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Abstract

Background: Bacteria involved in ruminal formation of trans-10 intermediates are unclear. Therefore, this study
aimed at identifying rumen bacteria that produce trans-10 intermediates from 18-carbon unsaturated fatty acids.

Results: Pure cultures of 28 rumen bacterial species were incubated individually in the presence of 40 ug/mL 18:3n-
3, 18:2n-6 or trans-11 18:1 under control or lactate-enriched (200 MM Na lactate) conditions for 24 h. Of the 28
strains, Cutibacterium acnes (formerly Propionibacterium acnes) was the only bacterium found to produce trans-10
intermediates from 18:3n-3 and 18:2n-6, irrespective of the growth condition. To further assess the potential
importance of this species in the trans-11 to trans-10 shift, different biomass ratios of Butyrivibrio fibrisolvens (as a
trans-11 producer) and C. acnes were incubated in different growth media (control, low pH and 22:6n-3 enriched
media) containing 40 ug/mL 18:2n-6. Under control conditions, a trans-10 shift, defined in the current study as
trans-10/trans-11 = 0.9, occurred when the biomass of C. acnes represented between 90 and 98% of the inoculum.
A low pH or addition of 22:6n-3 inhibited cis-9, trans-11 CLA and trans-10, cis-12 CLA formation by B. fibrisolvens and
C. acnes, respectively, whereby C. acnes seemed to be more tolerant. This resulted in a decreased biomass of C.
acnes required at inoculation to induce a trans-10 shift to 50% (low pH) and 90% (22:6n-3 addition).

Conclusions: Among the bacterial species studied, C. acnes was the only bacterium that have the metabolic ability
to produce trans-10 intermediates from 18:3n-3 and 18:2n-6. Nevertheless, this experiment revealed that it is
unlikely that C. acnes is the only or predominant species involved in the trans-11 to trans-10 shift in vivo.
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Background

Ruminant diets commonly contain forages and concen-
trates, with mainly 18-carbon unsaturated fatty acids (FA)
(i.e. linolenic acid, 18:3#-3 and linoleic acid, 18:21-6) [1].
Following ingestion, dietary lipids are hydrolyzed and the
non-esterified FA are released into the rumen. Unsaturated
FA are then converted to saturated FA by rumen bacteria
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via a process called biohydrogenation [2, 3]. This involves
several consecutive conversions via various pathways,
resulting in the formation of a plethora of biohydrogena-
tion intermediates, and ultimately in the formation of 18:0
[3]. The predominant biohydrogenation pathways of 18:
3n-3 and 18:21-6 involve the formation of intermediates
containing a double bond in the trans configuration at the
11th carbon atom from the carboxyl end, further referred
to as trans-11 intermediates (i.e. cis-9, trans-11, cis-15 con-
jugated linolenic acid (CLnA), trans-11, cis-15 18:2, cis-9,
trans-11 conjugated linoleic acid (CLA) and trans-11 18:1)
[3]. Nevertheless, under certain dietary conditions (i.e. high
starch/low fiber diets or diets supplemented with marine
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oils or vegetable oils), a shift might occur in biohydrogena-
tion pathway toward the formation of trans-10 intermedi-
ates (i.e. trans-10, cis-12, cis-15 CLnA, trans-10, cis-15 18:
2, trans-10, cis-12 CLA and trans-10 18:1) at the expense
of trans-11 intermediates [1, 4, 5], referred to as the trans-
11 to trans-10 shift.

The formation in the rumen of various biohydrogenation
intermediates seems the responsibility of several bacterial
species (e.g. [6, 7]). Although there might be other bacteria
producing trans-11 intermediates, some bacteria involved
in the trans-11 biohydrogenation pathway have been identi-
fied. Butyrivibrio fibrisolvens was the first ruminal bacterial
species found to carry out biohydrogenation of 18:21-6 and
18:31-3 in vitro through the trans-11 pathway [6]. Never-
theless, further research identified other Butyrivibrio spp.,
Pseudobutyrivibrio spp. and Sharpea spp. as also capable of
producing trams-11 intermediates (e.g. [8—10]). Several
other bacterial species can also convert 18:2n-6 to cis-9,
trans-11 CLA, e.g. species belonging to the genera Bifido-
bacterium [11], Lactobacillus [12], and Roseburia [13].
However, all members of the (Pseudo) butyrivibrio
group, including B. fibrisolvens and B. proteoclasticus,
and Sharpea spp. convert 18:2n-6 much more rapidly
than other species [10, 14].

Trans-10 intermediates are particularly observed
under specific dietary conditions in vivo (i.e. high starch/
low fiber diets and supplementation of marine oils or
vegetable oils), which are often associated with milk fat
depression [4, 15]. Despite the practical and economic
relevance of the latter, the rumen bacteria responsible
for the formation of trans-10 intermediates have not yet
been unambiguously identified. Wallace et al. [16]
suggested that Cutibactrium acnes (formerly Propioni-
bacterium acnes [17]) is responsible for the formation of
trans-10, cis-12 CLA from 18:2n-6. However, the rele-
vance of this species in inducing a trans-10 shift in the
rumen is questionable given its very low ruminal abun-
dance [14, 18]. Considering its increasing ruminal abun-
dance in situations with milk fat depression [19-21],
Megasphaera elsdenii was proposed as an alternative candi-
date responsible for ruminal trans-10, cis-12 CLA forma-
tion. However, conflicting results upon incubation with 18:
2n-6 [8, 22] question its role in this process. Kemp et al.
[23] observed formation of trans-10 18:1 from 18:21-6 and
18:3n-3 by Ruminococcus albus. Nevertheless, no other
studies reported on the 18:2n-6 and 18:3#1-3 metabolism by
R. albus since 1975 and therefore, its role in ruminal trans-
10 formation is unclear. Therefore, further research is
needed to gain more information about the biohydrogena-
tion ability and pathway of those bacteria.

Correlation analysis based on ruminal bacterial popula-
tions and milk [21, 24], blood [17] or rumen FA profiles
[17, 25] revealed the possible contribution of several bacter-
ial genera in ruminal formation of trans-10 intermediates,
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i.e. Acidaminococcus spp., Bifidobacterium spp., Carnobac-
terium spp., Dialister spp., and Lactobacillus spp. However,
in vitro studies using pure cultures are needed to ascertain
the capacity of those bacteria to produce trans-10 interme-
diates from 18:3n-3 or 18:21-6. Next to this, as Streptococ-
cus spp. and Selenomonas spp. often increase upon feeding
high-grain diets [26, 27], which are often associated with a
trans-11 to trans-10 shift [4]. Investigating the biohydro-
genating ability of these bacteria could elucidate their
potential involvement in ruminal ¢rans-10 formation.

The majority of the bacteria potentially involved in
ruminal trans-10 formation are related to ruminal
lactate metabolism, which is often altered when feeding
high-grain diets [28]. As such, lactate might influence
the ruminal biohydrogenation process by affecting the
metabolism of certain bacteria. Another potential route
of trans-10 formation is via the formation of hydroxy
FA. According to Devillard et al. [29], hydroxy FA pro-
duced by Roseburia spp. are converted to CLA by a
mixed microbial community originating from human
feces. As such, 18:3n-3 or 18:2n-6 might be converted to
hydroxy FA by certain rumen species (e.g. S. bovis [8]),
which might then be converted to trans-10 intermedi-
ates by other bacteria. Finally, trans-10 18:1 might, at
least in part, originate from trams-11 18:1 in the rumen
as Laverroux et al. [30] observed isomerization of trans-
11 18:1 to trans-10 18:1 by mixed cultures in vitro.

The aim of this study was to identify rumen bacteria
that produce trans-10 intermediates from 18:3n-3 or 18:
2n-6, or their biohydrogenation and biohydrating inter-
mediates. It was hypothesized that at least some of the
investigated strains produce trams-10 intermediates.
Additionally, the effect of supplementation of lactate to
the medium on the metabolism of 18:2n-6 was investi-
gated. It was hypothesized that lactate-utilizing bacteria
would grow better under lactate-enriched conditions
and would alter their metabolism and convert 18:21-6 to
trans-10 intermediates. Finally, the potential importance
of trans-10 producing bacteria was investigated by using
different biomass ratios of bacteria capable of producing
cis-9, trans-11 CLA (B. fibrisolvens) and trans-10, cis-12
CLA (C. acnes) from 18:2n-6 under different in vitro
conditions.

Results

Metabolism of linolenic, linoleic, and vaccenic acid by
individual species of rumen bacteria (Exp. 1)

The metabolism of 18:31-3, 18:2n-6 and trans-11 18:1
by the 28 individual strains is presented in Table 1. Nine
strains metabolized 18:3#-3 and 18:21-6 during a 24-h
incubation period. Butyrivibrio fibrisolvens D1 showed
an accumulation of trams-11 intermediates (i.e. cis-9,
trans-11, cis-15 CLnA, trans-11, cis-15 18:2 and trans-11
18:1), when incubated with 18:3#-3 or 18:2n-6. When



Dewanckele et al. BMC Microbiology

(2020) 20:198

Page 3 of 21

Table 1 Metabolism of 18:3n-3 and 18:2n-6° by different bacterial strains during 24 h of incubation under control growth conditions
(Exp. 1). Blank cells related to 18:3n-3 and 18:2n-6 indicate no metabolism takes place by these strains

Strain Total VFA formed VFA 18:3n-3 18:2n-6
&x;:il/itustg;b products® % metabolizgd Products formed % metabonded Products formed
(mean + SD) (% of total (mean +SD) (% of total
intermediates intermediates and
formed and remainin
remaining 18:3n-3)°f 18:2n-6)
Acidaminococcus 54 £95 A B
fermentans VR4
Acidaminococcus 55+130 A B
intestini ADV 255.99
Bifidobacterium 251 £ 54 A 798 £ 1394  10-OH A12,15-18:2 (45%) 76.8 £ 6.86 10-OH A12-18:1 (62%)
adolescentis RU 424
Bifidobacterium 210 £ 185 A 267 1427  10-OH A12,15-18:2 (13%) 23.1 £ 856 10-OH A12-18:1 (15%)
pseudolongum RU224
Butyrivibrio 102 £ 459 B, A 99.3 £ 043 9,t11,c15 CLnA (48%) 98.0 = 040 t11 181 (89%)
fibrisolvens D1 11,615 182 (43%)
t11 C18:1 (6%)
Butyrivibrio 169 £ 127 B, A 98.9 £ 0.03 c9/t13/t14 1819 (42%) 984 £ 048 18:0 (76%)
proteoclasticus P18 015/c11 1819 21%) 011181 (17%)
c1518:1 (17%)
18:0 (6%)
t11,c15 18:2 (6%)
Lactobacillus ruminis RF1 30+ 172 A P
Lactobacillus ruminis RF2 14+119 A P
Cutibacterium acnes 99 + 437 P, A 86.5+ 1583  A11,13,15-18:3 (50%) 884 +7.16 t10,c12 CLA (75%)
DSM 1897 t10,12,c15 CLnA (5%) 10-OH 12-18:1 (7%)
Ruminococcus albus 7 24 £ 86
Streptococcus equinus 18+ 52 216 £ 1058  13-OH A9,15-18:2 (6%) 84.0 + 295 13-OH A9-18:1 (69%)
Pearl 11
Streptococcus gallolyticus 16 + 5.1 A 96.3 + 1.49 13-OH A9,15-18:2 (86%) 89.8 + 2.99 13-OH A9-18:1 (47%)
DSM 16831 19,14-18:2 (32%)
Megasphaera elsdenii B159 147 £ 56 B
Megasphaera elsdenii T81 126 + 6.1 B
Megasphaera elsdenii LC1 121 £ 112 B, A
Megasphaera elsdenii 2602A 191 £ 212 B, P 32.7 £ 892 13-0OH A9,15-18:2 (19%) 81.8 £ 3.71 13-OH A9-18:1 (63%)
79,14-18:2 (5%)
Megasphaera elsdenii 30168 138 + 105 B
Megasphaera elsdenii 3218A 134+79 B
Megasphaera elsdenii 3436A 117 +£43 B
Megasphaera elsdenii 4251 125 + 6.8 B
Megasphaera elsdenii 4257 124 +53 B
Megasphaera elsdenii 4296 120+ 55 B
Megasphaera elsdenii 4400 58 +258 A P
Megasphaera elsdenii 5045 128 + 6.6 B
Megasphaera elsdenii 50528 63 +£99 A 60.9 £ 11.21 10-OH A12,15-18:2 (34%) 88.0 % 220 13-OH A9-18:1 (42%)
10-OH A12-18:1 (24%)
Megasphaera elsdenii 5596 127 + 3.1 B
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Table 1 Metabolism of 18:3n-3 and 18:2n-6° by different bacterial strains during 24 h of incubation under control growth conditions
(Exp. 1). Blank cells related to 18:3n-3 and 18:2n-6 indicate no metabolism takes place by these strains (Continued)

Strain Total VFA formed VFA 18:3n-3 18:2n-6
. C
ggﬂlﬁuﬁ’b products % metabolized Products formed % metabolized Products formed
- (mean=SD)® (% of total (mean+SD)® (% of total

intermediates intermediates and
formed and remaining
remaining 18:3n-3)°f 18:2n-6)

Selenomonas ruminantium 83+ 120 P, A

GA-192

Selenomonas ruminantium PC 18 241 + 31.8 P, A

2 The initial amount of fatty acid was 40 ug/mL

P Measured fermentation products were acetate, propionate, isobutyrate, butyrate, isovalerate, valerate and caproate

€ Main VFA product: A, acetate; B, butyrate; P, propionate; in decreasing order of importance. Lactate concentration was not measured

9 9 metabolized, proportion of the initial 18:3n-3 or 18:2n-6 which was converted after 24 h of incubation

€ Only the intermediates representing >5% are presented as its proportion of the sum of total intermediates and remaining initial 18:3n-3 or 18:2n-6 after 24 h

of incubation

f¢, cis; t, trans; CLA, conjugated linoleic acid; CLnA, conjugated linolenic acid. For each of the formed intermediates, the proportion of the respective intermediate
on the sum of total produced intermediates and remainder of the initial product (i.e. 18:3n-3 or 18:2n-6) after 24 h was calculated
9 The different isomers could not be separated from each other with the used technique

incubated with 18:2n-6, B. proteoclasticus P18 additionally
produced 18:0 besides trams-11 18:1. In contrast to B.
fibrisolvens, there was only 6% of trans-11 (trans-11, cis-
15 18:2) intermediates after 24h of incubation of B.
proteoclasticus with 18:3n-3. Interestingly, C. acnes DSM
1897 was the only strain found to produce trans-10, cis-
12, cis-15 CLnA and trans-10, cis-12 CLA from 18:3n-3
and 18:2n-6, respectively. However, trans-10, cis-12, cis-15
CLnA represented only 5% of the products formed from
18:3n-3. When incubated with 18:3n-3, C. acnes addition-
ally produced A11,13,15-18:3, which represented 50% of
the products formed. The final products of Bifidobacter-
ium adolescentis RU 424, Bifidobacterium pseudolongum
RU224, Streptococcus gallolyticus DSM 16831, Streptococ-
cus equinus Pearl 11, and M. elsdenii 2602A and 5052B
were mainly hydroxy FA, with the hydroxyl group located
at the 10th (i.e. B. adolescentis, B. pseudolongum and M.
elsdenii 5052B) and/or at the 13th (ie. S. equinus, S.
gallolyticus, and M. elsdenii 2602A and 5052B) carbon
atom from the carboxyl end. Trams-11 18:1 was only
converted by B. proteoclasticus P18 to 18:0. After 24 h of
incubation, 51.0 + 9.52% (mean + SD) of the initial trans-
11 18:1 was metabolized to 18:0. No other bacteria metab-
olized trans-11 18:1 (data not shown).

Influence of lactate on metabolism of linoleic acid by
individual species of rumen bacteria (Exp. 2)
Supplementation of lactate to the growth medium only
affected the metabolism of 18:21-6 by two of the studied
strains, ie. M. elsdenii 5052B and B. pseudolongum
RU224 (Table 2). With M. elsdenii 5052B, supplementa-
tion of lactate to the medium decreased both the OD
value (P=0.013; Table S1) as well as the metabolized
proportion of 18:2n-6 after 24h of incubation (from
88.01 to 74.35%; P =0.006, Table 2). With B. pseudolon-
gum RU224, supplementation of lactate increased the

metabolized proportion of 18:2n-6 after 24 h of incubation
(from 23.06 to 38.41%; P =0.033, Table 2). However, with
both bacterial strains, the accumulated intermediates
remained the same as under control growth conditions.
Although differences were also observed for several other
strains in OD value (Table S1) and total VFA produced
(Table S2) after 24-h of incubation between the control
treatment and the lactate-enriched medium, particularly
for the lactate-utilizing bacteria M. elsdenii and Selenomo-
nas ruminantium, no differences in metabolized propor-
tion of 18:2n-6 or in accumulated intermediates were
observed for any of the other strains (Table 2).

Effect of growth medium on metabolism of 18:2n-6 by
monocultures of B. fibrisolvens D1 and C. acnes DSM 1897
(Exp. 3)

The growth medium generally affected the metabolism of
18:21-6 during the 24h incubation period, the mean
proportions of 18:2x1-6, cis-9, trans-11 CLA, trans-11 18:1,
and trans-10, cis-12 CLA differed between bacterial species
(P-values for interaction effect ranging from <0.001 to
0.011; Table 3). With B. fibrisolvens, 18:2n-6 was almost
completely metabolized after 8 h of incubation under con-
trol growth conditions (Fig. 1a). This disappearance of 18:
2n-6 was accompanied by a transient accumulation of cis-
9, trans-11 CLA (Fig. 1b), which was further transformed
to trans-11 18:1 (Fig. 1c). No trans-10, cis-12 CLA (Fig. 1d)
or 18:0 (data not shown) was formed by B. fibrisolvens.
The average 18:2n-6 proportion was higher (P< 0.001)
with the low pH and DHA-enriched media compared with
the control medium (Table 3, Fig. 1a), which implies inhib-
ition of the formation of cis-9, trans-11 CLA (Fig. 1b).
These conditions also inhibited further transformation of
cis-9, trans-11 CLA to trans-11 18:1, as the proportion of
trans-11 18:1 was lower (P < 0.001) with the low pH and
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Table 2 Influence of lactate on metabolism of 18:2n-67 by different bacterial strains during 24 h of incubation (Exp. 2)

Strain® Control Lactate SEM P-value
% metabolized®  Main products formed % metabolized®  Main products formed
(% of total intermediates (% of total intermediates
and remaining 18:2n-6)4¢ and remaining 18:2n-6)%¢
Bifidobacterium adolescentis RU 424 76.75 10-OH A12-18:1 (62%) 82.22 10-OH A12-18:1 (67%) 2859 0234
Bifidobacterium pseudolongum RU224 23.06 10-OH A12-18:1 (15%) 3841 10-OH A12-18:1 (18%) 3716 0033
Butyrivibrio fibrisolvens D1 98.00 11 18:1 (89%) 97.90 11 18:1 (950%) 0217 0765
Butyrivibrio proteoclasticus P18 9835 18:0 (69%) 98.54 18:0 (76%) 0248  0.295
11 181 (22%) (11 18:1 (17%)
Cutibacterium acnes DSM 1897 8841 110,12 CLA (75%) 60.79 t10,c12 CLA (39%) 20522 0395
10-OH 12-18:1 (7%) 10-OH 12-18:1 (5%)
Streptococcus equinus Pearl 11 83.96 13-OH A9-18:1 (69%) 80.92 13-OH A9-18:1 (64%) 1493 0.223
Streptococcus gallolyticus DSM 16831 89.75 13-OH A9-18:1 (47%) 92.77 N9,14-18:2 (56%) 1877 0319
£9,14-18:2 (32%) 13-OH A9-18:1 (27%)
Megasphaera elsdenii 2602A 81.82 13-OH A9-18:1 (63%) 7913 13-OH A9-18:1 (50%) 2287 0452
£9,14-18:2 (5%) N9,14-18:2 (10%)
€9, 113,114 18:1 (7%)
Megasphaera elsdenii 50528 88.01 13-OH A9-18:1 (42%) 74.35 13-OH A9-18:1 (34%) 1.786  0.006

10-OH A12-18:1 (24%) 10-OH A12-18:1 (16%)

€9, 113, 114 18:1 (5%)

@ The initial amount of 18:2n-6 was 40 pug/mL

P Only the strains which metabolized 18:2n-6 are shown

€ % metabolized, proportion of the initial 18:2n-6 which was converted after 24 h of incubation

9 Only the intermediates representing >5% of the sum of total intermediates and remaining initial 18:2n-6 after 24 h of incubation are presented in this table

€ ¢, cis; t, trans; CLA, conjugated linoleic acid. For each of the formed intermediates, the proportion of the respective intermediate on the sum of total produced
intermediates and remainder of 18:2n-6 after 24 h was calculated

DHA-enriched media compared with the control medium
(Table 3, Fig. 1c).

Under control growth conditions, C. acnes converted
18:2n-6 to trans-10, cis-12 CLA, but this conversion to
CLA was more slowly compared to B. fibrisolvens
(Table 3, Fig. 1a and e). A low pH or addition of DHA
to the medium increased the mean proportion of
residual 18:21-6 (P < 0.001; Table 3, Fig. 1le), which was

accompanied with a decreased proportion of trans-10,
cis-12 CLA (P< 0.001; Table 3, Fig. 1h). This implies
inhibition of the formation of trans-10, cis-12 CLA by
low pH and by DHA. This inhibition of 18:2x1-6 isomeriza-
tion was less pronounced with C. acnes compared with B.
fibrisolvens. There was no formation of cis-9, trans-11
CLA (Fig. 1f), trans-11 18:1 (Fig. 1g), trans-10 18:1 (data
not shown), or 18:0 (data not shown) by C. acnes.

Table 3 Average proportions® (% of total intermediates and 18:2n-6) of 18:2n-6 and its biohydrogenation intermediates over a 24 h
incubation period under different growth conditions® with mono-cultures of Butyrivibrio fibrisolvens D1 or Propionibacterium acnes
DSM 1897 (Exp. 3)

B. fibrisolvens C. acnes SEM P-value
Control Low pH DHA Control Low pH DHA Bacterium Growth Bacterium x
medium growth medium
18:2n-6 20.72%* 73.86% 71499 77.00° 86.88° 9521¢ 3918 < 0.001 < 0.001 < 0.001
cis-9, trans-11 CLAS 801° 25499 27.24%% 0.54 041 0.54 3.273 < 0.001 0.013 0.011
trans-11 181 71107 0557 1.08" 064 446 033 1959 < 0001 <0001 < 0001
trans-10, cis-12 CLA® < 0.01* < 0.01* 0.40 2181¢ 8.25° 3.76° 2073 < 0.001 0.001 < 0.001

@ The average proportions of FA over the 24 h incubation period were computed as the area under the curve divided by the total duration of incubation (24 h),
using the individual measured proportions for each FA at the different sampling times

® Low pH, control medium with pH adjusted to 5.5; DHA (docosahexaenoic acid), control medium containing 40 pg/mL of 22:6n-3; all growth media contained
40 pg/mL of 18:2n-6

€ CLA, conjugated linoleic acid

@ B Means differ (P < 0.05) between growth media within the same bacterial species

* Means differ (P < 0.05) between B. fibrisolvens and C. acnes within the same growth medium
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Fig. 1 Effect of growth medium on the proportion of 18:2n-6 and its biohydrogenation intermediates (% of total intermediates and 18:2n-6)
during a 24 h incubation period with Butyrivibrio fibrisolvens D1 (left; a-d) and Cutibacterium acnes DSM 1897 (right; e-h) (Exp. 3). The initial
concentration of 18:2n-6 was 40 pg/mL. Control medium (diamond); low pH medium (square), control medium with pH adjusted to 5.5; DHA-
enriched (docosahexaenoic acid) medium (triangle), control medium containing 40 ug/mL of 22:6n-3. ¢, cis; t, trans; CLA, conjugated linoleic acid
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Effect of ratio of B. fibrisolvens D1 to C. acnes DSM 1897
in the inoculum in combination with varying growth
media on the trans-11 to trans-10 shift and volatile fatty
acid production (Exp. 4)

The biomass ratio of B. fibrisolvens to C. acnes in the in-
oculum had an effect on the disappearance of 18:2n-6
(Table 4; P < 0.05). The mean proportion of 18:21-6 over
the 24h incubation period increased with increasing
biomass amounts of C. acnes in the inoculum (P < 0.001).
Increasing biomass of C. acnes also increased the accumu-
lation of trans-10, cis-12 CLA (P < 0.007) at the expense of
cis-9, trans-11 CLA (P =0.013), with a trans-11 to trans-

10 shift, defined in the current experiment as trans-10/
trans-1120.9, occurring when the relative biomass of C.
acnes in the inoculum was between 90 and 98% (Table 4,
Fig. 2a). In mono-cultures of C. acnes (Exp. 3 and Exp. 4),
metabolism of 18:2n-6 resulted in the accumulation of
trans-10, cis-12 CLA, whereas in co-culture with B. fibri-
solvens (Exp. 4), trans-10, cis-12 CLA was partially further
metabolized to trans-10 18:1 (Table 4), indicating that the
latter bacterium is responsible for the conversion of trans-
10, cis-12 CLA to trans-10 18:1.

The effect of the ratio of B. fibrisolvens to C. acnes in
the inoculum on 18:2x#-6 metabolism depended on the
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Table 4 Average proportions® (% of total intermediates and 18:2n-6) of 18:2n-6° and its biohydrogenation intermediates over a 24 h
incubation period with different ratios of Butyrivibrio fibrisolvens D1 to Propionibacterium acnes DSM 1897 in the inoculum under

control growth conditions (Exp. 4)

B. fibrisolvens (%)/C. acnes (%) SEM P-value

100/0 50/50 10/90 2/98 0.4/99.6 0/100 Linear Quadratic
182n-6 1235 19.59 34.90 49.57 53.30 66.65 12928 < 0.001 < 0.001
cis-9, trans-11 CLA® 1922 2244 10.57 8.89 415 0.02 7.797 0013 0.090
trans-11 18:1 67.98 51.72 34.59 14.22 15.62 041 14.947 < 0.001 0.035
trans-10, cis-12 CLAS < 001 3.03 11.55 20.08 19.13 3292 3.123 < 0.001 0.007
trans-10 18:1 045 3.22 8.39 7.24 7.80 < 001 4.090 0.014 0471
trans-10/trans-119 - 0.08 048 3.00 4.04 - 4436 < 0.001 < 0.001

@ The average proportions of FA over the 24 h incubation period were computed as the area under the curve divided by the total duration of incubation (24 h),
using the individual measured proportions for each FA at the different sampling times

P The initial amount of 18:2n-6 was 40 pg/mL
€ CLA, conjugated linoleic acid

9 Ratio of trans-10 intermediates (trans-10, cis-12 CLA + trans-10 18:1) to trans-11 intermediates (cis-9, trans-11 CLA + trans-11 18:1)
-: The ratio is not relevant for mono-cultures as trans-11 and trans-10 are produced exclusively with mono-cultures of B. fibrisolvens and C. acnes, respectively

growth medium (Table 5; P< 0.05). With the low pH
medium or the DHA-enriched medium, an increase in
residual 18:2n-6 after 24 h of incubation was observed
compared to the control medium, which implies that a
low pH or the addition of DHA to the medium reduced
the rate of 18:2n-6 disappearance (Table 5). With the
DHA -enriched medium, the amount of 18:2n-6 after the
24 h incubation period increased with increasing bio-
mass of C. acnes in the inoculum (P < 0.014), which was
also the case under control conditions. In contrast to
this, with the low pH medium, the amount of 18:2n-6
after 24h of incubation was relatively constant, irre-
spective of the bacterial ratio (P> 0.05).

Under control conditions, a trans-11 to trans-10 shift
(i.e. trans-10/trans-11 > 0.9) was observed when C. acnes
represented between 90 and 98% of the inoculum bio-
mass. With the addition of DHA, this shift already oc-
curred at lower biomass proportions of C. acnes (i.e.
between 50 and 90%; Table 5, Fig. 2c vs. Figure 2a). The
biomass proportion of C. acnes necessary to induce this
shift was further decreased with the low pH medium, in
which a relative biomass proportion of 50% C. acnes in
the inoculum was sufficient to induce a trams-11 to
trans-10 shift (Table 5, Fig. 2b vs. Figure 2a).

The mono-culture experiment (Exp. 3) revealed that
B. fibrisolvens primarily produced butyric acid and C.
acnes primarily generated propionic acid (data not
shown). Under control growth conditions in experiment
4, there was a linear increase in propionic acid produc-
tion (P< 0.001) and a linear decrease in butyric acid
production (P =0.022) with increasing relative biomass
of C. acnes in the inoculum (Table S3). Figure 3 shows
that there was a delay in butyric acid production under
control growth conditions in the first 8 h when the rela-
tive biomass of C. acnmes in the inoculum was 90% or
higher (Fig. 3c-e). A low pH or the addition of DHA to

the medium reduced the net production of propionic
acid and butyric acid by C. acnes and B. fibrisolvens,
respectively (P < 0.05; Table S3). The inhibitory effect of
low pH on VFA production was higher compared to the
addition of DHA. Moreover, the reduction in VFA pro-
duction due to low pH and DHA addition was more
pronounced for butyric acid as compared to propionic
acid.

Metabolism of hydration intermediates by mixed rumen
inoculum (Exp. 5)

The hydroxy FA formed by B. adolescentis RU 424, B.
pseudolongum RU224, S. gallolyticus DSM 16831, S.
equinus Pearl 11, and M. elsdenii 2602A and 5052B were
extensively converted by the mixed rumen community
during 24'h of incubation, although in each incubation
flask, hydroxy FA remained at the end of the incubation
(< 6%, data not shown). Products formed were 18:0 and
several unknown FA with a retention time close to that
of the initial hydroxy FA. Nevertheless, the mixed rumen
inoculum did not produce any trans-10 intermediates
from the hydroxy FA during 24 h of incubation.

Discussion

Metabolism of linolenic, linoleic and vaccenic acid by
pure cultures of individual rumen bacteria

In the rumen, 18:3#-3 and 18:2x1-6 are converted to 18:0
via a process called biohydrogenation [3]. Their most
common biohydrogenation pathway is via the formation
of trans-11 intermediates. However, under certain
dietary conditions, a shift in biohydrogenation pathway
occurs toward the formation of frans-10 intermediates
at the expense of trans-11 intermediates, which is often
associated with milk fat depression [4, 5]. Despite the
practical and economic relevance of the latter, the
rumen bacteria responsible for the formation of trans-10
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Fig. 2 Proportion (% of total intermediates and 18:2n-6) of cis-9, trans-11 CLA + trans-11 1
(square) after a 24 h incubation period in relation to the relative biomass of Cutibacterium acnes DSM 1897 in the inoculum. The initial
concentration of 18:2n-6 was 40 pg/mL. a, control medium; b, low pH medium, control medium with pH adjusted to 5.5; ¢, DHA-enriched
(docosahexaenoic acid) medium, control medium containing 40 pg/mL of 22:6n-3
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intermediates have not yet been unambiguously identi-
fied. Therefore, 28 different rumen species were incu-
bated individually in the presence of 40 ug/mL 18:3n-3
or 18:2n-6 (Exp. 1). If available, bacterial strains isolated
from the rumen were used, if not, strains originated
from the gut or feces from other animals or from human
tissue were used. Since biohydrogenation of polyunsatur-
ated FA is species and strain specific (e.g. [10, 31]), dif-
ferent strains were included for each genus if available.
As Butyrivibrio spp. are well-known trans-11 producers
(e.g. [6, 9]), two Butyrivibrio species, i.e. B. fibrisolvens
and B. proteoclasticus, were included in this study as a
negative control. In accordance with previous reports

[12, 32], B. fibrisolvens formed trans-11 intermediates from
18:3n-3 (i.e. cis-9, trans-11, cis-15 CLnA and trans-11, cis-
15 18:2) and 18:2n-6 (i.e. trans-11 18:1). B. proteoclasticus
additionally produced 18:0 from 18:21-6 as observed by
Maia et al. [8].

Other genera included in experiment 1 were selected
based on results from the literature. Previous in vivo experi-
ments in our laboratory [18, 21] revealed the potential
contribution of genera Acidaminococcus, Bifidobacterium
and Lactobacillus in the ruminal formation of trans-10
intermediates. Moreover, previous in vitro experiments
with Lactobacillus spp., isolated from cheese [12] or from
the human intestine [33], showed trans-10, cis-12 CLA
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Table 5 Proportion (% of total intermediates and 18:2n-6) of 18:2n-6 and its biohydrogenation intermediates after 24 h of incubation
under different growth conditions® with different biomass ratios of Butyrivibrio fibrisolvens D1 to Propionibacterium acnes DSM 1897

in the inoculum (Exp. 4)

B. fibrisolvens (%)/C. acnes (%) SEM P-value
100/0 50/50 10/90 2/98 04/996  0/100 b Linear® Quadiratic
18:2n-6 Control 1.81 218 4.76 25.95 1644 46.67 13050  R¥** < 0.001 0.004
Low pH 5391 60.34* 53.52%  4895* 51.49* 55.24 M 0579 0320
DHA 13.28 20.29 3847* 57.28% 64.67* 75.28* R X M*** < 0.001 0.014
9, t11 CLA® Control 020 1828 14.75 7.78 5.03 < 001 7534 R¥¥¥ < 0.001 0.004
Low pH 4551% 17.59 4.03 0.95 < 001 < 001 [\t < 0.001 0.563
DHA 82.52% 70.06* 38.85% 18.20 9.79 < 001 R X M*** 0.828 0.043
trans-11 18:1 Control 97.93 7257 57.69 31.88 44.80 046 9460  R** 0.772 0977
Low pH 0.57% 0.38* 0.37% 0.44* 042* 0.39 [\t 0.988 0.990
DHA 4.11% 2.15*% 2.28* 0.74* 2.36% 0.36 R X M*** < 0.001 0.086
£10, c12 CLA' Control < 001 263 872 1898 1361 53.37 6606  R¥** < 0.001 0.629
Low pH < 001 21.70% 42.04* 49.66* 48.01* 4437 [\t < 0.001 0.767
DHA < 001 8.15 19.97 23.57 21.69 24.29% R X M** < 0.001 0.019
trans-10 18:1 Control 0.06 4.34 14.08 1540 2011 < 001 3927 R¥ 0.905 0.943
LowpH < 001 < 001 0.04* < 001*  008* < 001 M 0.992 0.998
DHA 0.08 < 001 042* 0.21% 0.90% 0.06 RxM* < 0.001 0911
trans-10/trans-11° Control - 0.08 034 246 244 - 9296  R¥* 0.017 0.082
LowpH - 1.22 1267 65.74* 90.01* - M < 0.001 < 0.001
DHA - 0.10 0.95 2.86 9.74 - R X M** < 0.001 0.003

@ Low pH, control medium with pH adjusted to 5.5; DHA (docosahexaenoic acid), control medium containing 40 ug/mL of 22:6n-3; all growth media contained

40 pg/mL of 18:2n-6

b R, effect of ratio of B. fibrisolvens to C. acnes in the inoculum; M, effect of growth medium; * 0.01 < P < 0.05; ** 0.001 < P < 0.01; *** P < 0.001

¢ Linear effect of R within each growth medium

9 Quadratic effect of R within each growth medium

€ ¢9, t11 CLA, cis-9, trans-11 conjugated linoleic acid
110, €12 CLA, trans-10, cis-12 conjugated linoleic acid

9 Ratio of trans-10 intermediates (trans-10, cis-12 CLA + trans-10 18:1) to trans-11 intermediates (cis-9, trans-11 CLA + trans-11 18:1)

* Means differ (P < 0.05) from the control growth medium within the same ratio

-: The ratio is not relevant for mono-cultures as trans-11 and trans-10 are produced exclusively with mono-cultures of B. fibrisolvens and C. acnes, respectively

formation from 18:2x1-6 by various species of this genus.
Nevertheless, from the three genera investigated here, only
Bifidobacterium metabolized 18:31#-3 and 18:2n-6 in the
current study, and no trans-10 intermediates were formed.
In contrast to other studies [11, 34, 35], in which formation
of trans-11 intermediates was observed by Bifidobacterium
spp., the two Bifidobacterium species used in our study pro-
duced hydroxy FA after 24 h of incubation.

Originally, four other bacteria (ie. Carnobacterium
divergens 66, Carnobacterium maltaromaticum MX 5,
Dialister invisus E7.25 and Dialister pneumosintes Cal
4692-1-74) were also included in this study because of
positive correlations between their rumen or buccal
abundance and tranms-10 intermediates in the rumen,
milk or blood [18, 21, 25]. However, as those bacteria
did not grow in our growth medium, which reflects the
rumen conditions, it was not possible to investigate their
potential metabolism of 18:3#-3 and 18:2#-6 in the
current study. To our knowledge, rumen isolates from
the genera Carnobacterium and Dialister are currently

not available. Isolation of those genera from the rumen
could thus resolve this issue.

Milk fat depression or situations associated with
greater trans-10 accumulation are often associated with
increased ruminal abundance of M. elsdenii [18, 19, 21],
Streptococcus spp. and Selenomonas spp. (e.g. [26, 27]),
suggesting that those bacteria are involved in the forma-
tion of trans-10 intermediates from 18:2xn-6 or 18:3n-3.
Indeed, Kim et al. [22] found that two strains