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Abstract: The aim of this study was to evaluate the microbial changes and biogenic amine (BA)
formation in rapeseed meal (RP) during fermentation with a bacterial starter combination of Lacti-
plantibacillus plantarum-LUHS122 and -LUHS135, Lacticaseibacillus casei-LUHS210, Lentilactobacillus
farraginis-LUHS206, Pediococcus acidilactici-LUHS29, and Liquorilactobacillus uvarum-LUHS245. Sam-
pling was carried out after 12 h and 7, 14, 21, and 28 days of cultivation under conditions of constant
changes to the substrate, with a change frequency of 12 h. The highest lactic acid bacteria (LAB)
and yeast/mould counts were established in RP fermented for 14 days (8.29 and 4.34 log;o CFU/g,
respectively); however, the lowest total enterobacteria count was found in RP fermented for 12 h
(3.52 logy1p CFU/g). Further metagenomic analysis showed that Lactobacillus spp. were the most
prevalent species in fermented RP. The changes in microbial community in RP led to differences in
BA formation. Putrescine and phenylethylamine were found in all fermented RP samples, while the
contents of some other amines increased with prolonged fermentation. Finally, the use of combined
fermentation could ensure Lactobacillus spp. domination; however, other parameters should be
controlled due to the formation of undesirable compounds.

Keywords: fermentation; lactic acid bacteria; biogenic amines; metagenomic analysis; rapeseed meal

1. Introduction

Fermented feed has been a part of animal diet for thousands of years and evolved
through the need for new higher-value products, as well as to extend the shelf life and
improve product safety via the inhibition of spoilage caused by pathogenic and opportunis-
tic bacteria and fungi [1-4]. Lactic acid bacteria (LAB) are natural constituents of many
fermented products; their main metabolites are organic acids, diacetyl, and ethanol [5]. In
addition, many LAB are desirable intestinal microorganisms because they metabolise
carbohydrates and reduce environmental pH, which leads to the suppression of the
growth of pathogenic bacteria [6]. Our previous studies showed that Lactiplantibacillus
plantarum-LUHS122 and -LUHS135, Lacticaseibacillus casei-LUHS210, Lentilactobacillus far-
raginis-LUHS206, Pediococcus acidilactici-LUHS29, and Liquorilactobacillus uvarum-LUHS245
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strains inhibit a variety of pathogenic and opportunistic microorganisms in vitro, including
methicillin-resistant Staphylococcus aureus, as well as fungi [7]. For this reason, the applica-
tion of combinations of starter LAB strains has become very attractive. Until now, many
probiotics producers have suggested compositions of probiotic strains for feed fermentation;
however, combined culture fermentation requires an optimum balance of the LAB [8]. Ac-
cording to Hesseltine [9], on application of a single starter, it might be challenging to control
the microbial environment due to the rates at which substrates are utilised, contamination
from the outside environment, and other unstable factors; therefore, combinations of starter
cultures are used to ensure the stability of the fermentation process. However, different
strains possess different properties, and when a combination is used, it is difficult to predict
which strains will survive at the end of the process. Additionally, the metabolic pathways
of the LAB that are used could be related to the fermentation conditions (concentrations of
nutrients, acidity parameters, other microorganisms, etc.).

Biogenic amines (BA) can be used as important chemical markers, which are associated
with changes of microbial environment. In fermented substrates, BA are formed as a result
of the decarboxylation of free amino acids by both Gram-negative and Gram-positive mi-
croorganisms showing decarboxylase activity [10]. The most common amines in fermented
stock are histamine, tryptamine, putrescine, cadaverine, 2-phenylethylamine, tyramine,
spermidine, and spermine [11,12]. Despite BA being involved in physiological processes in
mammals, a high concentration of these compounds can be toxic. Additionally, separate
BA can increase the toxicity of each other. For this reason, it is necessary to control both the
fermentation process and its end products.

Although combined culture fermentation is used to ensure the fermentation process
is safe and stable, changes in the microbial profile and metabolite formation might be
quite difficult to predict. Studies on BA production in fermented feed, especially rapeseed
meal, are very scarce. In the present study, a combination of newly isolated LAB strains
with antimicrobial activities from a spontaneous rye sourdough was used for rapeseed
fermentation. Knowledge on the microbial profile changes and BA formation in fermented
rapeseed is valuable for the production of feed fermented with combined starter cultures.
Furthermore, taking into consideration that the main parameter that is controlled in fer-
mented substrate is Lactobacillus count rather than the profile, the BA could be important
and sensitive chemical markers to show the changes (both desirable and undesirable) in Lac-
tobacillus communities in fermentable substrates. Moreover, we hypothesised that despite
it being possible to obtain high numbers of viable LAB in the end product (fermented feed
stock), the biogenic amine concentration in the end-product could be related to changes in
the microorganism community.

2. Materials and Methods
2.1. Lactic Acid Bacteria Strains and Rapeseed Meal Used in Experiments

The L. plantarum LUHS122, L. casei LUHS210, L. faraginis LUHS206, P. acidilactici
LUHS29, L. plantarum LUHS135, and L. uvarum LUHS245 strains were obtained from the
Lithuanian University of Health Sciences collection (Kaunas, Lithuania). Our previous
studies showed that the above-mentioned strains inhibit various pathogenic and oppor-
tunistic microorganisms and are suitable for fermentation of various substrates [6,7,13,14].
The characteristics of the LAB strains used, including the inhibition of strains of pathogenic
and opportunistic bacteria, as well as fungi, are described by Bartkiene et al. [7]. In addition,
our previous studies showed that fermentation of feed with these strains had a positive
influence on health and faecal microbial profile of piglets [4,15,16]. The above-mentioned
LAB strains were stored at —80 °C in a Microbank system (Pro-Lab Diagnostics, UK) and
separately propagated in de Man—-Rogosa—Sharpe (MRS) broth (CM 0359, Oxoid Ltd.,
Hampshire, UK) at 30 £ 3 °C for 48 h before their use for feed fermentation.

Rapeseed meal (RP) was obtained from the SME ‘Ustukiu malunas’ (Pasvalys, Lithuania).

The LAB strains LUHS122, LUHS210, LUHS206, LUHS29, LUHS135, and LUHS245
were used for fermentation of RP. The RP, water, and a suspension of combined LAB strains
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(LAB in equal parts by volume, total 3% of dry matter of the RP mass (v/m)) containing
8.9 log1g CFU/mL) were fermented at 30 & 2 °C for 12 h. Anaerobic conditions were
attained by incubation of the fermentable substrate in anaerobic jars (Oxoid, Basingstoke,
Hampshire, UK) with GasPak Plus™ (BBL, Cockeysville, MD, USA). For 100 g of RP,
60 mL of water was used. Further, the pure starter culture combination was not used for
fermentation. After every 12 h of fermentation, one-third of the fermented RP mass was
used as a starter for the second stage of fermentation, and two-thirds of the fermented mass
was removed and used for analysis. Samples for analysis were taken after 12 h and 7, 14, 21,
and 28 days of fermentation. Further RP fermentation cycles were performed at 30 & 2 °C
until the 28th day. Non-fermented RP was used as a control (RPnf). The principal scheme
of the sample preparation process is given in Figure 1.

Lactic acid bacteria
LUHS122, LUHS210,
LUHS206, LUHS29,
LUHS135, LUHS245

I

LAB (separately) 3% of dry matter of

propagation in MRS broth %;i—l
at30+3 °C for 48 h RPnf

fermented at 30 £2 °C
fori2 h

RPf12 |
1/3 part of
fermented RP z
used for 2/3 part of fermented RP used for
further analysis
fermentation
0
Cycle was repeated every 12 h with addition 2/3 part of fermented RP used for
of RPnfand water analysis after 7, 14, 21, and 28 days

Figure 1. The principal scheme of the fermented rapeseed meal sample preparation process
(LUHS122—L. plantarum; LUHS210—L. casei; LUHS206—L. farraginis; LUHS29—P. acidilactici;
LUHS135—L. plantarum; LUHS245—L. uvarum; RPnf—non-fermented rapeseed meal; RPf12—12-h-
fermented rapeseed meal).

2.2. Evaluation of Acidity and Microbiological Characteristics of Samples

The pH was measured using a pH electrode (PP-15; Sartorius, Goettingen, Germany).
For evaluation of the concentrations of L(+) and D(—) lactic acid isomers, a specific
Megazyme assay kit (Megazyme Int., Bray, Ireland) was used. Counts of LAB, total
bacteria (TBC), enterobacteria (TEC), and mould/yeast (M/Y) in samples were determined
according to Bartkiene et al. [17].

2.3. Determination of Biogenic Amine Content in Samples

The extraction and determination of BA in RP samples followed the procedures devel-
oped by Ben-Gigirey et al. [18] with some modifications, as described by Bartkiene et al. [19].
The following BA were analysed: tryptamine, phenylethylamine, cadaverine, putrescine,
histamine, tyramine, spermine and spermidine. The standard BA solutions were prepared
by dissolving known amounts of each BA (including internal standard—1.7-diamino-
heptane) in 20 mL of deionised water. Briefly, 5 g of sample was extracted with 10 mL of
perchloric acid (0.4 mol/L) twice. The derivatization of sample extracts and standards was
performed using a dansyl chloride solution in acetonitrile (10 mg/mL) as a reagent. A
Varian ProStar HPLC system (Varian Corp., Palo Alto, CA, USA) equipped with a ProStar
325 UV/VIS Detector and Galaxy software (Agilent, Santa Clara, CA, USA) was used for
analysis. A Discovery® HS C18 column (150 x 4.6 mm, 5 um; SupelcoTM Analytical, Belle-
fonte, PA, USA) was used to separate BA. Ammonium acetate (0.1 mol/L) and acetonitrile
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were used as the mobile phases at a flow rate of 0.8 mL/min. The sample volume injected
was 20 pL. and the amines were monitored at 254 nm. The BA were identified based on
their retention times in comparison to their corresponding standards.

2.4. Metagenomic Analysis of Rapeseed Meal Samples

Non-fermented and fermented (after 12 h and 7, 14, 21, and 28 days) RP samples were
taken for microbial profiling analysis. A Quick-DNA Fecal/Soil Microbe Kit (Zymo Re-
search, Irvine, CA, USA) was used for total DNA extraction according to the manufacturer’s
instructions. The initial quantity and quality of the DNA were controlled using a Nano
Drop 2000 spectrophotometer (Thermo Fisher, Waltham, MA, USA). Metagenomic analysis
was performed in an independent service laboratory (Baseclear, Leiden, The Netherlands).
During data analysis, reads of plant origin were dropped from the total amount of reads and
data were analysed only for those bacteria for which the prevalence was at least 10 reads.

2.5. Statistical Analysis

Microbiological results are expressed as the means (n = 5) &+ standard deviations
(SD); physicochemical results are expressed as the means (n = 3) £ SD. To evaluate the
effect of fermentation duration, the data were analysed by one-way analysis of variance
(ANOVA) and Tukey’s honestly significant difference (HSD) procedure as post hoc tests. A
linear Pearson’s correlation was used to quantify the strength of the relationship between
the variables. The correlation coefficients were calculated using the statistical package
SPSS for Windows (v15.0, SPSS, Chicago, IL, USA). Correlation strength interpretation was
performed in accordance with [20]. Results were recognised as statistically significant at
p < 0.05.

3. Results and Discussion
3.1. Acidity Parameters of Rapeseed Meal Samples

The acidity parameters of RP samples are shown in Figure 2 (a—total lactic acid
content, D(—) and L(+) lactic acid isomer concentration (g/100 g); b—pH). The highest
concentration of lactic acid was found in RP samples fermented for 12 h (2.01 g/100 g). In
other samples, the average lactic acid concentration was 1.39 g/100 g; in control samples it
was 0.1 g/100 g. The L(+) and D(—) lactic acid isomer ratio was 0.92 in RPf12 and RP{7,
0.84 in RPf14, and 0.95 in RPf21 and RPf28. Very strong negative correlations were found
between pH and D(—) lactic acid isomer and L(+) lactic acid isomer (r = —0.915, p = 0.0001;
r = —0.903, p = 0.0001, respectively). One-way ANOVA indicated that the duration of
fermentation has a significant effect on all the RP acidity parameters analysed (p = 0.0001).

The observed correlation between pH and lactic acid concentration in RP samples
can be explained by the fact that the acidification of the fermentable substrate mainly
depends on the production of lactic acid, which is a result of sugar metabolism by LAB
strains [21]. Other end products of fermentation, such as acetic acid and carbon dioxide,
could also contribute to the reduction in pH. Similar pH values were obtained by Ashay-
erizadeh et al. [22] for RP fermented with L. acidophilus, Bacillus subtilis, and Aspergillus
niger for 25 days. Wang et al. [23] showed that 9.5 g/100 g of lactic acid could be obtained
in RP after 72 h of fermentation with B. licheniformis, Candida utilis, and Lactobacillus. The
growth and productivity of LAB are limited by the medium pH and nutrient availabil-
ity [24], and this could explain why the prolonged fermentation decreased the amount
of lactic acid produced in RP. Homo- or heterofermentative utilisation of the substrate by
Lactobacillus may lead to the production of D(—) and L(+) lactic acid isomers or a racemic
mixture of both, while homofermentative Pediococcus species produce only a mixture of
these isomers [25]. Moreover, the content of each isomer in a racemic mixture can also be
affected by the substrate composition, changes in pH and temperature, or fermentation
mode [26]. Narayanan et al. [27] found that L(+) isomers produced by Lactobacillus can be
converted to the D(—) isomer by racemase when the former accumulates. In this study, a
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mixture of selected LAB strains was used; therefore, a racemic mixture of both lactic acid
isomers was determined in all RP samples.
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Figure 2. Acidity parameters of rapeseed meal samples: (a) total lactic acid content, D(—) and L(+)
lactic acid isomer concentration (g/100 g); (b) pH) (RPnf—non-fermented rapeseed meal; RPf12—
12-h-fermented rapeseed meal; RP 7, 14, 21, 28—rapeseed meal samples fermented for 7, 14, 21,
and 28 days respectively. Superscripts: ¢ Mean values with different letters within a column are
significantly different (p < 0.05).

3.2. Microbiological Parameters of the Fermented Samples

The microbiological parameters of RP samples are given in Figure 3. The highest LAB
count was found after 14 days of fermentation (average of 8.29 logjy CFU/g). After 21
and 28 days of fermentation, the average LAB counts were 11.6% and 24.4% lower than
that in samples fermented for 14 days, respectively. Significant correlations were found
between the LAB count and acidity parameters D(—) (r = 0.802, p = 0.0001), L(+) (r = 0.767,
p = 0.0001), lactic acid concentration (r = 0.786, p = 0.0001), and pH (r = —0.937, p = 0.0001).
One-way ANOVA showed that the duration of fermentation has a significant effect on the
LAB count in RP samples (p = 0.0001).
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Figure 3. Microbiological parameters of rapeseed meal samples (RPnf—non-fermented rapeseed
meal; RPf12—12-h-fermented rapeseed meal; RPf 7, 14, 21, 28—rapeseed meal samples fermented
for 7, 14, 21, and 28 days, respectively; LAB—lactic acid bacteria; TEC—total enterobacteria count;
TBC—total bacteria count; M/ Y—mould and yeast count; CFU—colony forming units. Superscripts:
a-d Mean values with different letters within a column are significantly different (p < 0.05)).

Currently, LAB are used in sustainable agriculture systems due to their high biological
potential. Recently, many scientists have paid a great deal of attention to feed fermented
with different LAB [28,29]. LAB form a significant group in the bacterial community, as
they successfully reduce pH to a point where undesirable microorganisms are no longer
able to grow, and may also control nutrient loss in feed [21]. LAB have the ability to convert
citric acid into lactic acid, and acetic acid causes a decrease in substrate pH. The low pH
contributes to the maintenance of a microbiologically stable environment, which can be
dominated by acid-tolerant LAB species [30]. LAB utilise water-soluble carbohydrates and
convert them into mixtures of organic acids. The use of LAB in starter cultures can enhance
food or feed quality while minimising the loss of nutrients, such as carbohydrates, crude
protein, volatile compounds, free fatty acids, and minerals. Therefore, the use of selected
LAB additives enhances the fermentation process, leading to the control of dry matter loss
and pathogenic activity [31].

The highest TEC counts were found in non-fermented RP samples and after 28 days of
fermentation (average of 4.97 logg CFU/g). The lowest TEC count was found in RP samples
after 12 h of fermentation (3.52 logyg CFU/g); after 7, 14, and 21 days of fermentation,
the average TEC count was 4.13 logo CFU/g. In contrast to the findings for LAB counts,
negative correlations were found between TEC and D(—) (r = —0.802, p = 0.0001), L(+)
(r=—0.774, p = 0.0001), and lactic acid concentration (r = —0.756, p = 0.0001); a positive
correlation was established between TEC and pH (r = —0.611, p = 0.007). Additionally, a
moderate negative correlation was established between LAB count and TEC (r = —0.583,
p =0.011). One-way ANOVA showed that the duration of fermentation has a significant
effect on TEC in RP samples (p = 0.0001).

Enterobacteria, yeasts, and moulds are undesirable microorganisms that may cause
spoilage of fermented food or feed. Moreover, undesirable microorganisms can decrease
the nutritional quality and also have an impact on human and animal health and animal
production quality [21,32]. Lactobacilli play a crucial role in the bio-preservation of feed and
nutrient quality through the production of organic acids and the inhibition of deleterious
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spoilage by the remaining microbial community. Additionally, LAB effectively control
secondary fermentation within inoculated forage. Due to their lower pH, antimicrobial
compounds (organic acids and bacteriocins) may eliminate undesirable pathogens. For
example, secondary fermentation in silage is an undesirable acidification process that is
carried out mainly by enterobacteria, clostridia (butyric acid producers), and yeasts (ethanol
producers) [21,28,33]. It should be highlighted that during fermentation it is necessary to
control the amount of enterobacteria due to their ability to initiate the formation of BA.
The amount of Enterobacteriaceae may be correlated with the concentrations of various
BA formed in fermentable substrates. The formation of BA in fermentable substrates
is related to pH, storage, and processing conditions; counts of pathogenic bacteria (e.g.,
enterobacteria); and other factors [34-36].

No yeast and mould (Y /M) populations were found in non-fermented RP samples.
The highest Y/M count was found in samples fermented for 14 days (4.34 logio CFU/g); in
other samples, the average Y/M count was 3.33 log1g CFU/g. The changes in Y/M count
could be due to the ability of LAB to produce different acids [37]. However, yeasts can
improve the growth of LAB, as well as being stable in media, as they can use bacterial end
products as energy sources [14,37]. For instance, yeasts use LAB metabolites such as lactic
acid, glucose, and galactose as energy sources [38]. Yeasts also synthesise metabolites that
promote the development of LAB strains in media, establishing a mutualistic relationship
between yeasts and LAB [14,37].

These findings are in agreement with the correlations found in this study. A very
strong positive correlation was found between LAB and M/Y counts (r = 0.956, p = 0.0001),
and a moderate negative correlation was established between Y/M and TEC (r = —0.530,
p = 0.024). Similar tendencies of the correlations were established for M/Y as were found
for LAB counts. A negative correlation was found between the M/Y counts in samples and
lactic acid concentrations (r = —0.756, p = 0.0001), and a very strong negative correlation
was found between M/Y counts and pH (r = —0.970, p = 0.007). One-way ANOVA showed
that the duration of fermentation has a significant effect on M/Y counts in RP samples
(p = 0.0001).

The TBC in non-fermented RP samples was 5.51 logjgp CFU/g, while in fermented
samples it was 30.2% higher on average.

Fermentation is associated with high counts of viable LAB and TBC because fermen-
tation lowers the pH of the substrate due to the organic acids produced by LAB [39,40].
An acidic substrate is unsuitable for the growth of pathogenic bacteria, and this process
reduces the counts of pathogenic Enterobacteriaceae strains; however, they are replaced by
a higher LAB count, and in addition to this the TBC also increases [3,4,41].

However, comparing samples taken after 12 h and 28 days of fermentation with those
taken after 7, 14, and 21 days of fermentation, a higher TBC was found in samples in the
middle of the experiment (on average 12.5% higher). A very strong positive correlation
was found between TBC and LAB counts (r = 0.972, p = 0.0001). Therefore, it can be stated
that the main microorganisms in fermented RP were LAB; to verify these results, further
metagenomic analysis was performed. Additionally, similar correlations were observed
for TBC as were found for LAB counts between TBC and D(—) (r = 0.701, p = 0.001), L(+)
(r=10.675, p = 0.002), lactic acid concentration (r = 0.695, p = 0.001), and pH (r = —0.879,
p =0.0001).

3.3. Biogenic Amine Formation in Fermented Rapeseed Meal

The BA content in RP samples is shown in Figure 4. Tryptamine was found only in
one sample (after 28 days of fermentation: 18.8 mg/kg). Phenylethylamine was found
in all the tested RP samples; however, the average content of this BA was 8 times higher
in fermented samples than in non-fermented samples. Additionally, comparing samples
taken after 12 h and 7 and 14 days of fermentation with those taken after 21 and 28 days of
fermentation, the earlier samples showed 2.5 times lower phenylethylamine concentration
(average of 35.2 mg/kg). Putrescine was found only in fermented samples, at 383 mg/kg
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after 12 h, then a similar value after 7 days (384 mg/kg) and the lowest value after 14 days
(287 mg/kg). However, after 21 and 28 days of fermentation, the average putrescine
contents in RP samples increased (in comparison with samples fermented for 14 days) by
19.2% and 43.5%, respectively. Cadaverine, histamine, and tyramine were found at two
sampling points, after 21 and 28 days of fermentation, with higher concentrations of these
BA being found in samples fermented for 28 days (averages of 45.4%, 40.6%, and 44.2%
higher, respectively). In contrast to cadaverine, tyramine, and histamine, spermidine was
established only in non-fermented samples (132 mg/kg), and no spermine was found in
RP samples.

CTriptamine mmm Phenylethylamine

C—JPutrescine Cadaverine
550 Histamine EZE Tyramine

E=Spermidine — —Poly. (Phenylethylamine) <
500 | (----- Poly. (Putrescine) — - -Poly. (Cadaverine) B
a0 | L Poly. (Histamine) — Poly. (Tyramine)

Biogenic amines, mg/kg
W
[—J
=

RP{12 RP{7d RPfl4 RPf21

Figure 4. Biogenic amine concentrations in rapeseed meal samples (RPnf—non-fermented rapeseed
meal; RPf12—12-h-fermented rapeseed meal; RPf 7, 14, 21, 28—rapeseed meal samples fermented
for 7, 14, 21, and 28 days, respectively. Superscripts: a-d Mean values with different letters within a
column are significantly different (p < 0.05)).

Significant correlations were established between phenylethylamine and spermidine
and all acidity and microbiological parameters analysed (Table 1). Additionally, significant
correlations were found between the putrescine concentration in samples and most of the
parameters analysed (except TEC), as well as moderate positive correlations of cadaverine,
histamine, and tyramine with TEC.

BA formation occurs through the decarboxylation of amino acids catalysed by exoge-
nous decarboxylases of fermentative or contaminating microorganisms [35]. The intensity
of BA formation is strongly affected by the presence of decarboxylase-positive bacteria,
the contents of free amino acids and endogenous or microbial proteases, and environ-
mental conditions such as temperature and pH [42]. Histamine and tyramine are the
most toxic ones, but BA toxicity usually occurs at high levels [43]. However, no specific
legislation covers BA levels in food, except for histamine in fishery products [35]. Spoilage
microorganisms, especially enterobacteria and Pseudomonas, can produce histamine and
cadaverine [43]. This could explain the increases in putrescine, histamine, and cadaverine
contents in RP samples after 21 and 28 days of fermentation and the significant positive
correlations observed between several BA (histamine and cadaverine) and TEC. The men-
tioned BA could also be accumulated by LAB, which are the major producers of tyramine,
while moulds and yeasts might also contribute to BA production [43].
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Table 1. Pearson correlations (r) and significance (p) between biogenic amine (BA) concentrations in

rapeseed meal (RP) samples and acidity, as well as microbiological parameters.

Pearson
Correlation
Co(rrr)eailalgon Tryptamine Phenylethylamine Putrescine Cadaverine Histamine Tyramine Spermidine
Significance
(p)
D), g/100 r —0.055 0.790 ** 0.766 ** —0.002 0.003 0.001 —0.900 **
187108 p 0.828 0.0001 0.0001 0.993 0.991 0.998 0.0001
L(+), g/100 r —0.015 0.737 ** 0.796 ** 0.065 0.072 0.068 —0.897 **
'8 g P 0.954 0.0001 0.0001 0.798 0.778 0.789 0.0001
Total lactic acid r —0.034 0.757 ** 0.772 ** 0.029 0.036 0.036 —0.888 **
content, g/100 g P 0.893 0.0001 0.0001 0.908 0.888 0.888 0.0001
H r —0.125 —0.752 ** —0.872 ** —0.191 —0.194 —0.191 0.992 **
p p 0.620 0.0001 0.0001 0.449 0.442 0.449 0.0001
LAB count, logyg r —0.083 0.768 ** 0.690 ** 0.022 0.032 0.028 —0.909 **
CFU/ P 0.744 0.0001 0.002 0.930 0.899 0.913 0.0001
TEC count,gloglg r 0.565 * —0.763 ** —0.280 0.483 * 0.471* 0.486 * 0.559 *
CFU/ P 0.014 0.0001 0.261 0.042 0.048 0.041 0.016
TBC count, logi r —0.046 0.609 ** 0.656 ** 0.144 0.160 0.151 —0.868 **
CFU/g P 0.855 0.007 0.003 0.569 0.527 0.549 0.0001
M/Y count, r 0.120 0.649 ** 0.821 ** 0.250 0.259 0.255 —0.973 **
logo CFU/g p 0.635 0.004 0.0001 0.318 0.300 0.308 0.0001

LAB—lactic acid bacteria; TEC—total enterobacteria count; TBC—total bacteria count; M/Y—mould and yeast
count; CFU—colony-forming units; *—statistically significant correlation (p < 0.05); **—statistically significant
correlation (p < 0.0001).

Significant correlations of putrescine and phenylethylamine with the mould/yeast
count were found in this study. The observed correlations between putrescine content and
LAB count or acidity parameters suggest that high levels of putrescine in all fermented RP
could also be related to LAB activity. The same possible explanation may be applied to the
formation of phenylethylamine in fermented RP. Moreover, the RP contains a high level of
arginine, which is a precursor of putrescine, and a significant amount of phenylalanine,
which can be converted to phenylethylamine [44]. Additionally, decarboxylase activity can
be induced in acidic conditions as the cell response to acid stress; therefore, the production
of BA may increase [42]. Spermidine, which was determined only in non-fermented RP,
can be found naturally in all raw plant materials [45]. Studies involving BA analyses in
fermented feed, especially rapeseed meal, are very scarce. A comparison of the obtained
results with other authors is complicated due to the different experimental conditions, such
as the substrate type, duration and mode of fermentation, and LAB strains used. In the
study by Lau et al. [46], BA were not detected in liquid feed (50% canola meal, 25% wheat,
and 25% barley) after 24 h fermentation with a mixture of Lactiplantibacillus plantarum,
Pediococcus pentosaceus, and Lactobacillus lactis. Canibe et al. [47] found a higher total content
of biogenic amines (tyramine, putrescine, cadaverine, and histamine) in 5-day-fermented
liquid feed of barley and wheat (1186 mg/kg of DM) compared to dry feed (71 mg/kg
of DM).

One-way ANOVA showed that the duration of fermentation has a significant effect on
the concentrations of all BA analysed in RP samples (p = 0.0001).

3.4. Microbial Profiles of the Non-Fermented and Fermented Rapeseed Meal

The bacterial profile of rapeseed meal before the fermentation is given in Figure 5.
Before fermentation the most predominant genus in rapeseed meal content was Phytoplasma
(94.5%). It was detected in 11,646 reads of Phytoplasma from the total of 12,329 bacterial
reads. The second most prevalent genus was Pantoea (1.9%). The amount of any other
bacterial genera in rapeseed meal was below 0.6%, as presented in Figure 5.
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Figure 5. Bacterial profile at the genus level within rapeseed meal before the fermentation.

The amounts of Lactobacillus spp. as DNA reads obtained after metagenomic sequenc-
ing of 165 rRNA in RP samples are presented in Figures 6 and 7.
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Figure 6. Percental numbers of Lactobacillus in rapeseed meal samples (RPnf—non-fermented rape-

seed meal; RPf12—12-h-fermented rapeseed meal; RPf 7, 14, 21, 28—rapeseed meal samples fer-

mented for 7, 14, 21, and 28 days, respectively).
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Figure 7. Numbers of Lactobacillus in fermented samples of animal feed during the course of experi-

ment (RPnf—non-fermented rapeseed meal; RPf12—12-h-fermented rapeseed meal; RPf 7, 14, 21,

28—rapeseed meal fermented for 7, 14, 21, and 28 days respectively).
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Figure 6 presents the percentages of Lactobacillus spp. from all DNA reads detected
in the analysed samples. The amounts of lactobacilli in samples at different stages varied
from 86.2% to 95.9%. The remaining percentages (4.1-13.8%) of DNA reads of 165 rRNA
sequences included not only those for bacteria but also sequences of plant origin, meaning
that the amount of other bacterial genera in fermented samples was low (Supplementary
Files S1-56). Therefore, during the whole process of fermentation, no other genera except
Lactobacillus were actively multiplied. The small amounts of different bacterial species
presented in samples can be treated as contaminants, which are always found in non-sterile
food or feed products.

As can be seen in Figure 6, the amounts of lactobacilli during different time periods
were very similar, except for day 14, when there was an obvious decrease in their percentage.
This can be explained by the analysis of the DNA reads (Supplementary File S4), which
shows an increased percentage (6.8%) of plant (Brassicaceae) DNA detected together with
bacterial DNA and included in the presented data. The amounts of lactobacilli detected
2 weeks before and 2 weeks after day 14 demonstrate the stable and high amounts of
Lactobacillus spp. in samples. The prevalence of other bacteria in all fermented samples
during all experiments was very low, with the highest being for bifidobacteria (2.19%),
which were detected on day 28 of RP fermentation (Supplementary File S6).

P. acidilactici, which was used for fermentation, was detected only after 12 h of fermen-
tation and accounted for 0.27% of all bacteria. From day 7, no Pediococcus species were
detected in fermented samples. According to previous data, Pediococcus species are quite
resistant to different environmental conditions, including low pH [48], but many other
factors may influence their inability to survive in mixed bacterial communities, such as
Lactobacillus bacteriocins used in a cocktail of bacteria for fermentation, the slow assimila-
tion of nutrients and slow reproduction rate, and the non-optimal composition of nutrients
presented in RP.

As can be seen from Figure 7, the number of lactobacilli in fermented RP samples had
a tendency to increase from 12 h of fermentation up to 21 days and then decreased slightly
but remained high enough on day 28. This means that the Lactobacillus strains used for RP
fermentation are able to survive, multiply, and maintain homeostasis in fermented meal for
a prolonged period.

4. Conclusions

The duration of fermentation had a significant effect on all RP parameters analysed
(p = 0.0001). A very strong positive correlation was obtained between TBC and LAB counts
in fermented RP samples (r = 0.972, p = 0.0001); therefore, it can be stated that the main
microorganisms in fermented RP are LAB. Additionally, metagenomic analysis showed
that Lactobacillus spp. are the most prevalent species in fermented RP. However, changes in
the microbial community in RP led to differences in the formation of BA and possibly other
metabolites. Tryptamine was found only in RP fermented for 28 days, phenylethylamine
was found in all tested RP sample, and putrescine was found only in fermented samples.
Cadaverine, histamine, and tyramine were found in samples fermented for 21 and 28 days.
Spermidine was established only in non-fermented samples (132 mg/kg). Finally, it can be
stated that the use of combined fermentation can ensure the domination of Lactobacillus
spp-; however, other parameters (i.e., the concentration of D(—) lactic acid) should be
controlled because of the formation of undesirable compounds. Further studies are needed
to indicate the chemical markers for sensitive control of combined fermentation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fermentation8040136/s1. Supplementary File S1. Rape expeller
non-fermented seed meal. Supplementary File S2. Rape expeller fermented after 12 h. Supplementary
File S3. Rape expeller fermented after 7 days. Supplementary File S4. Rape expeller fermented after
14 days. Supplementary File S5. Rape expeller fermented after 21 days. Supplementary File S6. Rape
expeller fermented after 28 days.
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