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N G ke W N e

Abstract: Penicillium camemberti is used in cheese production; however, its health benefits remain
to be elucidated. We previously found that supplemental Aspergillus-derived lipase preparation
exerts a strong bifidogenic effect in rats fed a high-fat diet. This study investigated the effects of the
feeding of a diet containing a 0.2% or 0.4% Penicillium camemberti-derived lipase preparation (PCL)
for two weeks on the cecal microbiota in rats. According to 165 rRNA gene sequencing analysis, both
PCL supplements significantly (p < 0.05) affected the cecal microbial community. At the genus level,
supplemental 0.4% PCL significantly increased the relative abundance of beneficial bacteria such as
Bifidobacterium, Lactobacillus, and Collinsella (127-fold, 6-fold, and 193-fold increase, respectively). The
abundance of these bacteria in the 0.2% PCL group was between that of the control and 0.4% PCL
groups. Notably, the effects of supplemental 0.4% PCL on modulating the abundance of these bacteria
matched the effects observed in studies on typical prebiotic oligosaccharides. PICRUSt analysis
revealed that PCL supplements significantly modulated the relative abundance of bacterial genes
associated with 27 metabolic pathways, some of which were similar to those reported for prebiotic
oligosaccharides. This study provides the first evidence indicating that supplemental PCL exerts
prebiotic-like effects by modulating the abundance of the gut microbiota.

Keywords: Penicillium camemberti; lipase; 165 rRNA; prebiotics; Bifidobacterium; Lactobacillus; PICRUSt
analysis; fermented foods

1. Introduction

Several epidemiological studies have found that cheese consumption reduces the risk
of chronic diseases, including cardiovascular disease, type 2 diabetes, colorectal cancer,
cognitive decline, and depression [1-6]. However, the active compounds in cheese and
the mechanisms underlying their beneficial effects remain to be elucidated. Penicillium
camemberti is used in the production of Camembert and Brie cheeses, on which fungus
colonies form a white crust [7]. Several Penicillium fungi-derived proteases and lipases are
responsible for the ripening process through the enhanced release of substances associated
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with flavor and aroma, including amino acids, peptides, free fatty acids, and volatile
fatty acids. Recently, Ano et al. demonstrated that consumption of a Camembert cheese
extract prevented the development of an Alzheimer’s pathology by using transgenic model
mice [8]. Oleamide and dehydroergosterol generated during Penicillium fermentation exert
beneficial impacts through anti-inflammatory effects [9]. However, information on the roles
of Penicillium fungi and their related products in health and disease is limited.

In a previous study, we found that the consumption of an Aspergillus niger-derived
lipase preparation (ANL) caused a powerful bifidogenic effect in rats fed a high-fat (HF)
diet [10]. Furthermore, the consumption of Aspergillus-derived protease and cellulase
caused similar bifidogenic effects in rats fed a HF diet [11-13]. Additionally, the con-
sumption of acid protease purified from Aspergillus oryzae had a similar effect on gut
Bifidobacteium [14]. Among the digestive enzymes studied in our laboratory, the bifidogenic
effects of ANL were the most remarkable. These findings raise the question of whether
lipases derived from other fungi, such as Penicillium spp., have a similar effect. In a pre-
liminary study using qPCR analysis, we found that rats fed a P. camemberti-derived lipase
preparation (PCL) exhibited a significant increase in the relative abundance of cecal Bifi-
dobacterium and Lactobacillus. Therefore, in the present study, we performed 16S rRNA gene
sequencing analysis to determine the effects of dietary supplemental PCL on the entire
profiles of the gut microbiota in rats fed a HF diet. This study provides the first evidence
indicating that exogenous PCL exerts prebiotic-like effects. To investigate the functional
effects of dietary supplemental PCL on gut health and disease, the relative abundance of
bacterial genes associated with various metabolic pathways was also investigated using
PICRUSt analysis.

2. Materials and Methods
2.1. Animals and Diets

Sixteen male Sprague Dawley rats (four weeks old) were purchased from Charles
River Japan. The rats were individually housed in cages in a controlled-temperature
environment (23 =+ 2 °C), with a 12 h light-dark cycle and relative humidity of 50-60%.
After being acclimatized for 7 days, the rats were randomly divided into the following
three groups based on their diets: a HF diet (control; Ctrl, five rats) or a HF diet mixed
with 0.2% (w/w) PCL (P. camemberti-derived lipase preparation, commercial name: Lipase
G “Amano” 50, Amano Enzyme Inc. Nagoya, Japan, six rats), or 0.4% (w/w) PCL (six
rats). The lipase activity of PCL is 55,000 U/g at pH 6.0 and the protease activity in the
PCL was not detectable. The HF diet used in this study contained 30% beef tallow, 20%
casein, 0.3% L-cystine, 1% vitamin mixture (AIN-93), 3.5% mineral mixture (AIN-93G), 5%
cellulose, 20% sucrose, and 20.2% «-corn starch [11]. During the two-week experimental
period, equal amounts of the experimental diets were given daily in food cups (9, 10, 12, 14,
and 15 g on days 1, 2-4, 5-7, 8-12, and 13-14, respectively) to prevent differences in food
intake. All of the given diets were consumed each day. The rats had ad libitum access to
drinking water. The study protocols were approved by the Ethics Committee of Hiroshima
University (protocol identification no. C15-12).

2.2. Sample Collection

At the end of the two-week treatment period, the rats were anesthetized (13:00-15:00 h)
by inhaling isoflurane in a desiccator to minimize suffering, and then euthanized by
decapitation. The cecum was immediately excised, and its contents were removed entirely,
weighed, and stored at —80 °C until the subsequent analysis of the cecal microbiota and
organic acids.

2.3. Bacterial DNA Extraction and 16S rRNA Gene-Based Microbiome Analysis

Total bacterial DNA in the cecal contents was extracted with a QIAamp Stool Mini
Kit (Qiagen, Hilden, Germany) according to the protocol. Subsequently, the extracted
bacterial DNA was quantified via NanoDrop spectrometry. The V1-V2 region of the 165
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rRNA gene was amplified with universal primers described in our previous study [10],
followed by incorporating Illumina adapters and barcode sequences for further sequenc-
ing. Subsequently, the library size was confirmed using the Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA), and all libraries were pooled in a single
[lumina MiSeq run (MiSeq Reagent Kit V3; Illumina, San Diego, CA, USA) according to
the manufacturer’s instructions.

2.4. Bioinformatics Analysis

Sequencing data were analyzed using QIIME2 (v. 2021.11) [15]. Following the pipeline,
paired-end sequences were imported into QIIME2, and trimmed and combined using
DADAZ2. The sequences were grouped into an amplicon sequence variant table based on
100% sequence similarity. Subsequently, alpha diversity and beta diversity were analyzed
with QIIME2, and plotted using the R software (v.4.0.2). For taxonomic classification, SILVA
(v138) was utilized as a 165 rRNA gene database. The microbial functionality profiles were
predicted with PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction
of Unobserved States) (v.2.1.4) to generate the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway data [16]. The predicted metagenomic data were aligned to the KEGG
database, and the difference between groups was compared with STAMP (Welch’s t-test,
two-sided).

2.5. Analysis of Cecal Organic Acids

The concentrations of organic acids in cecal contents were measured by performing
ion-exclusion high-performance liquid chromatography, as previously described [17].

2.6. Data Analysis

Data are expressed as mean =+ standard error or boxplots with minimum, maximum,
and median. Statistical analysis was performed by Dunnett’s test, and a value of p < 0.05
was considered statistically significant. Data separation in the principal coordinate analysis
(PCoA) ordination of beta diversity was tested using the ANOSIM statistical test in vegan-R,
and p-values were generated based on 999 permutations. Some bacterial taxa data were
subjected to linear discriminant analysis effect size (LEfSe), which uses the two-tailed
nonparametric Kruskal-Wallis test to evaluate the significance of differences between
taxa. For the relationship between organic acids and microbiota composition, Pearson’s
correlation coefficient (r) was calculated, and the resulting correlation matrix was visualized
by using the R software (ver. 4.0.2).

3. Results
3.1. Food Intake, Body Weight, and Cecal Content Weight

Total food intake for two weeks and final body weight were unaffected by dietary treat-
ment (data not shown). The weight of cecal contents in the 0.4% PCL group (4.54 £ 0.25 g)
was significantly greater than that in the Ctrl group (1.39 &+ 0.19 g) (p < 0.05), but that
(2.12 £ 0.26 g) in the 0.2% PCL group was not different from that in the Ctrl group (p > 0.05).

3.2. Cecal Microbiota

For microbiota analysis by 165 rRNA gene sequencing, a total of 790,645 high-quality
reads were passed using the QIIME filter. Unweighted and weighted UniFrac PCoA, and
PERMANOVA analyses were conducted to compare the microbial structures. The results
indicated that the microbial composition differed between the Ctrl and 0.2% PCL groups
and between the Ctrl and 0.4% PCL groups (both unweighted and weighted) (Figure 1A,B,
p <0.05). The different alpha diversity indices indicated a lower bacterial diversity in the
0.4% PCL group than in the Ctrl group (Figure 1C,D, p < 0.05).
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Figure 1. Effects of supplemental PCL on cecal microbiome profiles and alpha diversity. PCoA of
unweighted (A) and weighted UniFrac (B) and PERMANOVA analysis were performed to compare
the gut microbiome profiles of the experimental groups. The alpha diversity of the gut microbiota
within samples was measured by (C) Shannon index and (D) PD whole tree. Data are presented as
a boxplot with median and min—-max whiskers. The dots () in the boxplots are outliers. * p < 0.05
means significantly different when compared to the Ctrl group (Dunnett’s test).

LEfSe analysis indicated that the bacterial taxa differed between the Ctrl and 0.2%
PCL groups (Figure 2A) and between the Ctrl and 0.4% PCL groups (Figure 2B). In both
PCL groups, this analysis identified some bacterial taxa, such as Collinsella, Bifidobacterium,
Actinobacteriota, Bifidobacteriaceae, Lachnospiraceae, Chlostridium innocuum, Coriobacteri-
aceae, Coriobacteriia, Lachnospiraceae_NK4A136, Defluvitaleaceae, Oscillibacter, Oscilliopira,
Oscillospiraceae_NK4A214, Romboutsia, Roseburia, Peptostreptococcales_Tissierellales, Maru-
vinbryantia, Ruminococcus, Romboutsia, Muribaculaceae, Bacteroidaceae, Bacteroides, Bac-
teroidales, Bacteroidota, and Bacteroidia, that varied between the Ctrl and 0.2% PCL groups
and between the Ctrl and 0.4% PCL groups. Lactobacillus differed between the Ctrl and
0.4% PCL groups.

Among the four most abundant phyla (Figure 3A), supplemental 0.4% PCL signifi-
cantly decreased the relative abundance of Bacteroidetes but enriched the relative abun-
dance of Actinobacteria (p < 0.05, Figure 3A). The top nine bacterial taxa are displayed at the
family level to address the domain taxa of the microbial groups (Figure 3B). Supplemental
0.4% PCL significantly increased the relative abundance of Bifidobacteriaceae, Lactobacil-
laceae, and Coribacteriaceae (p < 0.05). In contrast, it reduced the relative abundance of
Bacteroidaceae (p < 0.05).



Fermentation 2023, 9, 227

5o0f 14

A

I Ctrl
I 0 29 PCL

bﬁActinoI:éacteriota
f;E!iﬂdobacieriaceae
ciActimE)bacteria
o_ Bifidobacteriales
Q_Bifidotn:acterium
f_i_CuriobactEeriaceae
gidol\insel\a
(::_Coricbafcteriales
¢__Corigbacteriia
g‘iLa\:hnos'piraceae

g_ Turicibacter

. g__Frisingicoccus

g__Clostridium_ihnocuum

! g_Flavénifractor

: giAna;ﬂ_rostipes

g__Eiseribergiella
g_OsciIIi:bacter

o__Oscillospirales

c_ Clostridia
f_Defluviitaleaceag
g_Deﬂu\:.f\italeacea:e
g_Negaéivibacillusi

g_ Oscillpspiraceae_NK4A214

[le]
=
o
2
&
z
2
[
=
[=4

g__Eubacterium__coprostanoligenes

f Eubai:terium_éoprostané\igenes
g_ Roseburia .

o
[0}
°
=
5
a-
=3
a
Al
o
o
[e]
@
e}

U_Peptof(o(cales : :
g__Lachnospiraceag_NK4A136

o_PeptoStreptocoéca\es_Tiséierellales :
giDuboéieHa : : .

g_ Romboutsia
g_M uribaculacea
f_Murihaicl.ﬂacea
g_Rumihococcus :
f_Bacle%oidaceae
g_ Bacteroides
Q_Bacte'midales
p_Bacteiroidota

c_Bactei’oid ia

] | | i i i
-6.0 -48 -3.6 -24 -1.2 0.0 12 24 3.6 48

LDA SCORE (log 10)

B

I Ctrl
I ) 4% PCL

| '
f_Lactobacillaceae
g_Lactobacillus
o_Lactobacillales
p_Actinobacteriota

g_ Collinsella

1 Coriobacteriaceae

©_ Coriobacteriales
c_Corigbacteriia

g_ Bifidobacterium
_Actindbacteria

o_ Bifidobacteriales
f_Bifidobacteriaceae
«__Gammaproteobacteria
g_Escherichia Shigella
g_Lachnospiraceae
g_Clostridium_innocuum
f_Enterobacteriaceae
o_Enterobacterales
_Clostridioides
f_Enterococcaceae
g_Enterococcus

g_Anaerotruncus |
g_Candidatus_Stoquefichus |
g_Oscillibacter :
f_Oscilldspiraceae!
g__Oscillospira
o_Christensenellaies
f_Christensenellaceae
gﬁChr\stensenellaé:eae
o_Oscillospirales : :
_group |

__Ruminococcus,_gauvrea

@

f_Ruminacoccaceae :
g_ Oscillpspiraceae_NK4A214
¢_Clostridia i
g_Holdemania

_Colidéxtribactet
f_Lachnospiraceag

o_ Negafivibacillus
f_Defluviitaleaceae
_Defluiiitaleacede
g__Marvinbryantia’

g_Roseburia
g__Eubacterium_nodatum
g_Incertae_Sedis

g_Tuzzerella

f_Anaerpvoracaceae
Eubafcterium_coprostan@ligenes

@

Eubacterium_ roprostanpligenes
f_Clostridiaceae ]

o_ Clostridiales :
g_Clostridium_serisu_stricto!

g_ Eisenbergiella :
f_Peptotoccaceae
o__Peptococcales |

c_Bacilli ‘
g__Lachnospiraceae_NK4A136
oiPepto'streptococ:caIesj'xssvlerellales
a_Romboutsia :
g__Ruminecoccus |
f_Tannerellacese |
g_Muribaculaceae!
f_Murinéculaceae‘

g__Bactervides

f_Bactefoidaceae |

o_ Bacteroidales '

p_Bacteroidota

c_ Bacteroidia
1

i i i i i
—6.0 -48 -36 —24 -1.2 00 12 24 36 48
LDA SCORE (log 10)

Figure 2. Different bacterial taxa between the Ctrl and 0.2% PCL groups (A) or between the Ctrl and
0.4% PCL groups (B) (LEfSe analysis). The two-tailed nonparametric Kruskal-Wallis test was used to

evaluate the significance of differences in taxa at p < 0.05.
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Figure 3. Effects of supplemental PCL on cecal microbiota composition (average, % of total bacteria)
at the phylum (A) and family (B) levels.

The results of the relative abundance of the six most abundant genera significantly
affected by PCL are shown in Figure 4. Compared with the Ctrl group, supplemental 0.4%
PCL significantly increased the relative abundance of Bifidobacterium, Lactobacillus, and
Collinsella (127-fold, 6-fold, and 193-fold increase, respectively, p < 0.05). Supplemental 0.2%
PCL significantly increased the relative abundance of Collinsella (85-fold increase, p < 0.05),
but did not affect that of Bifidobacterium and Lactobacillus (p > 0.05). Meanwhile, the relative
abundance of Bacteroides was significantly lower in the 0.2% and 0.4% PCL groups than in
the Ctrl group (p < 0.05). In the PCL groups, Roseburia and Ruminococcus were mostly not
detected, whereas these genera were detectable in all rats of the Ctrl group.
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Figure 4. Effects of supplemental PCL on cecal microbiota composition at the genus level (% of total
bacteria). * p < 0.05 means significantly different when compared to the Ctrl group (Dunnett’s test).
Data are presented as a boxplot with median and min—max whiskers. The dots () in the boxplots
are outliers.
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3.3. Cecal Organic Acids

Figure 5 indicates the concentrations of cecal organic acids. Treatment with 0.4%
PCL significantly increased the concentrations of lactate (429-fold) but decreased those of
propionate (3.4-fold) and n-butyrate (5.5-fold) (p < 0.05). Acetate levels were unaffected.
Dietary 0.4% PCL significantly increased the levels of total organic acids (2.7-fold, p < 0.05),
but 0.2% PCL did not (p > 0.05). Supplemental Figure S1 further indicates the relationship
between the levels of organic acids and various bacterial taxa. Among several bacteria, the
relative abundance of Lactobacillus had a strong positive association with the lactate levels,
and a strong negative association with propionate.
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Figure 5. Effects of supplemental PCL on cecal levels of organic acids. * p < 0.05 means significantly
different when compared to the Ctrl group (Dunnett’s test). Data are presented as a boxplot with
median and min-max whiskers. The dots (e) in the boxplots are outliers.

3.4. PICRUSt Analysis

To gain a better understanding of the changed profiles of the gut microbiota by
PCL supplementation, PCRUSt analysis was performed to predict the bacterial genes’
functional profiles in the PCL treatment groups according to the composition of the gut
microbiota (Figure 6A,B). The results indicated that the relative bacterial gene abundances
of 16 metabolic pathways involved in fatty acid biosynthesis, the phosphotransferase (PTS)
system, ribosome biogenesis in eukaryotes, glycerophospholipid metabolism, glycerolipid
metabolism, glycolysis/gluconeogenesis, aminoacyl-tRNA biosynthesis, nucleotide ex-
cision repair, base excision repair, D-alanine metabolism, D-glutamine and D-glutamate
metabolism, purine metabolism, ABC transporters, ribosomes, and peptidoylglycan biosyn-
thesis were higher in the 0.2% and 0.4% PCL groups (p < 0.05) than in the Crtl group,
while the relative gene abundances of 11 metabolic pathways involved in RNA poly-
merase, riboflavin metabolism, flagellar assembly, lipopolysaccharide (LPS) biosynthesis,
glycosaminoglycan degradation, arginine and proline metabolism, glyoxylate and dicar-
boxylate metabolism, pentose and glucuronate interconversion, histidine metabolism,
phenylalanine metabolism, and polyketide sugar unit biosynthesis were underrepresented
in both PCL groups compared to the Crtl group (p < 0.05).
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Figure 6. Prediction of bacterial genes’ functions to make inferences from KEGG annotated databases

using PICRUSt analysis. The gene abundances of the metabolic pathways significantly affected by PCL
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are shown in (A) (0.2% PCL effects) and (B) (0.4% PCL effects). The mean proportion of each pathway
is displayed in bar graphs on left.

4. Discussion
4.1. Bifidobacterium, Lactobacillus, and Collinsella

This study is the first to present evidence of the health benefits of P. camemberti: rats fed
a 0.4% PCL-containing diet exhibited a higher abundance of Bifidobacterium, Lactobacillus,
and Collinsella. Similar findings were reported in studies on diets containing preparations
of lipase, protease, and cellulase derived from Aspergillus [10,11,13] and those containing
prebiotic oligosaccharides [18]. Bifidobacterium and Lactobacillus species are well-known
beneficial bacteria. Recent studies suggest that Collinsella species might be beneficial to
health [13]. Thus, the present study indicates that beneficial effects on probiotics are not
limited to Aspergillus-derived lipase preparations but are also induced by preparations
from other fungi, such as Penicillium spp. lipases; in particular, those of microbiologi-
cal origin (e.g., Aspergillus spp. and Penicillium spp.) are receiving attention in relation
to several industrial processes associated with food, drink, pharmaceuticals, medicine,
biodiesel, leather, textiles, and detergents [19]. Our findings on the prebiotic-like effects of
Aspergillus and Penicillium lipases provide insights that could lead to the novel application
of such lipases.

Although PCL exerted a bifidogenic effect that was similar to an Aspergillus nigar
lipase preparation (ANL) [10], unexpectedly, the bifidogenic effect of PCL appeared to be
far weaker than that of ANL. In fact, a 0.1% ANL supplement induced a 120-fold increase
in the relative abundance of cecal Bifidobacterium, whereas a 0.4% PCL supplement induced
a 127-fold increase. However, the in vitro lipase activities of ANL and PCL were 60,000 and
55,000 U/g, respectively, which were not significantly different. A. niger-derived lipase is
known as an acid lipase [20]. In a preliminary study, Kuroda et al. incubated PCL and ANL
at pH 2.0 and 37 °C for 30 min, respectively, which caused the complete inactivation of PCL
activity but did not affect ANL activity (unpublished data). These findings indicate the
acid-resistant property of ANL, which appears to be lacking in PCL. This characteristic may
protect ANL from inactivation by the acidic environment of the stomach lumen, allowing
the active lipase to enter the colon lumen. The active lipase in the lumen might at least
partly favor the growth of probiotics by enhancing the utilization of triglycerides. Similarly,
in our previous study, consumption of a purified acid protease derived from A. oryzae
exerted a marked bifidogenic effect, whereas consumption of a purified alkaline protease
derived from A. oryzae caused no such effect [14]. This difference might be at least partly
attributable to the acid-resistant property of the acid protease. Overall, the greater acid-
resistant digestive enzymes in the large intestine might have stronger prebiotic impacts
on the gut microbiota through increasing the utilization of energy substrates. To explore
this possibility, it is necessary to compare the effects of graded doses of several lipases with
different acid-resistant properties on the gut microbiota in the same experiment.

4.2. Other Affected Genera

We found a lower abundance of Bacteroides in the PCL-supplemented groups. Pre-
clinical trials have indicated that Bacteroides are a source of novel beneficial candidates
that attenuate inflammation via the regulation of lymphocytes and cytokine expression,
as well as controlling metabolism and preventing cancer [21]. However, unlike traditional
probiotics such as Bifidobacterium and Lactobacillus, the health-promoting characteristics
of Bacteroides are strictly strain-dependent. Accordingly, further study is necessary to
determine the specific effects of PCL on several species of cecal Bacteroides.

Interestingly, our study showed that PCL supplementation significantly reduced the
abundance of Ruminococcus spp. Similarly, several studies found that mice, rats, and
humans that received prebiotic oligosaccharides, such as fructooligosaccharides and galac-
tooligosaccharides, exhibited a lower abundance of Ruminococcus spp. [22-24]. Although
Ruminococus spp. can generally produce short-chain fatty acids (beneficial organic acids),
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recent microbiome studies have linked Ruminococcus gnavus to inflammatory bowel disease,
namely Crohn’s disease and ulcerative colitis, which are characterized by chronic mucosal
inflammation of the gastrointestinal tract, suggesting that R. gnavus may induce aber-
rant inflammatory responses in the intestinal mucosa [25]. Notably, R. gnavus produces a
proinflammatory glucorhamnan polysaccharide that potently induces the toll-like receptor
4-dependent secretion of TNF-o by dendritic cells [26]. In addition, R. gnavus degrades
mucin for use as a carbon source, causing the breakdown of the mucus layer and its barrier
function [27]. These metabolic properties may increase the exposure of the intestinal im-
mune system to the glucorhamnan polysaccharide, enhancing the host’s inflammatory tone.
R. gnavus may also contribute to systemic hyperinflammation characteristics in COVID-19
patients [28]. Accordingly, further study is necessary to investigate whether supplemental
PCL reduces the abundance of Ruminococcus spp. linked to chronic inflammation.

Curiously, PCL supplements lowered the abundance of Roseburia spp. Recent studies
provided evidence suggesting that Roseburia intestinalis and Roseburia hominis might be
probiotics through anti-inflammatory effects, barrier-protective effects, and the production
of short-chain fatty acids [29,30]. Accordingly, the lower abundance of Roseburia spp.
in rats fed supplemental PCL might have induced adverse effects on host health and
disease. In terms of the practical application of PCL, the decreased abundance of Roseburia
spp. following PCL supplementation is concerning. Cai et al. found that high doses of
Lactobacillus plantarum FRT10 decreased the abundance of Roseburia spp. in mice fed a high-
fat diet [31]. Therefore, the increased abundance of Lactobacillus by PCL supplementation
may have decreased the abundance of Roseburia. Further study is warranted to determine
the implications of reduced Roseburia spp.

4.3. Bacterial Diversity

In the present study, dietary 0.4% PCL supplementation significantly lowered the bac-
terial diversity compared with that in the Ctrl. Microbial diversity is considered beneficial
for community stability and host health [32]. However, this may not always be the case, and
assumptions regarding the beneficial effects of increased diversity could be oversimplified
considering the complicated interactive mechanisms underlying health and disease [33].
Similarly, lower bacterial diversity was observed in rats fed diets containing lipase, protease,
and cellulase preparations derived from Aspergillus. However, the implications of the lower
bacterial diversity caused by supplemental prebiotic digestive enzymes are unknown.

4.4. Organic Acids

In the current study, 0.4% PCL supplementation significantly increased cecal lactate
levels, which were strongly associated with the relative abundance of Lactobacillus (a
major lactate producer). In contrast, 0.4% PCL supplementation decreased the levels of
propionate and butyrate. These changes are similar to those caused by Aspergillus lipase
and protease in our previous studies [10,13]. Propionate is microbially produced from
lactate in the human colon [34]. Accordingly, the metabolic conversion of lactate into
propionate might be reduced by dietary PCL supplementation. Recent studies have found
that lactate plays an anti-inflammatory role in the gut, and propionate and butyrate both
exert anti-inflammatory effects [35-37]. However, the PCL-induced effects of increased
lactate levels and decreased propionate and butyrate levels on gut health and disease are
unknown and warrant further study.

4.5. PICRUSt Analysis

A previous study involving PICRUSt analysis found that the consumption of chi-
tooligosaccharides by neonatal rats modulated the abundance of bacterial genes involved
in metabolism, including D-alanine metabolism, the phosphotransferase system, nucleotide
excision repair, aminoacyl-tRNA biosynthesis, and the glycosaminoglycan degradation of
the gut microbiota [38]. Similar results were observed following dietary supplementation
with 0.2% and 0.4% PCL in the present study; thus, KEGG analysis revealed some similarity
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between the effects of PCL and prebiotic oligosaccharides on the gene abundance in the
colon microbiota. Furthermore, interestingly, we found that dietary PCL supplementation
increased the abundance of genes involved in the metabolism of D-amino acids, such as
D-alanine, D-glutamine, and D-glutamate. Bacteria in the colonic lumen and fermented
foods synthesize diverse D-amino acids, which are enantioselectively recognized by some
receptors and enzymes, including D-amino acid oxidase (DAO), in mammals [39]. At
the host-microbe interface in neutrophiles and the intestinal mucosa, DAO catalyzes the
oxidation of bacterial D-amino acids, such as D-alanine, and generates H,O,, which is
linked to antimicrobial activity [40]. Interestingly, the abundance of genes associated
with the biosynthesis of lipopolysaccharide (LPS), which stimulates inflammation, was
decreased in the PCL-supplemented groups. Further study is warranted to explore the
implications of PCL-mediated changes in the abundance of genes associated with D-amino
acid metabolism and LPS synthesis.

4.6. Limitations of this Study

One limitation of this study was the use of crude and unpurified PCL, despite the
PCL exhibiting high lipase activity. Therefore, factors related to the lipase preparation
rather than the lipase itself may have been responsible for modulating the abundance
of the gut microbiota. Further research is necessary to determine the effects of purified
Penicillium-derived lipase on the intestinal microbiota, as well as the relationship between
lipase activity and gut microbiota modulation. Our results on the modulation of genes
involved in D-amino acids and LPS by PICRUSt analysis, mentioned above, are insightful.
However, they indicate the relative gene abundance of metabolic pathways rather than
gene expression. Hence, further analysis is necessary to investigate the gene expression and
the levels of metabolites such as D-amino acids and LPS before evaluating the implications
of the alteration of gene abundance.

5. Conclusions

This study is the first to show that supplemental 0.4% PCL increases the relative
abundance of beneficial bacteria, such as Bifidobacterium, Lactobacillus, and Collinsella, in
the gut. These changes are consistent with those reported in studies on prebiotic oligosac-
charides. Dietary PCL supplementation modulated the relative abundance of bacterial
genes involved in several metabolic pathways, some of which were similar to those affected
following the consumption of prebiotic oligosaccharides. Thus, these results imply that the
exogenous Penicillium lipase preparation used here exerts prebiotic-like effects and could be
studied further to determine the health benefits of Penicillium-fermented foods in the colon.
Our findings on the prebiotic-like effects of Penicillium lipase provide insights for the novel
application of the lipase as a health ingredient in the food, nutraceutical, drink, and animal
feed industries, in addition to the established benefits for lipid digestion. Nevertheless,
further study is required to determine the mechanisms underlying the prebiotic effects
of exogenous Penicillium lipase on colon Bifidobacterium and Lactobacillus. Additionally,
since our study used crude lipase and wild-type rats, the effects of highly purified fun-
gal lipase on the intestinal microbiota of wild-type and disease model animals remain to
be elucidated.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fermentation9030227 /s1, Figure S1: Correlation matrix (correlation
coefficient, r) between cecal levels of organic acids and microbiota composition. The deep color bars
indicate correlation strength. * p < 0.05, ** p < 0.01.
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