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Do Digestive Bacteria Suffer from Oxidative Stress: A Study on Ruminal 
Bacteria
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Abstract
Background: Heating oils and oilseeds results in oxidized fatty acids with 
potential antimicrobial properties that could affect digestive microbiota, 
and therefore health. 

Objectives: The objectives of this study were to explore the effect of lipid 
oxidation products on digestive bacteria using rumen content culture.

Methods: A long-term in vitro study was conducted to check the effects 
of one hydroperoxide, 13OOH cis-9,trans-11-C18:2 (13HPOD), and two 
aldehydes, hexanal and trans-2,trans-4-decadienal (T2T4D), on rumen 
bacteria and superoxide dismutase (SOD) activity. Rumen fluid was 
incubated with one of the three oxidation products for 54 h or 102 h. 
Controls without oxidation products were also incubated. 

Results: The bacterial community was highly affected by T2T4D, in 
particular the Bacteroidetes/Firmicutes ratio and the relative abundance 
of the Bacteroidales S24-7 group family, leading to an alteration of 
fermentation responsible for a higher final pH than those in control cultures, 
and a diminution of SOD activity. Other oxidative products did not affect 
SOD activity, as well as hexanal did not modify the bacterial community 
compared to that of the control. 

Conclusion: The modification of the ruminal bacterial community by 
T2T4D represents a potential risk for the health of its host. Oxidative stress 
needs to be investigated in digestive ecosystems.
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Introduction
When heated, unsaturated fats undergo peroxidation, leading to lipid 

oxidation products (LOPs) formation in three steps [1]. The first and second 
steps form hydroperoxides (HPODs), while the last step mainly forms 
aldehydes involved in oxidative stress. 

Oxidative stress is known to alter health. In humans, HPODs, and mainly 
their stable reduced forms, hydroxyacids, increase during oxidative stress 
generated by diseases such as diabetes or atherosclerosis [2]. As illustration, 
LOPs of linoleic acid (LA), i.e., 9- and 13-hydroxyoctadecadienoic acids, are 
the most abundant in atherosclerotic lesions and in low-density lipoproteins 
(LDL) in patients. 
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Impacts of oxidative stress on health are also observed in 
livestock [3].

For example, in dairy cows, lipid peroxidation may reduce 
the reproduction capacity (inactivation of steroidogenic 
enzymes, retained placenta, udder oedema or milk fever) and 
impair immunological responses [4]. 

In humans, as well as in animals, existing data concern 
more particularly tissue LOP.  Few studies have explored the 
effects of LOPs on the gut microbiota. As far as we know, 
there has been no study on humans, and only four studies on 
animals show a modification of digestive microbiota and its 
activities by pure LOPs or heated fat, three of them in vitro 
on rumen contents [5-7] and one on broiler’s gut [8]. Besides, 
recent work carried out in dairy cows shows that antioxidants, 
such as vitamin E, are also powerful modulators of the 
ruminal microbiota [9]. Although they remain limited these 
studies suggest a potential action of LOPs on the digestive 
microbiota.

Indeed, LOPs could act on bacteria: peroxides affect 
anaerobes [10], and aldehydes have antimicrobial effects 
that increase with their chain length [11] and their degree of 
unsaturation [12]. On the other hand, several bacteria respond 
to oxidative stress in the digestive tract through the synthesis 
of superoxide dismutase (SOD), including ruminal bacteria 
[13,14], which could lead the host to be less sensitive to food 
LOPs.

A previous in vitro study using short-term (6 h and 24 
h) batch cultures did not show any significant effects of 
LOPs on the rumen microbiota, despite the great effects of 
HPODs and long-chain unsaturated aldehydes on lipid rumen 
metabolism [6]. Indeed, changes in the rumen microbiota 
could be too slow to be exhibited with such short incubation 
times. Moreover, inactivated bacterial DNA is detected as 
efficiently as DNA from active bacteria, so a bacteriostatic 
effect could not be highlighted.

The objectives of this study were to explore the effect of 
LOPs from LA on digestive bacteria using rumen content 
culture. We aimed 1) to compare the long-term effects of the 
major LOPs from LA on the ruminal bacterial community 
and 2) to check the ruminal bacterial response to oxidative 
stress by assaying SOD activity.

Methods
Long-term batch cultures

One HPOD resulting from LA oxidation, 13OOH cis-
9,trans-11-C18:2 (13HPOD), and the two aldehydes produced 
from LA oxidation, hexanal (HEX) (purity ≥ 97%, Sigma 
Co., St Louis, MO, USA) and trans-2,trans-4-decadienal 
(T2T4D) (purity ≥ 85%, Sigma Co., St Louis, MO, USA), 
were selected for this experiment. 13HPOD was synthesized 
in the laboratory from pure LA by adapting the methods 

of Fauconnier et al. [15,16] and Lopez-Nicolas et al. [17],  
as described in Kaleem et al. [6]. Before the experiment, the 
13-HPOD in this preparation was quantified as described 
later to a purity of 78%.

These LOPs are representative of LA oxidation: 13HPOD 
is the most abundant HPOD from LA oxidation in heated 
and/or stored oil and high-LA seeds [18,19] and an excellent 
marker of lipid peroxidation [20]; HEX and T2T4D are the 
most abundant saturated short-chain and unsaturated long-
chain aldehydes generated during LA oxidation in oil and 
seeds [18,19].

Incubations were conducted in Erlenmeyer flasks with a 
fermentative substrate (1 g of 2 mm-ground meadow hay, 0.2 
g of 1 mm-ground soybean meal and 0.25 g of 1 mm-ground 
corn grain) and no oxidation product (controls), 30 mg of 
13-HPOD, 10 mg of HEX or 10 mg of T2T4D (extrapolated 
from Kaleem et al. [6]). Ruminal fluid was collected from a 
lactating cow before the morning meal. The cow was fed with 
a corn silage-based diet (36 kg of corn silage, 4 kg of soybean 
meal, 2 kg of hay, 1.5 kg of ground corn, 1.5 kg of ground 
wheat, 3 kg of concentrates, 0.2 kg of a mineral and vitamin 
supplement, and 30 g of salt). The rumen fluid was strained 
through a metal sieve (1.6 mm mesh). Carbon dioxide was 
blown in the container of rumen fluid to ensure complete 
oxygen removal. Later, it was transported to the laboratory 
under anaerobic and in the dark conditions, maintaining 
its temperature at 39°C. In the laboratory, 40 ml of rumen 
and 40 ml of bicarbonate buffer with minerals for bacterial 
growth (pH = 7; Na2HPO4.12H2O 19.5 g/l and NaHCO3 9.24 
g/l: NaCl 0.705 g/l; KCl 0.675 g/l; CaCl2.2H2O 0.108 g/l 
and MgSO4.7H2O 0.180 g/l, gazed with CO2 and heated at 
39°C) were added to the flasks, and the pH was measured 
(pH meter 3210, WTW, Weilheim, Germany). The flasks 
were then placed in a water bath rotary shaker (Aquatron; 
Infors AG, 4103 Bottmingen, Germany) at 39°C, filled 
with CO2, and closed with a rubber lid cap with an inserted 
plastic tube leading into the water to vent fermentation gas 
without oxygen entrance. Flasks were stirred at 130 rpm 
and not exposed to light during incubation. Every 24 h of 
incubation, the same quantities of LOP and fermentative 
substrate as at day 1 were added to each flasks along with 20 
mL of bicarbonate buffer, flaks were filled with CO2 before 
being closed again. Incubations were stopped 54 h or 102 h 
after the beginning of the incubations. To investigate ruminal 
biohydrogenation (data not shown), 60 mg of pure LA was 
added. Culture controls were prepared and incubated without 
oxidation products or LA. Three series of incubations were 
necessary to obtain 6 replicates per treatment and incubation 
duration. Each series of in vitro incubation was done with 
fresh rumen fluid.

Once the incubation was completed, the flasks were 
removed from the water bath and immediately placed in 
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crushed ice. The pH was measured, and 1 mL of each culture 
was placed in an Eppendorf tube for bacterial community 
analysis and stored at -80°C until analysis. The rest of the 
flask was immediately stored at -18°C. The samples were 
freeze-dried (VirTis Freezemobile 25; Virtis, Gardiner, NY) 
and weighed. Flask contents were ground and homogenized 
in a ball mill (Dangoumau, Prolabo, Nogent-sur-Marne, 
France) and kept at -18°C for later analysis of SOD activity. 
Bacterial abundance was assessed by total qPCR.

Microbiological analyses

Total DNA from 1 ml of freeze-dried ruminal samples was 
extracted and purified using the QIAamps DNA Stool Mini 
kit (Qiagen Ltd, West Sussex, UK) according to the manufac-
turer’s documentation after a bead-beating step in a FastPrep 
Instrument (MP Biomedicals, Illkirch, France). The V3-V4 
regions of 16S rRNA genes of samples were amplified from 
purified genomic DNA with the primers forward F343 and 
reverse R784, and PCR was carried out as described in Zened 
et al. [21]. As Illumina MiSeq technology enables paired-end 
250-bp reads, we obtained overlapped reads that generated 
extremely high-quality, full-length reads of the entire V3 and 
V4 regions in a single run. Single multiplexing was performed 
using a 6 bp index, which was added to R784 during a second 
PCR with 12 cycles using forward (AATGATACGGCGAC-
CACCGAGATCTACACTCTTTCCCTACACGAC) and 
reverse primers (CAAGCAGAAGACGGCATACGAGA-
TGTGACTGGAGTTCAGACGTGT). The resulting PCR 
products were purified and loaded onto an Illumina MiSeq 
cartridge (Illumina, San Diego, CA, USA) at the Genomic 
and Transcriptomic Platform (INRAE, Toulouse, France) 
according to the manufacturers’ instructions. The raw reads 
were treated with the FROGS pipeline [22] by following the 
FROGS’ operational procedure: (i) read demultiplexing, i.e., 
each pair-end read was assigned to its sample with the help 
of the previously integrated index. (ii) read preprocessing, 
i.e., removing sequences that did not match the proximal 
PCR primer sequences, removing sequences not between 
minimum and maximum sequencing length (less than 397 
nucleotides and higher than 432) and removing sequences 
with at least one ambiguous base, (iii) chimaera removal, (iv) 
sequence clustering in clusters (operational taxonomic units) 
with denoising=yes and d=3, (v) cluster filtering, i.e., clus-
ters with abundances above 0.005% of total sequences and 
present in at least 6 samples were retained, and (vi) cluster 
affiliation using the SILVA database (version 128) [23]. Once 
cluster affiliated we called it ASV. 

The total number of bacteria in the cultures was estimated 
by quantitative polymerase chain reaction (qPCR), as 
described in Combes et al. [24]. Assays were performed using 
the ABI Prism 7900HT sequence detection system (Applied 
Biosystems, Carlsbad, CA, USA) in optical grade 384-well 

plates in a final volume of 10 µl. The SYBR Green assay 
reaction mixture contained template DNA, a specific primer 
set at 100 nM (forward: ACTCCTACGGGAGGCAGCAG; 
reverse: ATTACCGCGGCTGCTGG) and 1X Power SYBR 
Green PCR Master Mix (Applied Biosystems, Carlsbad, 
CA, USA). A dissociation curve was added to SYBR Green 
assays to check the specificity of the amplification. Then, the 
results were compared with a standard curve to obtain the 
number of target copies in the sample. Standard DNA curves 
were generated by amplification of serial 10-fold dilutions 
of a reference plasmid containing the target 16S rRNA gene 
(accession no. EF445235 Prevotella bryantii).

Superoxide dismutase activity
The SOD activity was measured in ruminal cultures. Total 

SOD activity was evaluated by measuring the inhibition of 
pyrogallol activity, as described by Gladine et al. [25].

Calculations and statistical analysis
The bacterial diversity was estimated by Shannon and 

Simpson indexes with the R package phyloseq [26]. The 
relative abundances of phyla, families and genera were 
obtained by the sum of the sequences of all the ASVs 
belonging to the taxon, divided by the sum of the total 
sequences in the sample, from the count table obtained from 
the bioinformatics analysis. The graphs and tables show the 
mean values with the standard errors of the means calculated 
from these relative abundances. However, as these data are 
compositional, they require transformation before statistical 
analysis can be carried out. This transformation was carried 
out as recommended by Guillermo et al. [27], using the 
sequence count table. Data transformation and statistical 
analysis were performed with R software [28]. 

For the transformation of data, the zeros from the sequence 
count table were imputed using the Geometric Bayesian-
multiplicative (GBM) method, before applying a Centred 
Log Ratio (CLR) transformation to our data. 

First, a multivariate analysis of the bacterial community 
was completed using the package mixOmics [29]. To remove 
noisy and uninformative ASVs, a Sparse Partial Least Squares 
Discriminant Analysis (sPLS-DA) was performed to select a 
small number of ASVs (20 ASVs per component) relevant 
to discriminate each treatment (i.e., control, 13HPOD, HEX 
and T2T4D). 

The CLR transformed data of major families and genera of 
bacteria (relative abundance > 0.01), the bacterial abundance 
and diversity indexes, and the SOD activity were compared 
using the general linear model (“stats” package). The model 
was:

Variable = mean + “series” effect + “treatment” effect 
+ “incubation duration” effect + interaction “treatment × 
incubation duration” + residual error.
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Then, a type-III ANOVA (“car” package) was conducted 
to obtain p-values. When a difference between treatments was 
significant (p<0.05), a pairwise comparison was performed 
using a Tukey test (“stats” package). Significance was 
declared at p≤0.05.

The relationship between SOD activity and bacterial 
genera was investigated by a relevance network using sPLS 
with a 0.6 cut-off.

Results
This study aimed to evidence in vitro effects of one 

peroxide (13HPOD) and the two aldehydes (HEX and 
T2T4D) produced from LA oxidation, on gut microbiota. 
Ruminal content was used for this test and incubated for 54 
or 102 hours.

Concerning the pH of the ruminal cultures, the bacterial 
abundance and diversity, and SOD activity, there was no 
interaction between time of incubations and LA LOPs 
addition (supplemental table 1). Focusing on oxidative 
products effects, the addition of LA LOPs did not modify 
rumen bacterial abundances and diversity (Supplemental 
table 1), although impacting final pH and SOD activity. In 
both cases, it was T2T4D addition that induced a significant 
change: it led to a significant higher final pH and resulted in 
a lower SOD activity than the other treatments, which did not 
differ (Figure 1). 

Figure 2 shows the sPLS-DA results obtained with 
treatments (control, HEX, 13HPOD or T2T4D) as 
discriminant factors. With AUC ROC > 0.94, the model 
allows good discrimination of our treatments. This figure 
shows 4 groups: 2 closed groups (HEX and HPOD) with 
an intersection, and the control and T2T4D group separated 

from the others, with a global balance error rate of 0.29. Using 
VIP function, the 20 high contributors presented a VIP > 4.5, 
(Table 1). The component 1 contributed the most to group 
discrimination (8% expl.var. vs. 4% and 3% respectively 
for component 2 and 3). It is the component discriminating 
the T2T4D treatment from the control and other treatments 
(Supplemental figure 1). The ASVs most often associated 
with control and HEX belonged to Bacteroidales S24-7 group 
family, with HPOD to Megasphaera genus and with T2T4D 
to Erysipelotrichaceae UCG-002 genus (Table 1). 

At the family and genus level (Table 2), the addition 
of T2T4D had a strong impact compared to others, in 
particular it significantly increased Bifidobacterium genus 
(approximately × 5), Prevotella 7 genus (approximately 
× 3) and Lachnospiraceae family (approximately × 2), 
while it significantly decreased Bacteroidales S24-7 group 
unknown genus (approximately × 3) and Prevotella 1 genus 
(approximately × 2). Even, there were almost no bacteria 
from Bacteroidales S24-7 group unknown genus left after 
102h incubation, because of an interaction between T2T4D 
addition and long incubation time (Table 2 and Figure 3). 
Effects were much less important for other families and 
genera, excepted Erysipelotrichaceae family significantly 
increased by13HPOD and T2T4D. 

We chose to use the SOD assay to explore possible 
antioxidant responses of bacteria to our LA LOPs. A potential 
link between some genera or families and SOD activity in 
the rumen is presented in (Table 3 and Figure 4). Among 
ASVs genus highly and positively linked with SOD activity 
(coefficient of sPLS network > 0.6), we found Succinivibrio 
genus. Other ASVs belonged to Prevotellaceae and 
Lachnospiraceae family. 

 

Figure 1: Comparison of the effects of 13OOH cis-9,trans-11-C18:2 (13HPOD), hexanal (HEX), and trans-2,trans-4-decadienal (T2T4D) and 
a control incubated without oxidation products, on final pH and superoxide dismutase activity in ruminal cultures. Results are expressed as 
mean of 54 h plus 102 h values for each treatment, SD are represented by error-bars. **P ≤0.05.
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Figure 2: Effect of 13OOH cis-9,trans-11-C18:2 (13HPOD), hexanal (HEX), and trans-2,trans-4-decadienal (T2T4D) and a control incubated 
without oxidation products, on the ruminal bacterial community (sPLS-DA), combining 54 h and 102 h cultures.

ASVs affiliation reported as belonging to Phylum, Family, 
Genus

Cluster 
number VIP2 Component value.var on the 

component
Mean relative 
abundance3

Associated with control1          
Spirochaetae, Spirochaetaceae, Treponema2 1219 13.2 3 -0.58 <0.01
Bacteroidetes, Bacteroidales S24-7 group, unkown genus 124 9.5 1 -0.4 <0.01
Bacteroidetes, Bacteroidales BS11 gut group, unkown genus 842 9 3 -0.4 <0.01
Bacteroidetes, Bacteroidales BS11 gut group, unkown genus 41 8.8 2 -0.39 0.01
Bacteroidetes, Bacteroidales S24-7 group, unkown genus 119 8.3 1 -0.35 <0.01
Bacteroidetes, Bacteroidales S24-7 group, unkown genus 73 7.3 1 -0.31 <0.01
Bacteroidetes, Bacteroidales S24-7 group, unkown genus 31 6.2 1 -0.26 <0.01
Bacteroidetes, Bacteroidales S24-7 group, unkown genus 24 5.4 1 -0.23 0.01
Firmicutes, Lachnospiraceae, Lachnospiraceae NK3A20 group 326 5 3 -0.22 <0.01
Bacteroidetes, Prevotellaceae, Prevotella 1 998 5 3 -0.22 <0.01
Associated with HEX addition1

Firmicutes, Lachnospiraceae, Lachnospiraceae ND3007 group 1167 8 3 0.36 <0.01
Bacteroidetes, Bacteroidales S24-7 group, unkown genus 10 5.3 1 -0.23 0.01
Bacteroidetes, Bacteroidales S24-7 group, unkown genus 5 5.1 1 -0.21 0.05
Associated with HPOD addition1          
Firmicutes, Veillonellaceae, Megasphaera 369 13.3 2 0.59 <0.01
Bacteroidetes, Prevotellaceae, Prevotellaceae YAB2003 group 1382 12.8 2 0.56 <0.01
Spirochaetae, Spirochaetaceae, Treponema2 409 4.6 2 0.2 <0.01
Firmicutes, Veillonellaceae, Megasphaera 1526 4.6 2 0.2 <0.01
Associated with T2T4D addition1

Firmicutes, Erysipelotrichaceae, Erysipelotrichaceae UCG-002 29 8.7 1 0.37 <0.01
Firmicutes, Erysipelotrichaceae, Erysipelotrichaceae UCG-002 4 5.7 1 0.24 0.01
Firmicutes, Acidaminococcaceae, Succiniclasticum 854 5.2 1 0.22 <0.01

1 Control: incubated without oxidation products nor linoleic acid; HEX: hexanal; 13HPOD: 13-OOH cis-9,trans-11-C18:2; T2T4D: trans-2,trans-4 
decadienal.
2 Variable importance in projection: relative importance in the prediction model by sPLS-DA.
3 Mean was calculated regardless of treatment as mean of cluster sequences/total sequences. 

Table 1: ASVs associtaed with control or oxydative products addition in the sPLS-DA
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Figure 3: Effect of 13OOH cis-9,trans-11-C18:2, hexanal, and 
trans-2,trans-4-decadienal compared to control on Bacteroidales 
S24-7 group unkown genus abundance in ruminal cultures incubated 
54 h or 102 h. The relative abundance of this genus was significantly 
(P < 0.01) affected by the interaction of incubation duration and 
oxidative product addition. T2T4D was the most effective oxidative 
product for both incubation duration, 13HPOD only induced a 
modification in 102 h incubations, HEX and control were not 
significantly different whatever the duration of incubation.  

 
Figure 4: Bacterial clusters strongly linked with superoxide 
dismutase activity. Analysis was performed using sPLS and the 
network presents clusters with correlation values > |0.6|: red lines 
represent negative correlations, and green lines represent positive 
correlations. Affiliation of clusters on Silva database is in table 3.

Taxonomic level Control1 HEX1 13HPOD1 T2T4D1 SEM Ptreatment² Ptime² Inter²
Actinobacteria 
Bifidobacteriaceae
Bifidobacterium

0.01b 0.01b 0.01b 0.05a 0.005 *** **** *

Bacteroidetes 
Bacteroidales BS11 gut group 
unkown genus

0.03a 0.01a 0.01b 0.01b 0.002 **** **** NS

Bacteroidetes 
Bacteroidales S24-7 group 
unkown genus

0.38a 0.40a 0.35a 0.13b 0.018 **** ** ***

Bacteroidetes 
Prevotellaceae 
Prevotella 1

0.07a 0.05a 0.07a 0.03b 0.006 *** *** *

Bacteroidetes
 Prevotellaceae 
Prevotella 7

0.02b 0.05b 0.04b 0.14a 0.012 ** **** NS

Bacteroidetes 
Rikenellaceae 
Rikenellaceae RC9 gut group

0.03a 0.02a 0.01b 0.03a 0.004 **** ** *

Firmicutes 
Christensenellaceae 
Christensenellaceae R-7 group

0.07a 0.08a 0.06b 0.07b 0.004 **** **** **

Firmicutes 
Lachnospiraceae  0.09c 0.10b,c 0.13b 0.19a 0.006 **** NS NS

Firmicutes
Erysipelotrichaceae  0.03b 0.03b 0.09a 0.09a 0.009 **** NS NS

1Control: incubated without oxidation products nor linoleic acid; HEX: hexanal; 13HPOD: 13-OOH cis-9,trans-11-C18:2; T2T4D: trans-2,trans-4 
decadienal.
2Ptreatment: effect of oxidation products; Ptime: effect of time of incubation; Inter: interaction between effect of oxidation products and time of 
incubation; NS: non-significant (P>0.10); * 0.10>P>0.05; **P ≤0.05; *** P ≤0.01; **** P ≤0.001.
abValues with different superscript in a same raw, significantly differ (P<0.05).

Table 2: Families and genera (relative abundance > 0.01) affected by the addition of oxidative products.
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Discussion
Effect of lipid oxidation products on the ruminal 
bacterial community

Heating high-LA fats increases their HEX, T2T4D and 
13HPOD contents [6,18], whose effects were investigated 
separately in the present study through the addition of 
13HPOD, HEX and T2T4D into cultures with a rumen 
microbiota. To our knowledge, this is the first study to report 
the effects of LA LOPs on the rumen microbiota and its SOD 
activity.

Bacterial abundance and diversity were not affected by 
the tested LA LOPs, as reported in a previous study using 5h 
short-term incubations [6]. 

If diversity indexes are difficult to compare with other 
studies, the total bacterial abundances (9.7 log copies of 
DNA/ml, 11 log copies of DNA/mg, or 2.4×1011 copies of 
DNA per g of DM of cultures, on overall average) obtained in 
our study were similar to those reported by Henderson et al. 
[30] for cows and sheep, and Singh et al. [31] for buffaloes, 
underlining the relevance of the system. 

Except for T2T4D, the LOPs had no effect on the final pH, 
which was similar to that of the control (Figure 1). Bacterial 
populations were highly affected by LOPs addition (Figure 
2), in particular some genera were highly affected by T2T4D 

(Table 2). The addition of T2T4D highly decreased relative 
abundances of Bacteroidales S24-7 group unknown genus 
of Bacteroidetes phylum and increased some Firmicutes 
populations, leading to an inversion of the Bacteroidetes/
Firmicutes ratio. This one was respectively 1.8, 1.6, 1.2 and 
0.7 for control, HEX, HPOD and T2T4D cultures.  That’s why 
on the first component of sPLS-DA (the most discriminant 
one), control and HEX were mainly associated with ASVs 
belonged to Bacteroidales S24-7 group unknown genera, 
when only Firmicutes were associated with T2T4D. Some 
ASVs were specially associated with HOPD. Those links 
suggested that some bacteria could resist HPOD and T2T4D 
addition, when others were affected by their addition. 

Kubo et al. [11] reported an antimicrobial effect of 
long-chain and unsaturated aldehydes on some bacteria 
in monoculture but did not test their effect on bacteria 
belonging to the Bacteroidetes phylum, nor others identified 
by our sPLS. They also showed that HEX had no effect on 
the growth of their selected bacteria in monocultures. Huws 
et al. [5] showed an effect of hydroperoxyoctadecatrienoic 
acid (HPOD obtained from oxidation of α-linolenic acid 
of grass) on the ruminal microbiota. They found that this 
HPOD has potential antimicrobial activity, particularly on 
Prevotellaceae, Lachnospiraceae and Ruminococcaceae, 
which was not the case in our study with an LA HPOD. On 
the other hand, Fanta et al. [32] reported a bacteriostatic effect 
of peroxides. 

ASVs affiliation reported as belonging to Phylum, Family, Genus Cluster number r1

Proteobacteria, Succinivibrionaceae , Succinivibrio Cluster_77 0.71

Proteobacteria, Succinivibrionaceae , Succinivibrio Cluster_120 0.69

Proteobacteria, Succinivibrionaceae , Succinivibrio Cluster_192 0.64

Proteobacteria, Succinivibrionaceae , Succinivibrio Cluster_210 0.69

Proteobacteria, Succinivibrionaceae , Succinivibrio Cluster_402 0.66

Proteobacteria, Succinivibrionaceae , Succinivibrio Cluster_664 0.61

Firmicutes, Lachnospiraceae, [Eubacterium] cellulosolvens group Cluster_308 0.66

Firmicutes, Lachnospiraceae, Lachnospiraceae UCG-008 Cluster_1844 0.62

Firmicutes, Lachnospiraceae, Roseburia Cluster_135 0.66

Firmicutes, Lachnospiraceae, Roseburia Cluster_807 0.6

Firmicutes, Lachnospiraceae, Pseudobutyrivibrio Cluster_345 0.66

Bacteroidetes, Prevotellaceae, Prevotella 1 Cluster_136 0.62

Bacteroidetes, Prevotellaceae, Prevotella 7 Cluster_462 0.61

Bacteroidetes, Prevotellaceae, Prevotellaceae YAB2003 group Cluster_207 0.67

Firmicutes, Ruminococcaceae, Ruminococcaceae UCG-014 Cluster_53 0.66

Firmicutes, Ruminococcaceae, Ruminococcaceae NK4A214 group Cluster_58 -0.61

Firmicutes, Ruminococcaceae, Ruminococcus 1 Cluster_830 -0.62

Firmicutes, Ruminococcaceae, Saccharofermentans Cluster_208 -0.64

1r = Pearson coefficient

Table 3: ASVs strongly (r > 0 .6) corralated with superoxide dismutase activity.
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The greatest effect of LA LOPs was mainly due to T2T4D 
and consisted to a decrease in the Bacteroidales S24-7 group 
leading to a great diminution of the Bacteroidetes/Firmicutes 
ratio. In ruminants, a decrease in the Bacteroidetes/Firmicutes 
ratio is generally associated with subacute ruminal acidosis, 
which is associated with systemic inflammation when a cow’s 
diet is rich in grain. Some metabolites produced by ruminal 
bacteria, such as lipopolysaccharides, could be associated 
with the inflammatory response, at least in part [33]. However, 
the relationship between the ruminal microbiome and health 
is still unclear in ruminants. In humans, Krych et al. [34] 
suggested that a decrease in the Bacteroidetes/Firmicutes 
ratio could promote diabetes, and Castaner et al. [35] reported 
a link between the diminution of this ratio and obesity. 
Besides, the Bacteroidales S24-7 group could act in favour of 
diabetes protection in mice [34] and of diarrhoea protection 
during weaning in pigs [36]. Nevertheless, all these studies 
suggest a potential negative effect of T2T4D on the health 
of animals and humans through a great modification of their 
gut microbiota, with the view that many strains are shared 
between the human intestinal and ruminal microbiomes [15].

Response of bacteria to oxidative stress
To investigate the rumen bacterial response to LA LPO 

addition, we chose to measure SOD activity. 

In the incubations with T2T4D, SOD activities were 
significant, when it was not affected by others LA LOPs. 
Nevertheless, there are many antioxidant systems in the 
rumen [37], so the lack of effect on the SOD activity does 
not mean that the antioxidant response was not affected when 
oxidation products were added to the media.

Fulghum and Worthington [13] studied the SOD capacity 
of some ruminal bacteria. Among them Succinivibrio 
dextrinosolvens had great SOD activity, which fitted 
with our results. Other genera from Prevotellaceae and 
Lachnospiraceae were also reported to develop a SOD 
activity in this study but depending on species (e.g. 
Ruminoccocus) or subspecies (e.g. Prevotella ruminicola 
formerly Bacteroides ruminicola). As mentioned above, 
there are other forms of bacterial fight against oxidative stress 
[37], and our measurement is only a first, non-exhaustive 
approach. Nevertheless, it is highly likely that some bacteria 
were probably able to resist LOPs, like Lachnospiraceae 
(Table 1), better than some other bacteria, particularly those 
belonging to the Bacteroidales S24-7 group. Further studies 
are necessary to understand how the digestive microbiota, as 
a whole and at the level of each bacteria, resist the oxidative 
stress generated in its ecosystem.

Conclusion 
This study contributes to providing knowledge on the 

effect of LA LOPs on the digestive microbiota and its SOD 
activity.

Long-term batch cultures demonstrated the effects of 
some oxidation-products on bacterial communities. Mainly, 
the ruminal bacterial community was highly affected by 
T2T4D, leading to a diminution of fermentation that resulted 
in a higher final pH in these cultures than in others, and a 
lower SOD activity. Modification of bacterial community 
represents a potential health risk for the host, but in vivo 
studies are needed to draw conclusions. 
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Inoculum1 Control1 HEX1 13HPOD1 T2T4D1 SEM Ptreatment² 54h 102h SEM Ptime² Inter²
pH of cultures 7.0 5.72b 5.73b 5.75b 5.91a 0.03 ** 5.90 5.66 0.02 **** NS

Bacterial abundance :

Log(copies nb of DNA/mL) 9.75 9.71 9.67 9.51 9.83 0.17 NS 9.76 9.61 0.12 NS NS

Bacterial diversity index :

Shannon 5.06 5.21 5.12 5.23 5.23 0.06 NS 5.14 5.26 0.04 ** NS

Simpson 0.98 0.98 0.98 0.98 0.98 <0.01 NS 0.98 0.98 0.00 ** NS

SOD activity (UI/mL) - 8.44a 8.33a 8.44a 6.80b 0.27 **** 6.85 9.15 0.19 **** NS
1Inocumum corresponding to strained rumen content of the 3 in vitro cultures, on average; control: incubated without oxidation products nor linoleic 
acid; HEX: hexanal; 13HPOD: 13-OOH cis-9,trans-11-C18:2; T2T4D: trans-2,trans-4 decadienal.
2Ptreatment: effect of oxidation products; Ptime: effect of time of incubation; Inter: interaction between effect of oxidation products and time of 
incubation; NS: non-significant (P>0.10); * 0.10>P>0.05; **P ≤0.05; *** P ≤0.01; **** P ≤0.001.
abvalues with different superscript in a same raw, significantly differ (P<0.05).

Supplemental Table 1. Effect of 13OOH cis-9,trans-11-C18:2, hexanal, and trans-2,trans-4-decadienal compared to control, and duration of 
incubation on final pH, bacterial abundance and diversity, and superoxide dismutase activity in ruminal cultures and statute of the inoculum.

SUPPLEMENTARY FILES

Supplemental Figure 1: PlotLoading of the first component of sPLS-DA. Affiliation of clusters on Silva 
database is in table 1
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