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Abstract

Lactate metabolism was studied in mixed bacterial communities using single stage
continuous flow fermentors inoculated with faecal slurries from four different volunteers
and run for 6 days at pH 5.5 and 6.0, using carbohydrates, mainly starch, as substrates. A
continuous infusion of [U-'*C]starch and L-[3-'*C]lactate was performed on day 5 and a
bolus injection of L-[3-**C]lactate plus DL-lactate on day 6. Short chain fatty acids and
lactate concentrations plus enrichments and numbers of lactate producing and utilizing
bacteria on day 5 were measured. Faecal samples were also collected weekly over a 3-
month period to inoculate 24h-batch culture incubations at pH 5.9 and 6.5 with
carbohydrates alone or with 35 mmol L™ lactate. In the fermentors, potential lactate
disposal rates were more than double formation rates, and lactate concentrations usually
remained below detection. Lactate formation was greater (P < 0.05) at the lower pH with a
similar tendency for utilization. Up to 20% of butyrate production was derived from
lactate. In batch cultures lactate was also efficiently used at both pH values, especially at
6.5, although volunteer and temporal variability existed. Under healthy gut environmental

conditions, bacterial lactate disposal seems to markedly exceed production.
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Introduction

The metabolic activities of gut bacteria have a considerable influence in human health
and disease (Guarner & Malagelada, 2003). Dietary carbohydrate substrates, including
starch (Jacobasch et al., 1999), that escape digestion by host enzymes may be fermented by
microbes to short chain fatty acids (SCFA) in the colon. Acetate is the predominant
product of such fermentation but may also be converted to butyrate by several bacterial
species in the colon by the action of butyryl CoA: acetate CoA transferase (Pryde et al.,
2002; Duncan et al., 20044a; Louis et al., 2004). Butyrate, which is not further metabolised
by microbes in the colon (Belenguer et al., 2008), is the preferred energy source for the
colonocytes (Pryde et al., 2002; Gill & Rowland., 2002) and may help ameliorate
inflammation and prevent colorectal cancer (Mclintyre et al., 1993; Tazoe et al., 2008;
Hamer et al., 2008; Louis & Flint, 2009).

Propionate is the other major fermentation product detected in the colon whilst lactate
is an intermediate product usually found in low concentrations in faecal samples from
healthy subjects (< 5 mmol L) due to further microbial utilization and conversion to
butyrate, propionate or acetate (Belenguer et al., 2007). Lactate is a product of several
bacterial groups, including bifidobacteria (Florent et al., 1985) and certain anaerobes
(Mcfarlane & Gibson, 1991; Duncan et al., 2002). At low concentrations lactate is
considered beneficial in the colon as the low pKa makes it inhibitory to pathogens. Lactate,
however, may accumulate to high concentrations (up to 90 mmol L) in the colonic lumen
of ulcerative colitis sufferers (Vernia et al., 1988) with detrimental effects, including
neurotoxic responses (Ewarschuk et al., 2005).

Among the factors that affect the gut microbial ecosystem, pH impacts markedly on the
composition and metabolism of the colonic microbiota (Walker et al., 2005; Duncan et al.,
2009). This is also the case for lactate metabolism and previous studies have shown that

lactate production and utilization are maintained in balance by mixed human faecal
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bacteria (Bourriaud et al., 2005; Morrison et al., 2006), within the normal physiological pH
range (Belenguer et al., 2007). At pH 5.2, however, lactate utilization was curtailed and
this metabolite accumulated (Belenguer et al., 2007). This may explain high lactate
concentrations in severe colitis (Vernia et al., 1988) where the colonic pH can approach
that of the stomach (Fallingborg et al., 1993). The contribution of various bacterial species
to lactate utilization remains ill-defined, however, but several are known to convert lactate
to propionate or butyrate (Duncan et al., 2004b; Morrison et al., 2006; Falony et al., 2006).
These include Eubacterium hallii, Anaerostipes caccae and an un-named species (Duncan
et al., 2004b) that are butyrate-producing bacteria and belong to the dominant core group

of species in the human intestinal microbiota (Tap et al., 2009; Walker et al., 2010).

Maintenance of low amounts of lactate within the colon represents a balance between
utilization and production and imbalances in either can cause lactate accumulation. The
current study uses two approaches, long-term (6 days) continuous fermentors and short
term (24h) batch cultures to estimate rates of lactate production and utilization and
determine if these link to certain bacterial groups. The pH of the culture media was shown
to modify rates of lactate metabolism and stable isotope approaches were used to allow

quantification of flow from starches to lactate and to end-product metabolites.

Material and methods

Collection of faecal samples

These were provided by four adult volunteers (two male and two female), aged 32-62
years and all consuming a Western style diet. The volunteers (referred to as donors A, B, C
and D) did not take any antibiotics or drugs known to influence faecal microbiota for the

last 6 months prior to the start of the studies.
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Continuous flow fermentor incubations

Single-stage continuous fermentor systems were operated as described previously
(Duncan et al., 2003) using a medium based on that of Macfarlane et al. (1989) as
modified by Walker et al. (2005). The carbon sources present in the mixed substrate
medium were potato starch (0.5% weight in volume, w/v) in addition to xylan, pectin,
amylopectin and arabinogalactan each at 0.06% (w/v). The total peptide concentrations
(comprising equal amounts of casein hydrolysate and peptone water) were 0.2%. The
fermentor growth medium was maintained under a stream of CO, with a flow rate of fresh
medium equating to one pool per day, giving a dilution rate of 0.042 h™. Prime doses of
SCFA were added to give initial concentrations of approximately 35 mmol L™ acetate, 9
mmol L™ propionate, 5 mmol L™ butyrate and 1 mmol L™ each of valerate, iso-valerate,
and iso-butyrate, but were not included in the supplied medium. The pH was maintained at
either 5.5+ 0.1 (vessel 1) or 6.0 £ 0.1 (vessel 2). The temperature was maintained at 37°C
using a thermal jacket. Faecal suspensions (20%) were prepared by suspending fresh faecal
samples in 50 mmol L™ phosphate buffer (pH 6.5) containing 0.05% cysteine under O.-
free CO, to give a faecal inoculum of 2% (w/v) in the vessel. Substrate (mixture of
carbohydrates) was infused continuously, with potato soluble starch being supplied at
approximately 16 and 22 mg h™ (which would be equivalent to approximately 92 and 124
umol glucose h™) in vessels 1 and 2, respectively.

For the lactate metabolism studies a continuous infusion of [U-*C]starch (equivalent to
7.35-8.83 and 10.95-17.00 pumol glucose h™ in vessels 1 and 2, respectively) and L-[3-
13C]lactate (5.29-6.58 and 6.58-7.88 umol h™ in vessels 1 and 2, respectively) was
performed for 10 h on day 5, with a prime injection of [1-**CJacetate (184.2-384.8 and
219.4-298.6 pmol in vessels 1 and 2, respectively), [1,2-*3Clacetate (176.9-402.3 and

195.7-296.4 pmol in vessels 1 and 2, respectively) and [1-**C]propionate (9.4-22.2 and

7.6-21.7 umol in vessels 1 and 2, respectively) given approximately 4 h after the start of
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the infusion of labelled starch and lactate. The following day (day 6) both vessels received
a bolus injection of L-[3-*C]lactate (approximately 23 and 28 pumol in vessels 1 and 2,
respectively) plus DL-lactate (approximately 230 and 275 pumol in vessels 1 and 2,
respectively).

Daily samples were taken from each vessel to monitor SCFA and lactate concentrations.
On the infusion day (day 5) samples were taken every 30 min for the first 3 h of the
infusion and hourly thereafter until 10 h to measure SCFA and lactate concentrations and
metabolite **C enrichments. On the injection day (day 6) samples were taken at 30 min
intervals from just before until 4 h after the bolus injection, with lactate concentrations and

metabolite **C enrichments measured.

Batch culture incubations

Fresh faecal samples from the same four volunteers (A, B, C and D) were collected
weekly at 12 occasions over a three month period. Slurries of this material were used for
batch culture incubations with an anaerobic medium similar to that used for the continuous
flow fermentor incubations, based on Macfarlane et al. (1989) as modified by Walker et al.
(2005). The carbohydrate sources present in the mixed substrate medium were potato
starch (0.14% w/v) in addition to xylan, pectin, amylopectin, and arabinogalactan each at
0.015% (w/v). The total peptide concentrations (comprising equal amounts of casein
hydrolysate and peptone water) were 0.2%. Samples were inoculated at two different pH
values (mean + standard deviation 5.9 £ 0.2 and 6.5 = 0.2) and with either a carbohydrate
mixture alone or with DL-lactate (approximately 35 mmol L™ initial concentration) also
present. SCFA were also added to the medium to give initial concentrations of
approximately 33 mmol L™ acetate, 9 mmol L™ propionate, 5 mmol L™ butyrate and 1
mmol L™ each of valerate, iso-valerate, and iso-butyrate. The fermentor medium was

dispensed into Hungate tubes under a stream of CO, (Miyazaki et al., 1997) and heat
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sterilised at 121 °C (15 min). After cooling, heat-labile vitamins were added and the
medium was inoculated with the faecal slurry under CO, and incubated at 37 °C. Faecal
slurries (20%) were prepared within 2 h of collection in anaerobic phosphate buffer saline
to give a final concentration of approximately 0.2%. Tubes were inoculated in duplicate
and samples were taken at 24 h to measure SCFA and lactate concentrations. Samples of
uninoculated medium were also taken to measure initial concentrations and initial pH

values.

Quantification of bacteria in faecal and continuous fermentor samples by
fluorescent in situ hybridization analysis

Samples were taken from faeces (0.5 g) and the fermentor incubations on day 5 (1 ml)
for fluorescent in situ hybridization (FISH) analysis. Faecal samples were diluted with
phosphate buffer (1:10), and all samples were fixed by mixing 1:3 in 4% (w/v)
paraformaldehyde at 4°C for 16 h and stored at -20°C. FISH analysis was performed as
described by Harmsen et al. (2002). Diluted cell suspensions were applied to gelatin-
coated slides and the slides were hybridized overnight with the appropriate probes. 50 pl of
Vectashield (Vector Laboratories, Burlingame, CA) was applied to each slide to prevent
fading. Cells were counted automatically using image analysis software CellF (Olympus
Soft Imaging Solutions GmbH, Germany) with an Olympus microscope, except when the
number of cells was less than 10 per field of view, in which case the cells were counted
manually. For each sample 30 microscopic fields were counted and the data averaged. All
samples were assessed with the following probes: total bacteria (Eub338, Amann et al.,
1990), Bifidobacterium spp. (Bif164, Langendijk et al., 1995), as lactate-producing
bacteria, and the Eubacterium hallii (Ehal1469, Harmsen et al., 2002) and Anaerostipes

caccae (Acacl194, Hold et al., 2002) groups, as potential lactate utilisers.
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Determination of concentrations and **C enrichments in short chain fatty acids
and lactate

Daily samples from the single-stage continuous fermentors were derivatised in duplicate
for estimation of concentrations of SCFA and lactate by capillary gas chromatography
(Richardson et al., 1989). Similar analyses were performed for blank and 24h samples
from the batch culture incubations to measure lactate concentrations. Samples from the
fermentors on the infusion day (day 5) were analysed for lactate and SCFA concentrations
and enrichments but only lactate concentrations and enrichments were determined in the
samples collected during the injection day (day 6). For samples from both day 5 and 6
concentrations were quantified by isotope dilution, while enrichments were measured by
gas chromatography-mass spectrometry analysis of the tert-butyldimethylsilyl derivatives,
as described previously (Duncan et al., 2004a; Belenguer et al., 2006). Analyses were
under electron impact ionisation conditions; for acetate, the ions M+, M+1 and M+2 at
mass/charge (m/z) 117, 118 and 119 were monitored; for butyrate, M+, M+1, M+2 and
M+4 (i.e. m/z 145, 146, 147 and 149) were determined, the latter to quantify butyrate
formation from two [1,2-*C] acetate molecules; for propionate, M+, M+1, M+2 and M+3
(i.e. m/z 131, 132, 133 and 134) were measured; for lactate, M+, M+1, M+2 and M+3 ion
fragments were analysed (m/z 261, 262, 263 and 264). For the concentration

determinations appropriate corrections were applied for the enrichments of the samples.

Metabolic activities of pure cultures of bacteria

Based on data reported previously (Belenguer et al., 2006) rates of conversion of 0.2%
(wi/v) starch substrate to lactate in batch cultures were calculated at pH 5.7 and 6.7 between
4 and 8 h of incubation. Similarly the activity of E. hallii to utilise lactate was determined

in the presence of 45 mmol L™ lactate at pH 5.7 and 6.7 between 8 and 24 h of incubation.
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For both species, the number of bacteria in the respective incubations was determined by

optical density (1 ODggo=10° cells; Lech et al., 1987).

Kinetic modelling

The model structure and fates of the various isotopes are shown in Fig. 1. Let g, Q, and
E denote the labelled amount (umol), the total (labelled plus unlabelled) amount (umol)
and enrichment (0.01 molar % excess, MPE) of either acetate, butyrate, propionate, lactate,
or starch, denoted by subscripts ‘a’, ‘b’, “p’, ‘I’ and “s’, respectively. Let i denote the
interval between any two times tp and t;, with t; > to and let F(i) denote the flow of a
metabolite (labelled plus unlabelled) during i. Eff(i) denotes the loss to the effluent during
interval i, and E(i) denotes the average enrichment during i. Subscript “in’ refers to inflow
(production) and subscript “out’ refers to use in further metabolic processes (e.g. acetate
used to produce butyrate). For example, F4in refers to acetate production, while F o, Stands
for acetate outflow, etc. Flows to pool y from pool x are denoted by Fyx. Q, g, E and Eff
were measured, whilst the Fyx, Fin and Fou: Were unknown.

Data are expressed in terms of two carbon (C,) units, to allow for ‘molar equivalent’
transfers. To achieve this, the concentration of butyrate is multiplied by 2 and the
enrichment divided by 2. The enrichments of propionate and lactate, in terms of C, units,
are given as 0.01 (MPE(M+2) + MPE(M+3)). The concentrations of acetate, propionate

and lactate and their M+1 enrichments are as measured directly.

Infusion day (day 5):
Calculations are based on time points during the continuous infusion of labelled starch
and lactate between 4 and 10 h, after the prime doses of labelled acetate and propionate.

Lactate formation (Fyin) and utilisation (Fjout) were obtained from the changes in labelled
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(M+1) and total (labelled plus unlabelled) lactate as observed during the continuous
infusion of [3-*C]lactate:
Aim+1(t) = dima(to) + Infusion(i) — Eymea(i) Frout(i) — Eimea(i) EFfi(i) 1)

Qi(ta) = Qi(to) + Infusion(i) + Fyin(i) — Fr.ow(i) — Effi(i) )

It was assumed that butyrate was formed (Fyin) Via two pathways, either through the
extracellular acetate pool (Fpy) or directly from lactate (Fy). First, from the changes in the
total butyrate concentration Fy j, was obtained:

Qo(t1) = Qn(to) + Fo.in(i) — Effp(i) (3)

Then, changes in the M+1 enriched butyrate were modelled as

Oo.m+1(t1) = Gb.m+1(to) + Ermea(i) Foi(i) + Eam+1(i) Fpa(i) — Epmea(i) Effo(i)  (4)

Writing Fpa = Fp.in — Fpr and substituting in equation (4) then provides Fp, and Fpa

follows.

The total production of propionate (Fp.in) was obtained from
Qp(tr) = Qp(to) + Fp.in(i) — EFfy(i) ®)
where it was assumed that propionate has no further metabolic fates, i.e. Fpou = 0.
Changes in labelled propionate derived from 3-'*C-lactate were modelled as:
Opm+1(tr) = dp.mea(to) + Ermsa(i) Fpi(i) — Epmea(i) EFfp(i) (6)

which then provided an estimate for Fy.

The incorporation of lactate into acetate (F4) is obtained from assuming that lactate may
be utilised only to produce acetate, butyrate and propionate: Fyout = Fa + Foi + Fp.
Furthermore, the M+1 acetate movements yield an estimate for F o, based on:

Jam+1(t1) = Gam+1(to) + Ermea() Fai(i) — Eame1(i) Faout(i)— Eamea (i) Effa(i)  (7)

F.in follows from

10
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Qa(t1) = Qa(to) + Fain(i) = Faou(i) — Effa(i) (8)

Incorporation of starch into acetate (Fxs), lactate (Fis) and propionate (Fps) was obtained
from the changes in labelled metabolites that were produced from the infused [U-*C]
starch. For Fs:

Qim+2(ta) = dim+2 (o) + Es Fis(i)— Erm+2(1) Fr.ou(1) — Erme2(i) Effi(i) (9)

Here it is assumed that both M+2 and M+3 lactate were formed from [U-"*C]starch (i.e.
Eim+2 = 0.01 MPEsctate(M+2) + 0.01 MPEsctate(M+3)). Making similar assumptions for
propionate, Fys follows from:

Gpmeatr) = Gpmealto) + Evmez(i) Fau(i) + Es(i) Fos(i) — Epmea(i) Effy(i) (10)

Incorporation of starch into acetate follows from:

Jam+2(t1) = Qam+2(to) + Eims2(i) Fa(i) + Es Fas(i) — Eame2(i) Faout(i) — Eams2(i) Effa(i)

(11)

Bolus injection of labelled lactate (day 6):

Except in the vessel at the lower pH (5.5) inoculated with a faecal suspension from
volunteer A, no lactate was detected so that lactate enrichments E; m+1 and Ej m+2 could not
be determined. Estimates of lactate formation were based, instead, on samples collected
following the bolus injection of [3-*C]lactate on day 6. Lactate utilisation (Fj o) on day 6
was obtained from the changes in labelled (M+1) lactate (based on equation (1), with
‘Infusion’ set equal to zero). This was then used to obtain F;,, based on changes in total
(labelled plus unlabelled) lactate (equation (2), with “Infusion’ set to zero). The remaining
calculations are based on the day 5 measurements, as follows. It was assumed that F;;, was
the same on days 5 and 6 and this was substituted in equation (2) to derive Fy o On day 5.
Subsequently, an estimate of the lactate M+1 enrichment on day 5, denoted by E"jm+1, was

obtained from E’|m+1 = Infusion rate / (Fiin + Infusion rate), assuming that the infusate was

11
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fully labelled. In subsequent calculations, E | m+1 replaced Ejms1, SO that Fyi, Foa, Foi, Fa,
Fa.out @and F4 i, could be calculated as before, based on equations (4), (6)-(8). To estimate
the fates of starch, it was assumed that 40% of the lactate came from starch, so that the
lactate M+2 enrichment was assumed to be 0.4 of the starch enrichment. This estimate of
the lactate M+2 enrichments, denoted as E | m+2, then replaced Ejm+» in equations (9) — (11)
to provide estimates for Fys, Fps and Fas. Note that Fyin and Fpin (equations (3) and (5)
respectively) are unaffected by any of the assumptions.

The assumption of Fi, on day 5 being equal to that on day 6 was supported by data from
donor A at pH 5.5 (0.29 and 0.28 pmol mL™ h™* respectively. Data from the same volunteer
showed that approximately 40% of the lactate came from starch and this value was applied
to the other volunteers. Based on the model adopted, this assumption should only influence
the calculation of Fis, Fys and Fs. In practice, sensitivity analysis with the proportion of
lactate from starch varied from 1 to 99% only impacted seriously on Fs, Fys and Fpy, with
the coefficient of variation lower than 36%, except for Fp, that showed flows lower than

0.15 pmol mL™* h,

Statistical analysis

Where SCFA data were replicated the average values were used. The daily SCFA data
from the continuous fermentors were analysed as repeated measures, with volunteer and
time point nested within volunteer as random effects, while time point, pH and their
interaction were taken as fixed effects. The weekly lactate data from the batch culture
incubations were analysed using the same random structure, but with fixed effects now
consisting of time point, pH, substrate and their interactions. To account for dependency on
previous time points, a suitable covariance structure (compound symmetry) was fitted on
the basis of Schwarz’s Bayesian information model fit criterion. Quantities (such as carbon

flows, numbers of bacteria) obtained from the day 5 (or day 6) data in the continuous

12
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fermentors were analysed as one-way analysis of variance with volunteer as random effect
and pH as fixed effect. Pure culture data on lactate formation and utilization were also
analysed as one-way analysis of variance with pH as fixed effect. P < 0.05 was regarded as
statistically significant. All data were analysed using the MIXED procedure of the SAS
software package, version 9.1 (SAS Inst. Inc., Cary, NC). In addition, the linear
relationships between variables of interest were analysed using the REG procedure of the

SAS software.

Results

Concentrations of SCFA and lactate over time in continous flow fermenters

Daily concentrations of SCFA (acetate, propionate, butyrate) and lactate in the single
stage fermentors are presented in Fig. 2. SCFA and lactate concentrations required 3 to 4
days to stabilise in all vessels. Lactate was usually detectable only during the first two days
and reduced to negligible amounts by day 3. For other SCFA (data not shown) succinate
was occasionally detected, albeit at low concentrations, whereas formate had variable
initial values (up to 4 mmol L™) on day 1 but these decreased to zero by day 3. Volunteer
A at pH 5.5 showed a different pattern to the other volunteers, with butyrate nearly
undetectable (< 0.4 mmol L) by 3 days, while lactate was detectable throughout and

formate was present at approximately 11 mmol L™ from day 3 onwards.

Rates of lactate formation and utilisation

Originally it was expected that lactate concentrations would be above the limits of
detection but, in practice, this only occurred at day 5 for volunteer A at pH 5.5. This
volunteer provided the only direct comparison of metabolism on days 5 and 6, with
endogenous lactate formation similar on both days (0.29 and 0.28 pmol mL™* h

respectively). For the other samples, therefore, the various rates of lactate metabolism were

13
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calculated based on formation determined on day 6 (Table 1) plus metabolite masses and
enrichments from day 5. These parameters of endogenous lactate metabolism are presented
in Table 2.

Lactate formation was consistently greater at the lower pH (P < 0.05; Tables 1 and 2)
and a similar trend (P = 0.053) was also seen for endogenous lactate utilization (Table 2).
As expected, rates of production and utilization were closely matched to maintain constant

lactate concentrations, even below the limit of detection.

Carbon flows between starch, lactate and SCFA in continous fermentors

The continuous infusion of [U-*C]starch and [3-**C]lactate, together with the bolus
injection of [1,2-*CJacetate, [1-**C]acetate and [1-**C]propionate allowed estimation of
flows (expressed as C, units) between lactate and the main SCFA (acetate, propionate,
butyrate; Table 2). Labelled starch also allowed quantification of the flow to lactate.
Carbon flow through the acetate pool (Fa;i,) Was considerable (1.7-2.1 pmol mL™ h™), with
most (> 53%) derived from sources other than starch (contribution 16 to 42%) or lactate
(contribution < 14%). Flows from starch to lactate (Fs) and from lactate to acetate (Fq)
were greater at the lower pH (P < 0.05). Propionate formation (approximately 0.5 pmol
mL™ h™) was independent of pH (P > 0.10) and with the majority derived from starch (>
51% Fps:Fp.in) . Butyrate formation (Fy.in) was similar to propionate formation and was at
least two-fold greater for volunteers C and D than A or B at the lower pH. Most butyrate
derived from lactate (estimated as Fa % Fpa/Faout) Was via the external acetate pool (>
78%), and involved the action of acetyl-CoA transferase. The exception was volunteer A at
the lower pH where no acetate utilisation or butyrate formation was observed and most
propionate derived from sources (63%) other than starch (21%) or lactate (16%).

The proportions of lactate carbon converted to acetate, propionate and butyrate were

also estimated (Table 3). The proportion of lactate converted to propionate was always

14
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greater at pH 6 (P < 0.05). In contrast, the proportion of lactate metabolised to acetate and
butyrate was independent of pH. The fate of lactate also appeared volunteer-dependent. For
one subject (C) butyrate was the main end product whereas for two other volunteers (A and
D) a substantial amount of the lactate (37-68%) was converted to propionate. The
proportion of butyrate formed from lactate, either directly or via the external acetate pool,

varied between 0-20%.

FISH quantification of bacteria that produce or utilize lactate

Bifidobacterium spp. accounted for 3.8 to 6.1% of the total bacteria present in the fecal
inocula, whereas the populations of the E. hallii group were low and more variable (0.04 to
0.61%) and A. caccae was below the limit of detection (< 0.01%). By d 5 of inoculation,
total bacterial numbers had increased at least 4-fold (Table 4). By this time, for three
volunteers the bifidobacteria accounted for only 0.3 to 4.2% of total bacteria whereas for
volunteer A the Bifidobacterium spp. contribution was 47% at the lower pH (an increase
of 8.5x10" g%). Overall, the log;o numbers of Bifidobacterium spp. only tended to show a
weak relationship with the rate of lactate formation (adjusted r* = 0.41, P = 0.05). The
populations of the E. hallii group increased over time by 160-fold but these still accounted

for less than 0.7% of the total bacteria and were not affected by pH.

Effect of pH on lactate metabolism in batch cultures.

A similar mixture of dietary polysaccharides was used for the batch cultures, in the
presence of either 0 or 35 mmol L™ DL-lactate. The two pH studied were similar, but not
identical, to the fermentor study (5.9 and 6.5). Over the 24h of batch culture, the pH
remained relatively stable (difference between initial and final pH < 0.4).

In the absence of added lactate, net lactate formation or utilisation was in balance for

most cultures at both pH. When lactate was added to the initial medium, net disposal was
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complete in most incubations at pH 6.5 and was always greater (P < 0.001) than at pH 5.9
(Table 5). In the absence of lactate, acetate was the main end product, whereas butyrate
accumulated (P < 0.001) when lactate was present. The presence of lactate also decreased
net production of acetate (P < 0.001) but increased net formation of propionate (P <
0.001). Furthermore, net production of all three of these SCFA was enhanced at the higher
pH (P < 0.005), although for propionate and butyrate this effect was more pronounced with
the mixture plus lactate than the mixture alone (interaction of substrate x pH, P < 0.001).
Net lactate utilization was also greater at the higher pH, but again this occurred mainly in
the presence of lactate (interaction of substrate x pH, P < 0.001). At the lower pH (5.9) and
with the mixture plus lactate cultures, a linear relationship was observed between net

lactate utilisation and butyrate formation (P < 0.001; adjusted r* = 0.79; Fig. 3).

Responses varied between volunteers and weeks. For example, net lactate utilisation
and butyrate production were lower for volunteers C and D than A and B, at the lower pH,

and net formation of propionate and butyrate differed between weeks.

Activity of pure cultures

Estimates of the equi-cell abilities of B. adolescentis L2-32 to convert starch to lactate
and E. hallii L2-7 to metabolise lactate (to butyrate) are given in Table 6. Both types of
bacteria were more active (P < 0.01) at the lower pH. Nonetheless, at both pH the ability of
E. hallii L2-7 to dispose of lactate exceeded formation by B. adolescentis L2-32 by at least

5-fold.

Discussion

Kinetics of lactate formation and utilization
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Although lactate is a known fermentation product of carbohydrate metabolism within
the colon, the concentrations are usually low or undetectable in faecal samples from
healthy donors (Mcfarlane & Cummings, 1991; Vernia et al., 1988; Duncan et al., 2007).
Thus rapid metabolism must also occur. When lactate accumulates, however, as in patients
with severe ulcerative colitis (Vernia et al., 1988; Hove et al., 1994) then, in the absence of
altered rates of absorption (Umesaki et al., 1979), this must be due to changes in either rate
of formation and(or) disposal. Of the many factors that influence microbial lactate
utilisation and production the most important probably include substrate supply
(Cummings et al., 1989; Duncan et al., 2007), pH (Belenguer et al., 2007; Duncan et al.,
2009) and abundance of appropriate bacteria (Roberfroid, 2005). In the present study
substrate supply was fixed and the effect of pH was tested, both on direct metabolism and
via changes in bacterial populations. Use of stable isotopes allowed direct quantification of
lactate production and utilisation as well as the conversion of lactate to propionate or
butyrate, the latter either via butyrate kinase or via the butyryl CoA: acetate CoA
transferase route. Furthermore, co-operative actions between bacteria have been identified
(Wolin et al., 1991; Flint et al., 2007), and including those that produce and utilize lactate
(Duncan et al., 2004b; Belenguer et al., 2006). Therefore, changes in the activity and
population abundances of these bacteria need to be considered alongside the dynamic
quantification of inflows and outflows of specific metabolites. This work suggested that up
to 20% of butyrate production in the mixed community could be derived from lactate
rather than produced directly from carbohydrates.

For the fermentor study, the infusion of carbohydrate was equivalent to approximately
1.7 pmol glucose mL™ h™* with a theoretical maximal lactate formation > 3 umol mL™ h™.
In practice, observed rates were much lower (0.06-0.34 pmol mL™ h™) indicating that only
a small fraction of the carbohydrate (and peptide) substrates were converted to lactate. In

contrast, the capacity to dispose of lactate appears greater, as shown from the rates of
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disposal observed following a bolus injection of lactate (0.36-0.86 pmol mL™ h!, data not
shown). A high estimated minimal rate of disposal (1.47 pmol mL™ h) was observed for
the batch culture incubations with 35 mmol L™ lactate at both pH 5.9 and 6.5. In both the
fermentor and batch approaches, these values represent a capacity for a rapid response and,
therefore, the inherent disposal capacity of the microorganisms involved exceeds the
ability to produce lactate under the substrate conditions employed with these healthy
volunteers. Nonetheless changes in either process can alter lactate concentrations.
Increased lactate formation has also been observed previously in batch cultures at mild to
moderate acidic pH (studied between 5.2 to 6.4; Belenguer et al., 2007). These earlier data
(Belenguer et al., 2007) also showed that lactate utilisation was strongly inhibited at pH
5.2 and this would help explain lactate accumulation in colitis patients, where a similar low
pH occurs (Nugent et al., 2001). At higher pH (5.9), however, the mixed faecal microbiota
were able to rapidly utilise lactate (Belenguer et al., 2007) and thus prevent excessive
accumulation. The current data show that even at a more acidic pH (5.5), but still within
the range reported for the proximal large intestine in healthy people (Bown et al., 1974;
Macfarlane et al., 1992), the capacity for lactate utilization still exceeded lactate formation.
Nonetheless, changes in type and supply of fermentable substrate and environmental
conditions influence both bacterial populations and products of their metabolism. For
example, for stool samples collected weekly over 3 months from the free-living volunteers
in this study only in 29/41 cases was lactate detected (at > 1 mmol per kg faecal water). All
volunteers had at least five stools with detectable lactate, and the maximum number of
stools with lactate for any one volunteer was eight (out of 12 collections). Thus, all the

volunteers possessed lactate producers.

Potential lactate producers and utilizers
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Considering lactate producers, Bifidobacterium spp. (Florent et al., 1985) are major
starch-utilisers within the human colon (Macfarlane & Englyst, 1986; Leitch et al., 2007).
Furthermore, in pure culture, lactate production by bifidobacteria is stimulated at slightly
acidic pH (Table 6; Belenguer et al., 2006). Therefore, it was expected, based on earlier
observations (Levrat et al., 1991; Silvi et al., 1999; Belenguer et al., 2006), that lactate-
producing bacteria, such as bifidobacteria, and lactate formation would both be increased
in the fermentors at the lower pH with starch as a substrate. Nonetheless, the increase in
bifidobacteria at the lower pH was less, relatively, than the change in lactate production
and raises the question of the importance of the bifidobacteria to lactate metabolism.
Although 41% of the variance in lactate formation within the fermentors could be
explained by the numbers (logyo) of Bifidobacterium spp. present, the actual numbers of
those bacteria, both in absolute terms and as a percentage of total bacteria, varied between
individuals, as observed previously (Flint et al., 2007). Indeed, when these bacterial
numbers were combined with the rates of lactate production from a starch substrate for
specific Bifidobacterium species (Table 6) then this would account for between 2.8-70% of
lactate formation within the fermentors. The largest contribution occurred with volunteer A
at pH 5.5, who had the greatest abundance of Bifidobacterium spp. (47% at pH 5.5)
whereas for this volunteer at the higher pH and the other three volunteers at both pH only a
maximum of 21% of lactate formation could be accounted by bifidobacteria. These
observations show that other microorganisms make a very important contribution to
lactate-production. Apart from other lactic acid bacteria such as Lactobacillus spp.,
additional bacterial groups known to synthesise lactate are Collinsella spp., E.
rectale/Roseburia spp., Faecalibacterium prausnitzii, and Bacteroides spp. (Macfarlane &
Gibson, 1991; Barcenilla et al., 2000; Duncan et al., 2002). The latter four groups include

the most abundant bacterial species found within the human intestinal microbiota (Tap et
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al., 2009, Walker et al., 2010) and typically account for >50% of total faecal bacteria (e.g.
Duncan et al., 2007).

E. hallii, A. caccae and the new species A. coli (Walker et al., 2010) have been
identified as lactate utilizers (Duncan et al., 2004b) that form butyrate as the end product in
the presence of fermentable polysaccharides (Belenguer et al., 2007). On an equi-cell
basis, the ability of E. hallii to metabolise lactate exceeds considerably the capacity for
lactate production by bifidobacteria (Table 6), but there was no relationship between E.
hallii abundance and total lactate utilisation (P > 0.10). Furthermore, the near-maximal rate
of lactate disposal by E. hallii (Table 6) when combined with the numbers present in the
fermentors, would only account for 1.2-18.0% of lactate total disposal, with < 4.8% in
most cases. The situation is somewhat different when only lactate converted to butyrate is
considered, however, and where 0-47% could be attributed to the action of E. hallii. Thus,
other bacteria must play important roles in the utilization of lactate, including conversion
to butyrate. Interestingly, recent evidence indicates that A. coli, that may only utilise D-
lactate, is of similar abundance to E. hallii in the human colon (Walker et al., 2010). Other
candidates not detected by the FISH probes used here include Coprococcus catus (Louis &
Flint, 2009) and bacteria related to Megasphaera elsdenii and Eubacterium limosum (Sato
et al., 2008). Involvement of these other bacteria would explain why lactate disposal in the
fermentors (Table 1) was not pH-sensitive and why butyrate was not always the dominant
end-product.

In summary, lactate was efficiently used at two physiological pH, 5.5 and 6.0, in
continuous fermentor systems and, in most cases, exceeded rates of lactate production by
species such as Bifidobacterium. This ability to dispose of lactate in excess of the amounts
normally produced should be viewed as a beneficial trait for the human colon where
moderate to high accumulation of lactate are usually associated with detrimental responses

(Ewaschuck et al., 2005). While some of the key players have been identified, the relative

20



501

502

503

504

505

506

507

importance of different bacterial species in lactate formation and disposal within the

microbial community has still to be established.
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Table 1. Lactate formation (Fy;,) rates in single stage continuous fermentors inoculated
with faecal suspensions from four different volunteers estimated after a bolus injection of
labelled [3-"*C]-lactate plus DL-lactate at two different pH values (5.5 and 6.0) on day 6 of

study.

Bolus size®  Fyjn
(umol mL™?)  (umol mL™ hY)

Volunteer A

pH 5.5 2.67 0.28

pH 6.0 2.32 0.07
Volunteer B

pH 5.5 2.36 0.19

pH 6.0 2.32 0.05
Volunteer C

pH 5.5 2.25 0.09

pH 6.0 2.56 0.06
Volunteer D

pH 5.5 2.24 0.34

pH 6.0 2.26 0.12
SED 0.044
P for pH 0.043

? Includes both DL-lactate plus L[*°C]lactate.
Data were analysed by analysis of variance, with volunteer as random effect and pH as
fixed effect.

SED, standard error of the difference.
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Table 2. Estimated carbon flows (umol C, mL™ h™") between starch, lactate, acetate,

propionate and butyrate estimated from the continuous infusion of labelled [**C¢]-starch

and [3-*C]-lactate and the bolus injection of [1-*C]-acetate, [1,2-**C]-acetate and [1-'*C]-

propionate in single stage continuous fermentors inoculated with faecal suspensions from

four different volunteers at two different pH values (5.5 and 6.0).

Lactate production (Fyn)

From starch (Fs)

From other sources (Fix)
Lactate utilization (Fyout)
Acetate production (F4.in)

From starch (Fas)

From lactate (F)

From other sources (Fax)
Acetate utilization (Fa.out)
Propionate production (Fp.in)

From starch (Fps)

From lactate (Fp)

From other sources (Fpyx)
Butyrate production (Fy.in)

From acetate (Fpa)

From lactate (via acetate)

From lactate (direct; Fyy)

pH55 pH6.0 SED P for pH
0.23 0.08 0.044 0.044
0.09 0.03 0.017 0.043
0.14 0.05 0.027 0.044
0.25 0.13 0.038 0.053
2.13 1.72 0.417 0.401
0.60 0.38 0.207 0.358
0.18 0.06 0.027 0.023
1.34 1.28 0.261 0.843
1.09 1.08 0.475 0.987
0.48 0.50 0.040 0.657
0.24 0.33 0.067 0.285
0.07 0.06 0.012 0.669
0.17 0.11 0.061 0.438
0.58 0.35 0.200 0.346
0.58 0.35 0.202 0.347
0.071 0.024 0.0220 0.120

<0.002 <0.003 0.0025 0.677

Data were analysed by analysis of variance, with volunteer as random effect and pH as

fixed effect.

SED, standard error of the difference.
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Table 3. Proportion of the different fates of lactate carbon (acetate, propionate, butyrate)

and proportion of butyrate derived from lactate in single stage continuous fermentors

inoculated with faecal suspensions from four different volunteers at two different pH

values (5.5 and 6.0). The proportions of lactate going to butyrate and of butyrate derived

from lactate includes both direct and indirect (via extracellular acetate) routes.

Volunteer A B C D Means
pH 55 60 55 60 55 60 55 60 55 6.0 SED

Fates of lactate (%)
To propionate 375 505 182 373 48 290 36.6 685 242 46.3 4.00
To butyrate (direct 0.0 131 352 110 66.9 386 288 196 327 206 9.36
and via acetate)
To acetate? 625 36.4 466 517 283 324 346 118 430 331 841
Sources of butyrate
(%)
From lactate (direct 0.0 6.1 200 38 89 129 134 7.0 106 75 4.62
and via acetate)

P for
pH

0.012
0.285

0.324

0.549

# Accounts for the lactate-C remaining in acetate, not further metabolized into other

products.

Data were analysed by analysis of variance, with volunteer as random effect and pH as

fixed effect.

SED, standard error of the difference.
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probe Eub338) and the Bifidobacterium spp. and Eubacterium hallii groups (using the
probes Bifl64 and Ehal1469) initially and after 5 days of incubating faecal slurries from

four different volunteers in continuous flow fermenters.

Volunteer A
Initial count?
pH 5.5
pH 6.0

Volunteer B
Initial count
pH 5.5
pH 6.0

Volunteer C
Initial count
pH 5.5
pH 6.0

Volunteer D
Initial count
pH 5.5
pH 6.0

Means
Initial count
pH 5.5
pH 6.0

SED
P-value

Total numbers (l0gio)

Eub  Bif Ehal
750 6.13 4.46
8.27 794 536
834 6.25 582
7.06 569 484
791 6.36 5.70
831 6.27 584
753 6.11 422
828 6.91 548
8.60 6.17 6.43
756 6.35 4.13
843 6.97 576
835 6.49 574
741 6.07 441
822 7.04 557
840 6.30 5.96
0.111 0.336 0.184
0.208 0.112 0.128

SED, standard error of the difference.

% Estimated from faecal counts and taking into account the slurry preparation.

Table 4. Total counts (logs;o) per ml from inoculation of total bacteria (using the universal
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Table 5. Net formation or utilization of lactate, acetate, propionate and butyrate (in C,

units) in 24 h-incubated batch cultures inoculated with faecal slurries prepared from 4

different healthy volunteers (A, B, C and D) with a mixture of carbohydrates plus 35 mmol

L lactate and at two pH values (5.9 and 6.7).

Mix 5.9
6.5

Mix+lactate 5.9
6.5

SED
pH

P-value substrate
Week
Substrate x pH

Lactate

Acetate Propionate Butyrate

0.54
-0.09

-21.6
-33.6

0.911
<0.001
<0.001
0.73
<0.001

9.66
12.6

2.85
491

0.598
<0.001
<0.001
0.14
0.49

1.35
3.74

2.80
8.03

0.319
<0.001
<0.001
0.003
<0.001

7.47
6.16

30.0
38.8

1.370
0.007
<0.001
0.019
<0.001

SED, standard error of the difference.
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Table 6. Pure culture data for metabolic rates of lactate formation from starch by

Bifidobacterium adolescentis (L2-32) and utilization of lactate by Eubacterium hallii (L2-

7.
Formation Utilization

pH umol 10%ells* ht  pumol 10%ells™ ht

5.7 2.36 12.07

6.7 1.23 7.69

SED 0.219 0.844

P for pH 0.007 0.007

SED, standard error of the difference
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Fig. 1. Tracer and tracee flows. Assumed to be in C, units. Black: tracee flow; Orange:
M+2 and tracee flows; Red: M+2, M+1 and tracee flows. All pools also have loss of

material via the effluent, but this has been omitted from the schematic below.

Fig. 2. Time course of the concentrations of acetate (diamond), propionate (triangle),

butyrate (circle) and lactate (square) in single stage-fermentor systems at two different pH

values (5.5 and 6.0) using four different volunteers (A, B, C, and D).

Fig. 3. Relationship between 24h lactate utilisation (mmol L™) and butyrate formation
(mmol L™ in batch cultures inoculated with faecal samples from 4 volunteers (different
symbols for each volunteer), with a mixture of carbohydrates and DL-lactate (35.6 mmol

L) as substrates at pH 5.9. (P < 0.001 and adjusted r* = 0.79)
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