas the LPS extracted by the Westphal method
inhibited the growth of strain 6-1. The Boivin method, which uses trichloroacetic acid extraction, yielded LPS
contaminated with residual peptides that are removed in the Westphal method, which uses phenol extraction.
Peptides from the Boivin method could have acted as growth promoters and consequently stimulated the growth
of strain 6-1, while the residual phenol from the Westphal preparation could have inhibited the growth of
strain 6-1'°. In a more recent study, it was hypothesized that the polysaccharidic part of LPS would be the
stimulatory factor for S. bovis JB1'%. For this reason, delipidated LPS, which contains mostly the polysaccharidic
part, was dosed into S. bovis JB1 culture; however, the stimulatory effect was reduced compared to the regular
LPS (polysaccharidic and lipid A part). Thus, it was inferred that the stimulatory effect of LPS could be associated
with the lipid A region.

Although the mechanism of action of LPS on the growth of ruminal bacteria is not fully understood, LPS
effect is evident. Previous reports have shown that E. coli 025:B6 LPS stimulated and inhibited the growth of
An. abactoclasticum strain 6-1, when extracted with Boivin and Westphal methods, respectively'. In contrast,
E. coli O111:B4 LPS stimulated the growth of some lactate producing bacteria and did not affect lactate utilizing
bacteria'®. In addition, similarly to Robinson’s findings'®, a previous case report indicated that ruminal-LPS is
not structurally equivalent to E. coli-LPS, primarily, because the former exhibits under-acylated (low endotoxic)
and the latter hexa-acylated (high endotoxic) lipid A structures'®, which could potentially be linked with their
ability to stimulate the growth of ruminal bacteria'.

We hypothesized that ruminal-LPS would stimulate the growth of pure ruminal bacteria cultures that
utilize lactate (Megasphaera elsdenii T81) and slow the growth of pure ruminal bacteria cultures (Selenomonas
ruminantium HD4, Streptococcus bovis JB1) contributing to the development of ruminal acidosis. Therefore, we
aimed to evaluate the effect of ruminal-and E. coli-LPS on the growth of lactate-producing bacteria (Selenomonas
ruminantium HDA4, Streptococcus bovis JB1) and lactate-utilizing bacteria (Megasphaera elsdenii T81), as well as
assess any potential effect of their combination.

Results

Effect of LPS on bacterial growth. We dosed 200,000 EU of E. coli-LPS, ruminal-LPS and MIX (1:1)-
LPS to three different ruminal bacterial species in pure culture. Regarding Se. ruminantium HD4 growth
characteristics, there were no differences observed for initial OD (Y,), real OD (Yt), the change of OD from OD,
to OD, (C), the lag, and the maximum specific growth rate (Table 1; Fig. 1). Regarding the growth characteristics
of S. bovis JB1, no effect was observed for Y,; however, Yt was reduced by 48.4% (P<0.01) and 29.7% (P<0.01)
in response to RUM and MIX LPS, respectively, when compared to CTRL. In addition, Yt was reduced by 41.3%
(P<0.01) and 20.0% (P <0.01) in response to RUM and MIX LPS, respectively, when compared to E. COLI. Also,
Yt was reduced by 36.2% (P <0.01) in response to RUM when compared to MIX treatment. The C was reduced by
19.6% (P=0.03) and 23.9% (P=0.03) in response to RUM and MIX LPS, respectively, when compared to CTRL.
In addition, compared to the E.COLI, the C was reduced by 18.8% (P=0.03) and 23.1% (P=0.03) in response to
RUM and MIX LPS, respectively. The lag time was increased by 16.4% (P=0.02) in response to MIX LPS when
compared to the CTRL. Also, the lag time was reduced by 6.7% (P=0.02) and 3.5% (P=0.02) in response to E.
COLI and RUM dosing respectively, when compared to the MIX LPS treatment (Table 2; Fig. 2). Compared to
CTRL, the maximum specific growth rate of S. bovis JB1 was reduced by 19.1% (P=0.03) and 23.5% (P=0.03)
in response to RUM- and MIX-LPS dosing, respectively (Table 2). Also, compared to E. COLI, the maximum
specific growth rate was reduced by 18.5% (P=0.03) and 22.9% (P=0.03) in response to RUM and MIX dosing,
respectively. No effects were observed for Y, Yt, C, lag and maximum specific growth phase of M. elsdenii T81
in response to any of the treatments (Table 3; Fig. 3).

Effect of LPS on fermentation end products. Total OAs concentration from Se. ruminantium HD4
was decreased by 11.2% (P=0.02) and 17.3% (P=0.02) in response to E. COLI and MIX treatment, respectively,
compared to the CTRL (Table 1). Compared to RUM, the MIX exhibited reduced total OAs concentration
by 11.7% (P=0.02, Table 1). The total OAs from RUM treatment was not different compared to CTRL or E.
COLI (Table 1). Regarding individual OAs, acetate concentration from Se. ruminantium HD4 was decreased
by 16.1% (P=0.01) and 29.9% (P=0.01) in response to E. COLI and MIX LPS, respectively, compared to the
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Treatment!
Item? CTRL RUM E. COLI MIX SEM P-values
Y0 0.06 0.06 0.05 0.06 0.01 0.21
Y 0.81 0.73 0.64 0.61 0.05 0.06
C 2.05 1.68 1.88 1.66 0.32 0.52
Lag, min 194.72 166.52 208.80 200.61 24.57 0.39
pmax, h™1 0.42 0.35 0.39 0.34 0.06 0.51
Total OAs, mM 11.03* 10.33% 9.800¢ 9.12¢ 0.45 0.02
Individual OA, mM
Formate - - - -
Acetate 0.87° 0.76% 0.73% 0.61° 0.05 0.01
Propionate 1.52 1.47 1.39 1.37 0.08 0.23
Butyrate - - - -
Lactate 8.49* 7.94% 7.53b 6.98° 0.36 0.03
Succinate 0.15 0.16 0.15 0.16 0.36 0.99
Valerate - - - -
N-NH;, mM 7.77 8.18 8.01 7.91 0.76 0.29

Table 1. Effects of ruminal, E. coli, and Mix (1:1) LPS on lag time, maximum specific growth rate, ammonia
nitrogen, and OAs concentration of Selenomonas ruminantium HD4. The lag time and the maximum specific
growth rate were calculated based on the prediction from logistic function. *“Means within the same row with
different superscripts differ (P<0.05). 'Experimental treatments: CTRL control group (LPS-free anaerobic
water), RUM ruminal LPS (200,000 EU), E. COLI E. coli LPS (200,000 EU), MIX 1:1 E. coli: Ruminal LPS
(200,000 EU). 2Items: YO is initial ODO0; Y is real ODt; C is change of OD from ODO to ODt, lag=1lag time;
pumax = maximum specific growth rate; Total OAs = total organic acids; Individual OA =individual OAs
detected; N-NH; =ammonia nitrogen.
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Figure 1. Effects of ruminal, E. coli, and Mix (1:1) LPS on lag time and maximum specific growth rate of
Selenomonas ruminantium HD4. Dotted box = Samples collected at mid-exponential phase for NH;-N, and
organic acids concentration determination. CTRL control group (LPS-free anaerobic water), RUM ruminal LPS
(200,000 EU), E. COLI E. coli LPS (200,000 EU), MIX 1:1 E. coli: Ruminal LPS (200,000 EU).
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Treatment!
Item? CTRL RUM E. COLI Mix SEM P-values
Y0 0.03 0.03 0.03 0.03 0.01 0.22
Y 0.91° 0.64° 0.80° 0.47¢ 0.05 <0.01
C 327 2.63° 3.24° 2.49° 0.38 0.03
Lag, min 112.72° 120.24* 116.7° 131.22° 7.84 0.02
pmax, h™! 1.36° 1.10° 1.35% 1.04° 0.07 0.03
Total OAs, mM 18.58* 12.34° 16.70% 14.02°¢ 0.83 0.01
Individual OA, mM
Formate 0.59 - 0.48 - 0.05 0.24
Acetate 0.29 0.23 0.26 0.22 0.02 0.18
Propionate - - - -
Butyrate - - - -
Lactate 17.70° 12.10 15.96° 13.800¢ 0.78 0.01
Succinate - - - -
Valerate - - - -
Ethanol 1.02 0.56 0.66 0.50 0.30 0.63
N-NH;, mM 8.42 8.77 8.65 8.61 0.23 0.37

Table 2. Effects of ruminal, E. coli, and Mix (1:1) LPS on lag time, maximum specific growth rate, ammonia
nitrogen, and OAs concentration of Streptococcus bovis JB1. The lag time and the maximum specific growth
rate were calculated based on the prediction from logistic function. **Means within the same row with
different superscripts differ (P<0.05). 'Experimental treatments: CTRL control group (LPS-free anaerobic
water), RUM ruminal LPS (200,000 EU), E. COLI E. coli LPS (200,000 EU), MIX 1:1 E. coli: Ruminal LPS
(200,000 EU). *Items: YO is initial ODO; Y is real ODt; C is change of OD from ODO to ODt; Lag lag time,
pmax maximum specific growth rate, Total OAs total organic acids; Individual OA individual OAs detected,
N-NH; ammonia nitrogen.

CTRL (Table 1). Acetate concentration from Se. ruminantium HD4 was reduced by 19.6% (P=0.01) in response
to MIX compared to RUM (Table 1). The lactate concentration from Se. ruminantium HD4 was decreased by
11.3% (P=0.03) and 17.8% (P=0.03) in response to E. COLI and MIX LPS dosing, respectively, compared to
the CTRL (Table 1). Also for lactate concentration in Se. ruminantium HD4, there were no differences in terms
of RUM treatment compared to CTRL, E.COLI or MIX and also E.COLI treatment was not different to MIX
(Table 1). Propionate, succinate, and ammonia concentrations from Se. ruminantium HD4 were not different
among treatments (Table 1). Lastly, formate, butyrate, and valerate were not detected (Table 1).

Total OAs concentration from S. bovis JB1 was decreased by 33.6% (P<0.01), 24.5% (P<0.01) in response
to RUM and MIX LPS respectively, compared to CTRL. In addition, the total OAs concentration from S. bovis
JB1 was greater (35.3%, P<0.01) when E. COLI was dosed compared to RUM. Lastly, total OAs concentration
from S. bovis JB1 tended to be reduced by 16.1% (P=0.06) in response to MIX compared to E. COLI (Table 2).
Lactate concentration from S. bovis JB1 was decreased by 31.6% (P=0.01) and 22.1% (P=0.01) in response to
RUM and MIX LPS dosing, respectively, compared to the CTRL (Table 2). We also found that lactate production
from S. bovis JB1 was reduced by 31.9% (P=0.01) in response to RUM compared to the E. COLI dosing and
tended to be reduced by 13.5% (P=0.09) in response to MIX compared to E. COLI dosing (Table 2). Acetate,
ethanol, and ammonia concentrations from S. bovis JB1 were not different among treatments (Table 2). Formate
concentration from S. bovis JB1 was not detected (~0 mM) in RUM and MIX treatments, while it was detected
but did not differ between CTRL and E. COLI treatments (Table 2). Lastly, propionate, butyrate, succinate and
valerate were not detected (Table 2).

No effects on any of the OAs concentration of M. elsdenii T81 were observed in response to any of the
treatments (Table 3).

Discussion
In our study we observed that Se. ruminantium HD4, compared to the CTRL, had a reduction in total OAs,
acetate and lactate concentration in response to E. COLI and MIX treatments. Regarding S. bovis JB1, we found
that, compared to the CTRL, the increase of OD, the maximum specific growth rate, total OAs, and lactate
concentration decreased in response to RUM and MIX LPS, respectively. Contrary to our hypothesis, not only
RUM LPS but interestingly all LPS treatments resulted in reductions in maximum specific growth and increased
lag time in lactate producing bacteria and/or reduced production of their respective fermentation end products.
Previously, it has been suggested that LPS from E. coli O25:B6 was essential for the growth of several ruminal
strains of Anaeroplasma abactoclasticum in pure culture'®. Although we could not find information about E.
coli O25:B6 LPS structure, there are studies with the E. coli 026:B6 LPS which is similar to O25:B6. The LPS
from serotype 026:B6 exhibits a short chain-length structure which is closer to the mutant rough strain LPS
(only lipid A). However, Robinson et al., (1975) were not able to elucidate the underlying mechanisms on
this response. In a more recent study, it was hypothesized that the polysaccharidic part of LPS would be the
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Figure 2. Effects of ruminal, E. coli, and Mix (1:1) LPS on lag time and maximum specific growth rate of
Streptococcus bovis JB1. Dotted box = Samples collected at mid-exponential phase for NH;-N, and organic acids
concentration determination. CTRL control group (LPS-free anaerobic water), RUM ruminal LPS (200,000 EU),
E. COLI E. coli LPS (200,000 EU), MIX 1:1 E. coli: Ruminal LPS (200,000 EU).

Treatment'
Item? CTRL RUM E. COLI MIX SEM P-values
YO 0.05 0.06 0.06 0.05 0.01 0.78
Y 0.65 0.66 0.64 0.67 0.04 0.87
C 1.49 1.40 1.59 1.55 0.35 0.62
Lag, min 203.84 201.12 22224 206.37 38.00 0.63
pmax, h™! 0.26 0.24 0.28 0.27 0.02 0.63
Total OAs, mM 17.32 16.67 17.69 18.48 1.04 0.24
Individual OA, mM
Formate - - - -
Acetate 7.10 6.64 7.25 7.31 0.20 0.28
Propionate 8.61 8.26 8.65 9.49 0.35 0.28
Butyrate 1.05 1.20 1.15 1.11 0.05 0.77
Lactate’ - - - -
Succinate - - - -
Valerate 0.56 0.56 0.63 0.56 0.01 0.12
N-NH;, mM 9.44 8.88 9.21 9.01 0.62 0.49

Table 3. Effects of ruminal, E. coli, and Mix (1:1) LPS on lag time, maximum specific growth rate, ammonia
nitrogen, and OAs concentration of Megasphaera elsdenii T81. The lag time and the maximum specific growth
rate were calculated based on the prediction from logistic function. 'Experimental treatments: CTRL control
group (LPS-free anaerobic water), RUM ruminal LPS (200,000 EU), E. COLI E. coli LPS (200,000 EU), MIX
1:1 E. coli: Ruminal LPS (200,000 EU). 2Items: YO is initial ODO0; Y is real ODt; C is change of OD from ODO
to ODt; Lag lag time, ymax maximum specific growth rate, Total OAs total organic acids, Individual OA
individual OAs detected, N-NH; ammonia nitrogen. *Lactate 50 mM was utilized as a growth substrate and no
additional lactate was produced by T81 strain and considered as non-detected.
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Figure 3. Effects of ruminal, E. coli, and Mix (1:1) LPS on lag time and maximum specific growth rate of
Megasphaera elsdenii T81. Dotted box=Samples collected at mid-exponential phase for NH;-N, and organic
acids concentration determination. CTRL control group (LPS-free anaerobic water), RUM ruminal LPS (200,000
EU), E. COLI E. coli LPS (200,000 EU), MIX 1:1 E. coli: Ruminal LPS (200,000 EU).

stimulatory factor of lactate-producing bacteria'*. For this reason, S. bovis JB1 was treated with delipidated LPS,
which contains mostly the polysaccharidic part; however, the stimulatory effect was reduced compared to the
regular LPS (polysaccharidic and lipid A part). Thus, it was inferred that the stimulatory effect of LPS would be
associated with the lipid A part.

One possible explanation could be associated with the fatty acid composition of the respective lipid A
moieties'®. Previous findings have shown that in the absence of lipid A, the growth of lactate producing and
lactate utilizing bacteria was not affected, thus indicating that the lipid A was the contributing factor associated
with their growth kinetics'. Structurally, the lipid A is comprised of a glucosamine disaccharide backbone,
which is usually phosphorylated at 1" and 4" positions of the saccharides and acylated at positions 2" and 3" of
each monosaccharide portion'*?. Acyl chains of variable length, are directly esterified with the sugar moiety
(primary acyl chains) while the secondary acyl chains form ester bonds with hydroxyl groups of primary acyl
chains®. All primary acyl chains of E. coli lipid A are hydroxymyristates (saturated fatty acids with 14 carbons
atoms) and one of the two secondary acyl chains is myristate (C14:0) while the other one being laurate (C12:0)*.
However, the number, position, and length of the esterified acyl chains vary among the different bacterial species
and there are no data about the fatty acid composition of pure or mixed ruminal lipid As.

Studies that have been conducted to the genus Bacteroides in humans, have shown that the human Bacteroides
strains usually produce saturated or monohydroxylated heptadecanoic acid (C17:0), hexadecanoic acid (C16:0)
and pentadecanoic acid (C15:0) on their respective lipid As**?. Contrary to humans, ruminal Bacteroides have
been reported to be abundant in un-weaned calves, but decreased in abundances when calves were exposed to
higher starch diets post-weaning?. Typically, in the adult bovine rumen, the genus Prevotella, that belongs to
the same phylum of Bacteroides, becomes abundant®. Prevotella in humans, has been reported to express mostly
Cl16 and C14%, or C15, C16 and C17%; therefore, it would be possible that the mixed ruminal LPS would express
mostly C15-17 fatty acids on its lipid A. Increased concentrations of the aforementioned fatty acids would have
a direct antimicrobial implication to the ruminal microbiome.

In general, free fatty acids are able to disrupt the electron transport chain and oxidative phosphorylation of
bacterial cell membranes®?. Their mechanism of action is not specific and is attributed to interferences with
the cellular energy production®, inhibition of enzymatic activity’!, impaired of nutrient uptake®, generation of
peroxidation and auto-oxidation degradation products®, or direct lysis of bacterial cells*.

In addition, all of the aforementioned fatty acids exhibit antimicrobial properties either against fungi®
or bacteria®. More specifically, myristate and laurate expressed from E. coli lipid A have been reported to
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inhibit the growth of Listeria monocytogenes in milk samples®, as well as Clostridioides difficile in vitro®,
respectively. Concerning the fatty acids found in Bacteroides, pentadecanoic acid exhibit antifungal properties®
while hexadecanoic acid exhibit antibacterial functions®. Therefore, the inhibition of growth and decrease in
production of fermentation end products could be a result of the antibacterial properties from the fatty acids
in our LPS treatments. Lastly, differences were observed between different LPS treatments in which S. bovis JB1
reduced its total OA production on MIX treatment in greater rate than E. COLI treatment, compared to CTRL.
This outcome probably indicates a potential biological interaction of MIX treatment between ruminal and E. coli
LPS that may be associated with the combination of their fatty acids from their respective lipid A moieties. The
MIX treatment was made up with a combination of ruminal and E. coli LPS (1:1), thus its fatty acid composition
was a combination of these sources. More specifically, the E. COLI and RUM treatments were composed mostly
by C12, C14, and C15-17, respectively, thus MIX treatment would be expected to have a combination of both.
By accounting the fact that fatty acids have a quite broad mechanism of action against bacteria and also that the
MIX treatment had a highly variable fatty acid composition, the MIX treatment could potentially disrupt the
cell membrane of S. bovis JB1 by several different mechanisms.

Currently the underlying mechanism of how fatty acids permeate the outer cell membrane is not yet
elucidated.

An interesting aspect of our results is the fact that it contradicts previous findings from our lab where E. coli
LPS stimulated the growth of lactate producers'*; however, it is important to note here that in this study the
organisms were acquired from a different library and also the previous study was the only one investigating the
effects of LPS sources in ruminal bacteria. Therefore, the novelty of this research topic and the limited number
of studies (two) would not allow us to consider E. coli LPS as a positive control considering potential variations
from different microbial collections.

On this study we evaluated some of the important species of ruminal lactate producing and utilizing bacteria;
however, even at the strain level within the same species distinct growth patterns and susceptibility to LPS
treatments could be observed. Therefore, in order to assess more broadly, the effects of ruminal LPS on the
ruminal microbiome, future studies should be done in other ruminal lactate producers such as Succinivibrio
dextrinosolvens, Lactobacillus ruminis, and ruminal lactate utilizers such as Se. ruminantium subs. lactilytica in
pure- and co-culture level. More specifically, Se. ruminantium subsp. lactilytica has its own LPS gene clusters*’
and if LPS negatively affects its growth, then it could negatively affect lactate fermentation, thus exacerbating
the development of lactic acidosis. Furthermore, more research should focus on elucidating the structure and
immunopotential of lipid A expressed from Se. ruminantium subsp. lactilytica LPS, as well as, to investigate
any potential interactions between that lipid A and lipid As from sources, such as E. coli and Prevotella spp.
In addition, since these bacteria have been associated with ruminal acidosis, caution should be made with
extrapolations to other lactate producers and utilizers that were not tested herein.

Lastly, our results set the basis for the existence of a potential association between ruminal LPS and ruminal
bacteria growth; however, some limitations that should be investigated in the future include: (1) potential
adaptation of ruminal bacteria under repeated exposure to ruminal LPS in order to investigate any tolerance
that these bacteria would exhibit on repeated LPS exposures, (2) potential dose effect of ruminal LPS on ruminal
bacteria growth in order to establish any potential association between the development of ruminal acidosis and
the ruminal LPS concentration, (3) potential LPS effects under different ruminal Ph, in order to asses if under
different maintenance requirements caused by changed ruminal Ph, bacteria would change their growth and 4)
expand on the effect of LPS on the growth of other ruminal lactate producing bacteria.

In summary, all LPS treatments slowed down the growth and/or decreased the production of total OAs,
acetate, and lactate in lactate -producing bacteria (Se. ruminantium HD4, S. bovis JB1), even though these species
are phylogenetically and physiologically distinct, and did not affect the lactate-utilizing bacterium (M. elsdenii
T81). Compared to E. COLI, RUM LPS exhibited greater rate of decrease of lactate production in S. bovis JB1,
which indicates a potential biological difference on fatty acid content between ruminal and E. coli LPS. Our
results, suggest that ruminal LPS would delay the development of ruminal acidosis by slowing down the growth
and the accumulation of lactate from ruminal bacteria that use starch and produce lactate. Future directions
should be focused on the determination of fatty acid composition of mixed ruminal lipid A and evaluation of
the effects of C15-17 fatty acids on the growth of Se. ruminantium HD4 and S. bovis JB1.

Materials and methods

All experimental procedures involving the animals used as donors of rumen fluid in the study were conducted
under protocols approved by the University of Florida Institutional Animal Care and Use Committee (IACUC).
Moreover, all methods were performed in accordance with the IACUC guidelines and regulations. The following
study is reported in accordance with ARRIVE guidelines.

Statistical analysis. Each treatment was tested with at least three biological replicates (n=>3), for total
sample size n=12 per strain tested. Significance was declared at P<0.05, while tendency at 0.05<P<0.10.

Logistic function was used to predict the growth rate (u) and lag time (lag). According to*!, the logistic
function used was:

Y=o+ ¢
=JYo g
(1 +exp [4*;Lmax*lth+2})
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Y is real ODt, y, is initial OD,, umax is maximum specific growth rate, and C is increase of OD from OD,
to OD,.

The predicted maximum specific growth rate and lag time were used as input for SAS analysis. The effects
of treatment on maximum specific growth rate, lag time, and concentrations of ammonia, organic acids were
analyzed using least-square analysis of variance (ANOVA) using the MIXED procedure of SAS.

The statistical model used was:

yi=un+Ti+E+eg

where y is a dependent variable, y is overall mean, T; is fixed effect of treatments,E; is experimental run, and &;;
is the random error. Experimental run was considered as random effect.

Fractionation of ruminal fluid. Ruminal fluid was obtained from a rumen-cannulated Holstein cow fed
ad libitum a total mixed ration (DM basis: 60% whole plant corn silage, 12.5% ground corn, 13% citrus pulp,
12% soybean meal, and 2.5% mineral and vitamin mix). Approximately 3 h after morning feeding, ruminal
contents were manually collected (7 L) and strained through four layers of cheesecloth into pre-warmed thermos
bottles and promptly transported to the lab. The contents were strained again through two-layer cheesecloth,
transferred into beakers, and immersed in ice for 15 min. The strained ruminal fluid (approximately 14 L) was
centrifuged (Sorvall RC-5B Refrigerated Superspeed Centrifuge, DuPont Instruments® Wilmington, DE) three
times in succession. First at 1000xg for 10 min, then the supernatant was collected and centrifuged again at
11,250xg for 20 min, then the bacteria pellet obtained, resuspended in Milli-Q water and centrifuged for a third
time at 16,250xg for 20 min to obtain the pellet of bacteria that was later resuspended in Milli-Q water. Finally,
bacterial pellets were transferred to pyrogen-free tubes, homogenized and diluted to 15 mL using Milli-Q water
and stored in - 80 °C for later ruminal LPS extraction.

Ruminal lipopolysaccharide extraction. A modified hot-phenol extraction was utilized to extract LPS
from ruminal bacteria obtained from the rumen-cannulated cow as described previously*>*’ but with minor
modifications and validations described below. Briefly to isolate total LPS from ruminal fluid, the bacterial pellet
was boiled at 100-110 °C using a heat block for 30 min followed by the addition of 50 mL Milli-Q water. The
bacteria suspension was then treated with 50 mL of 90% phenol that was prewarmed at 68 °C for 30 min. The
preparation was then placed in — 20 °C for 30 min to cool and centrifuged at 5000xg for 10 min. The aqueous
(top) layer was then collected because it exhibits the greatest concentration of LPS after being tested with silver
stain (Thermo Scientific™ Pierce™ Silver Stain Kit). The aqueous layer was then transported into a regenerated
cellulose dialysis membrane (Fisherbrand™) for further dialysis against Milli-Q at 4 °C until phenol was not
detectable at 260 nm in Milli-Q. Dialyzed samples were then treated with 5 mM MgCl, followed by 20 ug/mL
Dnase I (M0303s, New England Biolabs) for 2 h at 37 °C to degrade contaminating DNA. After, 20 ug/mL Rnase
H (T3018, New England Biolabs) was added for 2 h at 37 °C, to degrade contaminating RNA and, last 30 mg/
mL Proteinase K (Fisher BioReagents™ Proteinase K, Catalog No. BP1700-100) was added to remove protein
contamination. The preparation was then lyophilized and crude LPS mass was determined. After lyophilization,
dry samples were resuspended into 15 mL of Milli-Q water and centrifuged at 1110xg for 10 min to remove any
solids. The supernatant was treated with 0.15 mL 50 mM acetic acid, 95% ethanol and transferred with glass
Pasteur pipette into ultracentrifuge tubes (Quick-Seal® Round-Top Polypropylene Tube) and then spun for 8 h
at 4 °C and 105,000xg in an ultracentrifuge (optima XE, Beckman Coulter Life Sciences, Indianapolis, Indiana).
The supernatant was removed and LPS gels were resuspended in 2 mL of endotoxin-free water and lyophilized
to determine the dry weight of pure LPS. To confirm the purity and normalization of ruminal-derived LPS,
the final products were visualized with the Pierce™ Silver Stain Kit (Thermo Scientific™) in accordance with the
manufacturer’s instructions. In all cases, the Pierce™ Silver Stain Kit indicated a purity identical to that of LPS
purified from pure bacterial isolates.

LPS stock preparation. The concentrations of E. coli-LPS (Escherichia coli O111:B4, 1.2630; Sigma-Aldrich
Co., St. Louis, MO), ruminal-LPS and MIX-LPS were 200,000 EU (1 ng/mL =10 EU based on the Sigma-Aldrich
protocol).

All LPS stocks were prepared under anaerobic condition, in which 25 mg of E. coli-LPS were added to
62.5 mL sterile, anaerobic, nonpyrogenic water while flushing with CO,, to generate 0.4 mg/ mL of E. coli-LPS.
The ruminal-LPS stock (25 mg) was resuspended in 2 mL sterile, nonpyrogenic water and sonicated for 20 min.
After sonication, the ruminal LPS stock was prepared under anaerobic conditions and the final volume was
brought to 62.5 mL in sterile, anaerobic, nonpyrogenic water to generate 0.4 mg/mL stock. For MIX-LPS stock,
13.5 mL (equal to 5.4 mg of E. coli-LPS) from E. coli-LPS stock was mixed with 13.5 mL (equal to 5.4 mg of
ruminal-LPS) ruminal-LPS stock to generate 0.4 mg/mL of MIX-LPS. All LPS stocks were then filtered through
a 0.45-pm followed by a 0.22-um polyethersulfone (PES) membrane syringe filter (Celltreat, Pepperell, MA) into
serum bottles that were previously flushed with CO2 and autoclaved. A 0.5 mL volume of 0.4 mg/mL E. coli-,
ruminal- and MIX- LPS stock contained 200,000 EU of LPS. We chose the 0.4 mg/mL concentration assuming
that ruminal LPS would equate E. coli LPS by weight. This assumption was made to make all of the doses similar
in weight, volume, and endotoxicity. To validate the endotoxicity of the MIX stock solution, we performed limulus
amebocyte lysate assay, which exhibited endotoxicity close to 200,000 EU.

Media. The basal medium contained 240 mg of K,HPO,, 240 mg of KH,PO,, 480 mg of (NH,),SO,, 480 mg
of NaCl, 100 mg of MgSO,-7H,0, 64 mg of CaCl,-2H,0, 600 mg cysteine hydrochloride, 1 g of trypticase peptone
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(product 212750; BD), and 0.5 g of yeast extract (product 212750; BD) per liter*%; Ph 6.5; autoclaved (121 °C,
15 min) to remove O, and cooled under O,-free CO,. Sodium carbonate (4 g/L) was added as a buffer. Resazurin
was added as a redox indicator. Growth substrates were anaerobically prepared and introduced to the basal
medium under sterile conditions. Glucose (20 mM final concentration) was added as growth substrate for S.
bovis JB1 and Se. ruminantium HD4 and 50 mM lactate (final concentration) was added as a growth substrate for
M. elsdenii T81. All media and media additives (glucose or lactate) were based on previous peer reviewed studies
of pure cultured ruminal bacteria* and were prepared at the same time to reduce variability between runs.

Organisms. Lactate producing bacteria Selenomonas ruminantium HD4 (chain of custody: Herbert J.
Strobel, Michael D. Flythe) and Streptococcus bovis JB1 (chain of custody: James B. Russell, Michael D. Flythe),
and lactate utilizing bacteria Megasphaera elsdenii T81 (chain of custody: Paul J. Weimer, Michael D. Flythe)
were obtained from the stock culture collection maintained at the Forage-Animal Production Research Unit,
ARS, USDA on the University of Kentucky campus. All isolates were verified for purity via Gram-stain and
microscopy®. Preliminary growth curve analyses were conducted to determine the lag, log, and stationary
phases of each strain (data not shown).

Treatments and measurement of bacterial growth.  Strains were inoculated into 10 mL growth media
(lactate-producers: basal medium plus 20 mM glucose; lactate-utilizers: basal medium plus 50 mM lactate)
and incubated at 39 °C overnight. The optical density (OD, absorbance 600 nm) of each overnight culture was
recorded to determine the inoculum for the growth curve experiments. One hundred Ml of S. bovis JB1, 100 uL
Se. ruminantium HD4, or 500 pL M. elsdenii T81 were added to basal medium with 0.5 mL LPS treatment or
control. Treatments were (i) CTRL, control group (LPS-free anaerobic water); (ii) RUM, ruminal-LPS (0.4 mg/
mL ruminal LPS); (iii) E. COLL E. coli-LPS (0.4 mg/mL E. coli-LPS); and (iv) MIX, 1:1 E. coli: Ruminal-LPS
(0.4 mg/mL MIX-LPS). The concentration of all three LPS (RUM, E. COLI, MIX) was chosen based on previous
studies in which LPS concentration was measured in cows with SARA (200,000 EU)*. All experimental tubes
were inverted to mix, flame sterilized, and 2 mL was removed for baseline fermentation end products (NH;-N,
and organic acids) and the initial optical density (OD,). All strains were grown anaerobically under O,-free
CO, in Hungate tubes and incubated at 39 °C without shaking. Optical densities (ODt) were recorded hourly
except in the case of S. bovis JB1, for which measurements were collected every 30 min, until bacterial growth
reached a plateau. Once bacterial growth reached mid-exponential phase, 2 mL culture medium was collected
into Eppendorf tubes, clarified by centrifugation (15,000xg, 2 min), and frozen at — 20 °C for later determination
of the fermentation end products (NH;-N, and organic acids). Samples for fermentation end products were
collected at mid-exponential phase to represent continuous fermentation conditions as it happens in the rumen
(Figs. 1, 2, 3).

Fermentation end product analyses. Samples of the media were thawed, clarified by centrifugation
(15,000xg, 2 min), and the ammonia concentrations were determined by the phenolic acid/hypochlorite
method?. Volatile fatty acids, lactate, and soluble sugar concentrations were quantified by HPLC (Dionex,
Sunnyvale, CA, USA). The column (Aminex HP-87H, Bio-Rad, Hercules, CA) was operated at 50 °C, with a
0.4 mL/min flow rate and aqueous H,SO, (0.17 N) mobile phase. A refractive index detector (Shodex/Showa
Denko, Kanagawa, Japan) and a UV detector (Dionex, Sunnyvale, CA, USA) were used in tandem to detect
eluting compounds.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.

Received: 20 January 2022; Accepted: 8 September 2022
Published online: 23 September 2022

References

1. Davis, M. R. ]. & Goldberg, J. B. Purification and visualization of lipopolysaccharide from Gram-negative bacteria by hot aqueous-
phenol extraction. J. Vis. Exp. https://doi.org/10.3791/3916 (2012).

2. Munford, R. S. & Varley, A. W. Shield as signal: Lipopolysaccharides and the evolution of immunity to gram-negative bacteria.
PLoS Pathog. 2, €67 (2006).

3. Sarmikasoglou, E. & Faciola, A. P. Ruminal lipopolysaccharides analysis: Uncharted waters with promising signs. Animals 11, 195
(2021).

4. Steimle, A., Autenrieth, I. B. & Frick, J.-S. Structure and function: Lipid A modifications in commensals and pathogens. Int. J. Med.
Microbiol. 306, 290-301 (2016).

5. Nagaraja, T. G. & Titgemeyer, E. C. Ruminal acidosis in beef cattle: The current microbiological and nutritional outlook. J. Dairy
Sci. 90, E17-E38 (2007).

6. Plaizier, J. C., Khafipour, E,, Li, S., Gozho, G. N. & Krause, D. O. Subacute ruminal acidosis (SARA), endotoxins and health
consequences. Anim. Feed Sci. Technol. 172, 9-21 (2012).

7. Kleen, J. L., Upgang, L. & Rehage, J. Prevalence and consequences of subacute ruminal acidosis in German dairy herds. Acta Vet.
Scand. 55, 48 (2013).

8. Goad, D. W, Goad, C. L. & Nagaraja, T. G. Ruminal microbial and fermentative changes associated with experimentally induced
subacute acidosis in steers. J. Anim. Sci. 76, 234-241 (1998).

9. Matthews, C. et al. The rumen microbiome: A crucial consideration when optimising milk and meat production and nitrogen
utilisation efficiency. Gut Microbes 10, 115-132 (2019).

10. Nagaraja, T. G. & Lechtenberg, K. F. Acidosis in feedlot cattle. Vet. Clin. N. Am. 23, 333-350 (2007).

Scientific Reports |

(2022) 12:15932 | https://doi.org/10.1038/s41598-022-20073-2 nature portfolio


https://doi.org/10.3791/3916

www.nature.com/scientificreports/

11. Dai, X. et al. Effects of lipopolysaccharide dosing on bacterial community composition and fermentation in a dual-flow continuous
culture system. J. Dairy Sci. 102, 334-350 (2019).

12. Nagaraja, T. G., Galyean, M. L. & Andy Cole, N. Nutrition and disease. Vet. Clin. N. Am. 14, 257-277 (1998).

13. Andersen, P. H., Bergelin, B. & Christensen, K. A. Effect of feeding regimen on concentration of free endotoxin in ruminal fluid
of cattle. J. Anim. Sci. 72, 487-491 (1994).

14. Dai, X., Hackmann, T. J., Lobo, R. R. & Faciola, A. P. Lipopolysaccharide stimulates the growth of bacteria that contribute to
ruminal acidosis. Appl. Environ. Microbiol. 86, €02193-¢2219 (2020).

15. Robinson, I. M., Allison, M. J. & Hartman, P. A. Anaeroplasma abactoclasticum gen.nov, sp.nov: An obligately anaerobic
mycoplasma from the rumen. Int. J. Syst. Evol. Microbiol. 25, 173-181 (1975).

16. Boivin, A., Mesrobeanu, I. & Mesrobeanu, L. Extraction d'un complexe toxique et antigenique a partir du bacille d’aertrycke.
Compt. Rend. Soc. Biol 114, 51 (1933).

17. Westphal, O. & Jann, K. Bacterial lipopolysaccharides extraction with phenol-water and further applications of the procedure.
Methods Carbohydr. Chem. 5, 83-91 (1965).

18. Sarmikasoglou, E. et al. Ruminal lipid A analysis by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry.
Polysaccharides 2, 817-824 (2021).

19. Homma, J. Y. et al. Structural requirements of Lipid A responsible for the functions: A study with chemically synthesized lipid a
and its analoguesl. J. Biochem. 98, 395-406 (1985).

20. Kotani, S. et al. Synthetic lipid A with endotoxic and related biological activities comparable to those of a natural lipid A from an
Escherichia coli re-mutant. Infect. Immun. 49, 225-237 (1985).

21. Raetz, C. R. H. & Whitfield, C. Lipopolysaccharide endotoxins. Annu. Rev. Biochem. 71, 635-700 (2002).

22. Erturk-Hasdemir, D. et al. Symbionts exploit complex signaling to educate the immune system. Proc. Natl. Acad. Sci. U.S.A. 116,
26157-26166 (2019).

23. Di Lorenzo, E. et al. Pairing Bacteroides vulgatus LPS structure with its immunomodulatory effects on human cellular models.
ACS Cent. Sci. 6, 1602-1616 (2020).

24. Meale, S. J. et al. Development of ruminal and fecal microbiomes are affected by weaning but not weaning strategy in dairy calves.
Front. Microbiol. 7, 582 (2016).

25. Chuang, S.-T. et al. The Rumen specific bacteriome in dry dairy cows and its possible relationship with phenotypes. Animals 10,
1791 (2020).

26. Hashimoto, M. et al. Chemical structure and immunobiological activity of lipid A from Prevotella intermedia ATCC 25611
lipopolysaccharide. FEBS Lett. 543, 98-102 (2003).

27. Di Lorenzo, E et al. Prevotella denticola lipopolysaccharide from a cystic fibrosis isolate possesses a unique chemical structure.
Eur. J. Org. Chem. 2016, 1732-1738 (2016).

28. Wojtczak, L. & Wieckowski, M. R. The mechanisms of fatty acid-induced proton permeability of the inner mitochondrial
membrane. J. Bioenerg. Biomembr. 31, 447-455 (1999).

29. Sheu, C. W. & Freese, E. Effects of fatty acids on growth and envelope proteins of Bacillus subtilis. J. Bacteriol. 111, 516-524 (1972).

30. Beck, V. et al. Polyunsaturated fatty acids activate human uncoupling proteins 1 and 2 in planar lipid bilayers. FASEB J. 21,
11371144 (2007).

31. Zheng, C.J. et al. Fatty acid synthesis is a target for antibacterial activity of unsaturated fatty acids. FEBS Lett. 579, 5157-5162
(2005).

32. Shibasaki, I. In Combined effects on antibacterial activity of fatty acids and their esters against gram-negative bacteria. In The
pharmacological effects of lipids 15-24 (1978).

33. Schonfeld, P. & Wojtczak, L. Fatty acids as modulators of the cellular production of reactive oxygen species. Free Radic. Biol. Med.
45, 231-241 (2008).

34. Shin, S. Y., Bajpai, V. K., Kim, H. R. & Kang, S. C. Antibacterial activity of bioconverted eicosapentaenoic (EPA) and
docosahexaenoic acid (DHA) against foodborne pathogenic bacteria. Int. . Food Microbiol. 113, 233-236 (2007).

35. Potocki, L. et al. Application of green algal planktochlorella nurekis biomasses to modulate growth of selected microbial species.
Molecules 26, 4038 (2021).

36. Desbois, A. P. & Smith, V. J. Antibacterial free fatty acids: activities, mechanisms of action and biotechnological potential. Appl.
Microbiol. Biotechnol. 85, 1629-1642 (2010).

37. Chen, X. et al. Antimicrobial potential of myristic acid against Listeria monocytogenes in milk. J. Antibiot. 72, 298-305 (2019).

38. Yang, H.-T. et al. Lauric acid is an inhibitor of clostridium difficile growth in vitro and reduces inflammation in a mouse infection
model. Front. Microbiol. 8, 2635 (2017).

39. Ivanova, E. P. et al. Bactericidal activity of self-assembled palmitic and stearic fatty acid crystals on highly ordered pyrolytic graphite.
Acta Biomater. 59, 148-157 (2017).

40. Kaneko, J. et al. Complete genome sequence of Selenomonas ruminantium subsp. lactilytica will accelerate further understanding
of the nature of the class Negativicutes. FEMS Microbiol. Lett. 362, 050 (2015).

41. Pla, M.-L,, Oltra, S., Esteban, M.-D., Andreu, S. & Palop, A. Comparison of primary models to predict microbial growth by the
plate count and absorbance methods. BioMed Res. Int. https://doi.org/10.1155/2015/365025 (2015).

42. Lam,J. S., Anderson, E. M. & Hao, Y. LPS quantitation procedures. Methods Mol. Biol. 1149, 375-402 (2014).

43. Nagaraja, T. G,, Fina, L. R, Bartley, E. E. & Anthony, H. D. Endotoxic activity of cell-free rumen fluid from cattle fed hay or grain.
Can. J. Microbiol. 24, 1253-1261 (1978).

44. Cotta, M. A. & Russell, J. B. Effect of peptides and amino acids on efficiency of rumen bacterial protein synthesis in continuous
culture. J. Dairy Sci. 65, 226-234 (1982).

45. Virginia Polytechnic Institute and State University., A. L. Anaerobe Laboratory Manual. (V.P.I. Anaerobe Laboratory, 1977).

46. Gozho, G. N., Krause, D. O. & Plaizier, ]. C. Ruminal lipopolysaccharide concentration and inflammatory response during grain-
induced subacute ruminal acidosis in dairy cows. J. Dairy Sci. 90, 856-866 (2007).

47. Chaney, A. L. & Marbach, E. P. Modified reagents for determination of urea and ammonia. Clin. Chem. 8, 130-132 (1962).

Acknowledgements

The authors thank Drs. Jeong, and Driver from the University of Florida for insightful discussions.

Author contributions

Project acquisition: E.S. and A.F. Trial and project design: E.S., .E., M.E, A.T., A.F. Trial implementation and
data collection: E.S., J.E, ]J.V. Data Analysis (Statistics and Graphics): E.S. Data interpretations: E.S. Writing of
manuscript: E.S. Revision of manuscripts: E.S., J.E, J.V.,, M.E, A.E

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2022) 12:15932 | https://doi.org/10.1038/s41598-022-20073-2 nature portfolio


https://doi.org/10.1155/2015/365025

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to A.P.E.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022)12:15932 | https://doi.org/10.1038/s41598-022-20073-2 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effects of ruminal lipopolysaccharides on growth and fermentation end products of pure cultured bacteria
	Results
	Effect of LPS on bacterial growth. 
	Effect of LPS on fermentation end products. 

	Discussion
	Materials and methods
	Statistical analysis. 
	Fractionation of ruminal fluid. 
	Ruminal lipopolysaccharide extraction. 
	LPS stock preparation. 
	Media. 
	Organisms. 
	Treatments and measurement of bacterial growth. 
	Fermentation end product analyses. 

	References
	Acknowledgements


