
Food &
Function

PAPER

Cite this: Food Funct., 2024, 15, 7189

Received 9th January 2024,
Accepted 19th April 2024

DOI: 10.1039/d4fo00149d

rsc.li/food-function

Biotransformation of camu–camu galloylated
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extracellular tannase activity†
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Some strains of Lactiplantibacillus plantarum produce specific tannases that could enable the metabolism

of ellagitannins into more bioavailable phenolic metabolites, thereby promoting the health effects of

these polyphenols. However, the metabolic ability of these strains remains poorly understood. In this

study, we analyzed the ability of broad esterase-producing (Est_1092+) and extracellular tannase-produ-

cing (TanA+) strains to convert a wide assortment of ellagitannins from camu–camu (Myrciaria dubia)

fruit. To this end, forty-three strains were screened to identify and sequence (WGS) those producing

Est_1092. In addition, six previously reported TanA+ strains were included in the study. Each strain

(Est_1092+ or TanA+) was inoculated into a minimal culture medium supplemented with an aqueous

camu–camu extract. After fermentation, supernatants were collected for semi-quantification of ellagitan-

nins and their metabolites by mass spectrometry. For analysis, the strains were grouped according to their

enzyme type and compared with an Est_1092 and TanA-lacking strain. Out of the forty-three isolates,

three showed Est_1092 activity. Of the Est_1092+ and TanA+ strains, only the latter hydrolyzed the tri-

galloyl-HHDP-glucose and various isomers of HHDP-galloyl-glucose, releasing HHDP-glucose and gallic

acid. TanA+ strains also transformed three isomers of di-HHDP-galloyl-glucose, liberating di-HHDP-

glucose and gallic acid. Overall, TanA+ strains released 3.6–4.9 times more gallic acid than the lacking

strain. In addition, those exhibiting gallate decarboxylase activity pursued gallic acid metabolism to release

pyrogallol. Neither Est_1092+ nor TanA+ strains transformed ellagitannin-core structures. In summary,

TanA+ L. plantarum strains have the unique ability to hydrolyze a wide range of galloylated ellagitannins,

releasing phenolic metabolites with additional health benefits.

1. Introduction

Camu–camu (Myrciaria dubia) is a tropical berry from the
Amazon region that has been shown to improve glucose and
lipid homeostasis and prevent weight gain, fat accumulation,
low-grade inflammation, endotoxemia, and hepatic steatosis.1,2

These benefits are attributed in part to the phenolic content of
this fruit, including proanthocyanidins, flavonoids, ellagitannins
and ellagic acid derivatives.3 However, increasing evidence
suggests that the health impact of some of these (poly)phenols
may be influenced by the metabolic capacity of the gut micro-

biota.4 This is the case for certain (poly)phenols, such as ellagi-
tannins, which, due to their size, are not absorbed but are
instead converted into more bioaccessible phenolic metabolites
(e.g., urolithins) by the colonic microbiota.5 These resulting
microbial phenolic metabolites have lower molecular weights,
allowing them to cross membranes, reach target tissues, and
exert local benefits, such as anti-neuroinflammatory activities.6

However, inter-individual variations in the diversity of bacteria
and strains comprising the colonic microbiota caused by aging,
lifestyle, diet, and other factors may affect the abundance of ella-
gitannin-converting species and, therefore, the production of
these beneficial phenolic metabolites.5 Strategies to promote the
metabolism of these compounds are therefore being sought but
are currently confined by the limited knowledge of ellagitannin-
converting species.

Presumably, tannase-producing bacteria are responsible for
the hydrolysis of the ester bonds of the ellagitannin-core struc-
tures (the hexahydroxydiphenoyl [HHDP] moieties esterified
with glucose or galloyl molecules) and the subsequent release
of ellagic acid.5 However, this cannot be generalized to all
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microbial tannases, as these enzymes vary widely in their sub-
strate specificity.7 Furthermore, there is a limited understand-
ing of the hydrolytic capacity of bacterial tannases, as the exist-
ing reports on ellagitannin biotransformation are scarce and
almost exclusively restricted to fungal species.8,9 A deeper
understanding of ellagitannin-transforming bacteria is crucial,
as they may play a key role in driving ellagitannin metabolism
toward the production of bioactive phenolic metabolites.

Among tannase-producing species, Lactiplantibacillus plan-
tarum is a potential probiotic bacterium that attracts particular
attention for its outstanding repertoire of tannases and other
(poly)phenol-associated enzymes (PAZymes).4,10 Certain
enzymes are present in most L. plantarum strains, such as
TanB, an intracellular tannase,11 and gallate decarboxylase
(GD), which converts gallic acid to pyrogallol.12 Others are
strain-specific, such as Est_1092, an intracellular broad ester-
ase, and TanA, an extracellular tannase.11,13

Specifically, the isolated form of Est_1092 has shown both
feruloyl esterase and tannase activities, acting on a wide range of
polyphenols.13 However, its capacity to metabolize small ellagi-
tannins (<600 Da) that could enter the microbial cell remains
unexplored. In contrast, TanA is known for its specific ability to
hydrolyze gallotannins (gallate polyesters) into gallic acid, as
these molecules cannot enter the microbial cell. In addition to
gallotannins, L. plantarum strains with TanA activity (TanA+) may
also act on galloylated ellagitannins,11 such as those found in
camu–camu, as these molecules are also surrounded by ester-
linked galloyl units. Although it is still questionable whether
TanA+ strains can continue the transformation of the ellagitan-
nin-core molecules, as in a previous study, these strains failed to
transform punicalagin, a monomeric and non-galloylated ellagi-
tannin from pomegranate.12 However, other ellagitannins with
simpler and smaller structures, such as the HHDP-glucose (482
Da) found in camu–camu,3 may be more easily hydrolyzed by
TanA+ or Est_1092-producing (Est_1092+) strains. In fact, the
different chemical complexity of camu–camu ellagitannins
makes this fruit an attractive model to verify and explore the
metabolic capacity of L. plantarum.

The aim of this study was to determine if the L. plantarum
strains with TanA or Est_1092 activity enable the metabolism
of camu–camu ellagitannins. For this, we developed a camu–
camu ellagitannin-rich extract and characterized its phenolic
content. We screened L. plantarum strains for those producing
Est_1092 and sequenced their genome. In addition, the
PAZymes genomic features of these Est_1092+ strains were
analyzed together with those of six previously reported TanA+
strains.12 Finally, we examined the metabolic ability of the
selected Est_1092+ and TanA+ L. plantarum strains towards the
wide range of ellagitannins present in camu–camu.

2. Materials and methods
2.1 Strains and growth conditions

WCFS1 and ATCC 14917 L. plantarum strains were purchased
from the American Type Culture Collection (ATCC) and were

used as reference strains. The L. plantarum WCFS1, which only
produces TanB (TanB+), was used as a negative control of
TanA and Est_1092 enzymatic activities, and the L. plantarum
ATCC 14917 (TanB+ and TanA+) was used as a reference strain
for TanA activity.11,13 The L. plantarum ATCC 8014 (TanB+ and
Est_1092+), kindly provided by Probi AB (Lund, Sweden), was
used as a reference strain for Est_1092 activity.13 In addition,
six previously reported TanA+ L. plantarum strains12 (PROBI
S204, PROBI S126, RKG 1-473, RKG 1-500, RKG 2-219, and
RKG 2-690) were included in this study, constituting the TanA+
L. plantarum group. To form the Est_1092+ L. plantarum group,
thirty-seven L. plantarum isolates provided by Probi AB and the
six TanA+ strains were screened for Est_1092 activity, as
explained further. The identity of the L. plantarum isolates was
previously confirmed by Pulido-Mateos et al.12 A stock culture
of each isolate was stored at −80 °C in the Man-Rogosa-Sharpe
(MRS) medium supplemented with glycerol (20%). For each
experiment, the strains were reactivated 24 h in MRS medium,
and the third sub-culture was used for inoculation.

The basal medium developed by Rozès and Peres14 was
chosen to evaluate the metabolizing capacity of the strains in
the presence of the camu–camu extract with some modifi-
cations (RP-M).12 Glucose was replaced with galactose to avoid
a possible carbon catabolite repression. The medium was sup-
plemented with 1% of DMSO to facilitate the dissolution of
camu–camu (poly)phenols and 1.9% of β-glycerophosphate
disodium salt hydrate to improve its buffering capacity. The
pH was adjusted to 5.0 to prevent ellagitannin degradation15

and sterilized by filtration.

2.2 Selection of Est_1092+ L. plantarum strains

Forty-three L. plantarum isolates were screened for the pres-
ence of the est_1092 gene, encoding the broad esterase
enzyme. For this, their chromosomal DNA was obtained as pre-
viously described.16 For the PCR assay, the primers proposed
by Esteban-Torres et al.13 (5′-atgatatcaaaagaattgagtcggt and 5′
ggccatatgttcctgcaaaaagcg) targeting the est_1092 gene in
L. plantarum, were used. The resulting 900-pb amplicon was
visualized on 2% (w/v) agarose gels after electrophoresis.

Feruloyl esterase activity was confirmed in the resulting
est_1092-harboring isolates using the method proposed by
Donaghy et al.17 Briefly, an agar MRS medium lacking glucose
was supplemented with a filter-sterilized solution of ethyl feru-
late (0.1% in ethanol). After agar solidification, tiny wells were
created with the help of a sterile toothpick. Then, one colony
of each L. plantarum strain grown during 48 h in MRS agar
medium was transferred to the ethyl-ferulate supplemented
MRS agar plates. After 72 h, the feruloyl esterase activity of
Est_1092+ L. plantarum strains was evidenced by a surrounding
clear halo (Fig. S1†). The strain L. plantarum ATCC 8014 was
used as a positive control for Est_1092 activity, and the strain
WCFS1 as a negative control.13

Est_1092+ isolates were sequenced to confirm that each rep-
resented a different strain. For this, the chromosomal DNA
was extracted, as previously described, and sent for whole
genome sequencing to the IBIS genomic analysis platform
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(Université Laval, https://www.ibis.ulaval.ca/). Sequencing was
performed using the Illumina MiSeq platform, which can
generate 300 bp pair-ended reads. Raw reads were assembled
using Unicycler18 in the Bacterial and Viral Bioinformatics
Resource Center (BV-BRC, https://www.bv-brc.org/, formerly
PATRIC).19 Genome scaffolding was completed using MEDUSA
scaffolder,20 with the L. plantarum WCFS1 genome as the refer-
ence. Genome functions were annotated with the RAST tool
kit20 in the BV-BRC. Est_1092 producing strains genomes were
compared with the pairwise genome comparison tool21 avail-
able at https://jspecies.ribohost.com/jspeciesws/.

2.3 Analysis of PAZymes genomic features in Est_1092+ and
TanA+ strains

The BLAST feature and the multiple alignments tool, available
in the BV-BRC, were employed to identify and compare the
PAZymes genomic features in the Est_1092+ and TanA+
strains. For this, the ATCC 8014 Est_1092 amino acid sequence

(GenBank accession number, ATQ33180.1) and the WCFS1
LpB and LpdC amino acid sequences (GenBank accession
numbers, CCC77798.1 and CCC80016.1), encoding the gallate
decarboxylase enzyme, were used as queries.13,21

2.4 Extraction and purification of camu–camu ellagitannins
and ellagic acid derivatives

Freeze-dried camu–camu (Myrciaria dubia) raw fruit powder
was kindly provided by Symrise (Diana Food Canada Inc.). The
powder was extracted twice with aqueous ethanol (70% v/v) at
60 °C for 15 min. The obtained extract was filtered with
Whatman® qualitative filter paper (Grade 1) and then concen-
trated with a rotary evaporator (Buchi, New Castle, DE) at 45 °C
to remove the ethanol. The dry crude extract was obtained
after freeze-drying the remaining concentrate (Fig. 1).

To purify the ellagitannins and ellagic acid derivatives, the
concentrate was separated into two fractions (Fig. 1) by cen-
trifugation at 1800g for 10 min. Then, the supernatant was

Fig. 1 The extraction process to obtain three camu–camu products: the crude extract, the aqueous fraction and the ethanolic fraction.
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transferred into a column containing XAD-7HP resin to remove
sugars and small organic acids, such as vitamin C, as
described by Dufour et al.22 Finally, the purified eluate was
concentrated by rotary evaporation at 45 °C and freeze-dried to
obtain a dried solid extract. For the ethanolic fraction, the pre-
cipitate was washed three times with water before being freeze-
dried. All the dried extracts (crude extract, aqueous fraction
and ethanolic fraction) were kept at −20 °C until analysis.

2.5 Characterization of the camu–camu extract by liquid
chromatography coupled with an ultraviolet detector and
quadrupole–time of flight mass spectrometer (UPLC-UV-QToF)

The method was adapted from Fracassetti et al.,3 Briefly,
50 mg of the dried extract was dissolved in 1 mL of methanol–
water (50 : 50 v/v) acidified with 1% (v/v) of formic acid. Then,
the solution was vortexed for 2 min, sonicated for 15 minutes
at 37 °C, re-vortexed for 2 min and passed through a 0.22 µm
Nylon filter before analysis.

Chromatographic separation was achieved with an Acquity
I-Class UPLC equipped with an ACQUITY UPLC® HSS T3
column (2.1 × 100 mm, 1.8 µm) protected with an ACQUITY
UPLC® HSS T3 VanGuard pre-column (2.1 × 5 mm, 1.8 µm)
(Waters, Milford, MA), which were maintained at 30 °C.
Mobile phases were composed of water (A) and acetonitrile (B),
both acidified with 0.1% (v/v) of formic acid, and the elution
was carried out with the following gradient: 0–2 min: 1% B,
2–18.33 min: 1–48% B, 18.33–22.33 min: 48–95% B,
22.33–25.33 min: 95% B, 25.33–25.4 min: 95–1% B and
25.4–28 min: 1% B. The injection volume was 1 µL, and the
flow rate was 0.3 mL min−1. UV data were collected from 200
to 500 nm. MS data were acquired using a Synapt G2-Si
(Waters, Milford, MA) with the following source parameters:
capillary voltage: −2.40 kV, source temperature: 120 °C, deso-
lvation temperature: 600 °C, cone gas flow: 50 L h−1, and deso-
lvation gas flow: 700 L h−1. The fast-DDA acquisition method
was used in negative electrospray and resolution mode
(≈25 000) with an MS survey scan range (m/z) of 50 to 1200 and
a scan time of 0.2 s. For each MS survey scan, 3 MS/MS were
performed with a scan time of 0.1 s and a collision energy
ranging from 15 to 45 V. Dynamic peak exclusion was used to
exclude masses within 10 ppm during 3 s after MS/MS acqui-
sition. Leucine-enkephaline (200 pg µL−1) was infused at a
flow rate of 10 µL min−1 for internal mass correction.

Gallic acid was quantified at 280 nm, ellagitannins at
240 nm and ellagic acid derivatives at 360 nm, using a cali-
bration curve obtained for gallic acid (1–100 mg L−1), vescala-
gin (5–250 mg L−1) and ellagic acid (1–100 mg L−1), respect-
ively. Each extract was injected in triplicate. UV data were pro-
cessed using TargetLynx XS v4.2 software (Waters, Milford,
MA), while MS data were analyzed with Progenesis QI 3.0
(Nonlinear Dynamics).

2.6 Analysis of the ellagitannin-transforming capacity of the
TanA and Est_1092-producing L. plantarum strains

The capacity of TanA+ and Est_1092+ L. plantarum strains to
transform the broad range of ellagitannins present in camu–

camu was tested by cultivating the selected strains in RP-M
medium supplemented with 0.15% (w/v) of the camu–camu
aqueous extract. This dose was chosen since it allowed ellagi-
tannin compounds to be accurately semi-quantified when
lower doses showed considerably higher variations (data not
shown). For the assay, the camu–camu supplemented medium
was inoculated with 1% of a 13h MRS culture of each strain
and incubated at 30 °C without agitation. At the end of the fer-
mentation (10 d), the supernatants of each strain were col-
lected and analyzed.

2.6.1 Monitoring L. plantarum growth during camu–camu
fermentation. Throughout the fermentation, bacterial growth
was quantified by viable counts on MRS agar plates. Serial
dilutions of the samples in 0.1% peptone water were plated
and incubated at 30 °C for 48 h.

Colony counts were performed in triplicate at the beginning
and after days 2, 4, 6, 8, and 10 of fermentation.

2.6.2 UPLC-UV-QToF analysis of (poly)phenols in fermen-
tation samples. After fermentation, 200 µL of supernatant were
diluted in 400 µL of methanol acidified with formic acid (0.5%
v/v). The mixture was then spiked with 0.25 ppm of 6,7-dihy-
droxycoumarin (internal standard), and the resulting solution
was filtered through a 0.22 µm Nylon filter before analysis.
Fermentation samples were analyzed using the same system,
chromatographic conditions and source parameters described
above. MS data were collected with MSE acquisition method in
sensitivity mode (resolution ≈ 18 000). Each function was col-
lected with a scan range (m/z) of 50 to 1200 and a scan time of
0.2 s. In the high energy function, a collision energy ramp of
15 to 45 V. MS data were processed using Skyline 21.1 23 for
the semi-quantification of ellagitannins and ellagic acid
derivatives.

Absolute quantification of pyrogallol and gallic acid was
performed using UV data at 266 nm and 280 nm, respectively,
with the appropriate calibration curve ranging from 1 to
100 mg L−1.

Ellagitannins and ellagic acid derivatives were only semi-
quantified by MS as UV did not provide enough sensibility.

2.7 Statistical analysis

The results are expressed as the mean ± standard error of three
independent experiments. For the analysis, the results from
the strains were grouped into WCFS1 (Est_1092 and TanA-
lacking reference strain), Est_1092+ strains (ATCC 8014, PROBI
56-12, PROBI 56-24, PROBI 59-12) and TanA+ strains (ATCC
14917, PROBI S204, PROBI S126, RKG 1-473, RKG 1-500, RKG
2-219, and RKG 2-690). When indicated, groups were further
divided according to their capacity to produce the GD enzyme.
Statistical significance was determined by a one-way ANOVA
analysis with Tukey–Kramer multiple comparisons. If data
were not distributed normally, the Kruskal–Wallis test by ranks
was applied. For statistical inference, results were evaluated for
normality by the Shapiro–Wilk test and by visually inspecting
the distribution of residuals in quantile–quantile plots. All
statistical analyses were performed in GraphPad Prism 9.4.1.
Differences were considered significant at p < 0.05.
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3. Results
3.1 Phenolic characterization of camu–camu crude extract
and its aqueous and ethanolic fractions

A dry crude extract and its aqueous and ethanolic fractions
were obtained in order to find the most suitable source of ella-
gitannins. The phenolic compounds characterized in these
three powders, their exact mass, and their mass accuracy are
indicated in Table S1.† The crude extract and its aqueous
and ethanolic fractions showed the presence of a wide
variety of ellagitannins of different chemical complexity,
such as vescalagin, castalagin, HHDP-galloyl-glucose, three
isomers of di-HHDP-glucose, tri-galloyl-HHDP-glucose, and
di-galloyl-HHDP-glucose (Table 1). Among the ellagitannins
detected, castalagin stood out as the most abundant form,
accounting for 56.4 ± 0.4% of the total ellagitannins of the
crude extract, 62.7 ± 0.4% of those of the aqueous fraction,
and 46.6 ± 0.6% of those of the ethanolic fraction (Table 1).
The aqueous fraction showed the highest content of total
ellagitannins, with 2.3 times more ellagitannins than the
crude extract and 12.7 times more than the ethanolic frac-
tion (Table 1). The aqueous fraction also showed the
highest content of ellagic acid derivatives such as valoneic
acid dilactone, ellagic acid hexoside, ellagic acid pentoside,
ellagic acid desoxyhexoside, ellagic acid, two isomers of
ellagic acid acetyl rhamnoside, and four isomers of ellagic
acid glycosides (Table 1). Overall, the ethanolic fraction
showed a lower abundance of the phenolic compounds ana-
lyzed. The aqueous fraction was selected for subsequent
experiments as it consistently showed the highest quantities
of all the different types of ellagitannins (Table 1).

3.2 Selected L. plantarum strains and their PAZymes
genomic features

Out of forty-three L. plantarum isolates, three contained the
est_1092 gene encoding the broad esterase enzyme (Table S2†).
These are L. plantarum PROBI 56-12, L. plantarum PROBI 56-
24, and L. plantarum PROBI 59-12, isolated from fermented
sorghum. The three est_1092-harboring strains showed
Est_1092 activity, as they were able to hydrolyze the ethyl-feru-
late added in the medium into ferulic acid.

Pairwise genome comparisons of the novel Est_1092+ iso-
lates showed an average nucleotide identity (ANI) ranging
between 99.08% and 99.97% (Table S3†). Notably, PROBI 56-
12, PROBI 56-24, and PROBI 59-12 isolates presented an ANI
higher than 99.7%, indicating that these isolates are potential
variants of the same strain (although there is no available con-
sensus on the cut-off ). The genome sequences of these
Est_1092+ strains are available in the BV-BRC with the follow-
ing IDs: 1590.3114, 1590.3115, 1590.3116.

The PAZymes genomic features of the Est_1092+ strains
were analyzed to determine their potential to convert camu–
camu phenolic compounds. A multiple sequence alignment of
the Est_1092 genomic feature showed that the three producing
strains have an identical 295-amino acid sequence (100% iden-
tity with the query reference sequence) (Table S4†). In
addition, all Est_1092+ strains have both gallate decarboxylase
genomic features, LpdB and LpdC (100% of identity with the
query reference sequence) (Table S4†), indicating that these
strains have the potential to convert gallic acid into pyrogallol.

A BLAST search using the WCFS1 TanB amino acid
sequence as a query revealed that both, Est_1092+ and TanA+
(selected in a previous study12) strains also contain the TanB

Table 1 Absolute quantification of gallic acid derivatives, ellagic acid derivatives and ellagitannins in camu–camu crude extract and its aqueous and
ethanolic fraction

Class Compound
Crude extract
(mg per 100 g)

Aqueous fraction
(mg per 100 g)

Ethanolic fraction
(mg per 100 g)

Gallic acid and derivatives Gallic acid 139.16 ± 0.83 22.11 ± 0.16 20.9 ± 0.10
Ellagic acid and derivatives Valoneic acid dilactone 11.89 ± 0.13 37.66 ± 0.23 3.58 ± 0.06

Ellagic acid hexoside 28.53 ± 0.18 100.2 ± 0.39 7.76 ± 0.05
Ellagic acid pentoside 54.37 ± 0.53 199.4 ± 1.43 13.89 ± 0.33
Ellagic acid desoxyhexoside 49.67 ± 0.27 183.7 ± 0.53 12.81 ± 0.08
Ellagic acid 28.41 ± 0.18 96.06 ± 0.48 10.84 ± 0.11
Ellagic acid acetyl rhamnoside – 1 11.78 ± 0.08 40.76 ± 0.18 4.063 ± 0.05
Ellagic acid acetyl rhamnoside – 2 11.72 ± 0.10 36.81 ± 0.12 4.13 ± 0.10
Ellagic acid glycoside – 1 2.39 ± 0.01 5.510 ± 0.01 1.8 ± 0.01
Ellagic acid glycoside – 2 4.14 ± 0.01 11.99 ± 0.02 2.33 ± 0.01
Ellagic acid glycoside – 3 3.22 ± 0.02 7.92 ± 0.04 2.13 ± 0.02
Ellagic acid glycoside – 4 3.36 ± 0.03 9.28 ± 0.04 2.02 ± 0.02

Ellagitannins Vescalagin 373.2 ± 2.21 384.5 ± 1.19 55.73 ± 0.33
Castalagin 860.6 ± 6.36 2198 ± 15.58 128.9 ± 1.63
HHDP-galloyl-glucose 19.47 ± 0.28 75.92 ± 1.39 8.45 ± 0.03
Di-HHDP-glucose – 1 57.59 ± 0.59 129.2 ± 0.67 13.83 ± 0.12
Di-HHDP-glucose – 2 33.49 ± 0.28 110.7 ± 0.92 10.34 ± 0.07
Di_HHDP-galloyl-glucose – 1 66.08 ± 0.99 225.1 ± 0.98 17.33 ± 0.08
Di_HHDP-galloyl-glucose – 2 69.66 ± 1.03 251.1 ± 0.69 16.89 ± 0.28
Di_HHDP-galloyl-glucose – 3 24.17 ± 0.47 79.39 ± 0.23 9.93 ± 0.09
Tri-galloyl-HHDP-glucose 9.62 ± 0.09 16.28 ± 0.12 7.40 ± 0.04
Di-galloyl-HHDP-glucose 11.21 ± 0.12 35.48 ± 0.57 7.91 ± 0.03
Total ellagitannins 1525 ± 12.01 3505 ± 16.16 276.7 ± 2.6
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genomic feature (intracellular tannase), showing 99% to 100%
identity with the TanB query reference sequence (Table S5†).

3.3 Metabolism of camu–camu phenolic compounds by
L. plantarum strains with different tannase ability

3.3.1 Metabolism of galloylated camu–camu ellagitannins
and produced metabolites. The TanA+ L. plantarum strains
(ATCC 14917, PROBI S204, PROBI S126, RKG 1-473, RKG
1-500, RKG 2-219, RKG 2-690) transformed all the galloylated
ellagitannins present in the camu–camu supplemented
medium (p < 0.05, Fig. 2A and C–F) except for the di-galloyl-
HHDP-glucose (p > 0.05, Fig. 2B). Indeed, these strains hydro-
lyzed the galloyl-HHDP-glucose (p < 0.05) (Fig. 2A) and the
totality of the tri-galloyl HHDP-glucose (Fig. 2C). TanA+ strains
also hydrolyzed the ester-linked galloyl units of three isomers
of di-HHDP galloyl-glucose (p < 0.05) (Fig. 2D–F), one of which
was completely metabolized at the end of the fermentation of
this group of strains (Fig. 2F). In contrast, the Est_1092+
strains (ATCC 8014, PROBI 56-12, PROBI 56-24, PROBI 59-12)
were not able to metabolize these galloylated ellagitannins. In
fact, the relative abundance of each of these compounds
obtained after the fermentation with the Est_1092+ strains was
not different (p > 0.05) from that obtained with the WCFS1
strain (lacking Est_1092 and TanA activities).

As a result of the hydrolysis of di-HHDP-galloyl-glucose
isomers by TanA+ strains, two isomers of di-HHDP-glucose
and gallic acid were released (p < 0.05, Fig. 3A, B and D).
Similarly, HHDP-glucose and gallic acid were released from
the hydrolysis of tri-galloyl-HHDP-glucose and HHDP-galloyl-
glucose by TanA+ strains (p < 0.05, Fig. 3C and D). Overall,
TanA+ L. plantarum strains released 3.6 to 4.9 times more
gallic acid than the TanA-lacking strains (WCFS1 and
Est_1092+ strains) (p < 0.0001) (Fig. 3D). Additionally, no stat-
istical differences were found between the gallic acid released
from WCFS1 or Est_1092+ strains and a blank (non-inoculated
media) (p > 0.05, Fig. S2†). The strains with TanA and GD
activity (PROBI S204, PROBI S126, RKG 1-473, RKG 2-219, RKG
2-690) followed the gallic acid metabolism until the release of
pyrogallol. These strains released 2.8 to 4.5 times more pyro-
gallol than the WCFS1 strain (Fig. 3E).

3.3.2 Metabolism of ellagitannin-core structures. Neither
the Est_1092+ nor the TanA+ L. plantarum strains were able to
transform the core structure of the ellagitannins. Indeed,
neither of the strains could hydrolyze castalagin or vescalagin
ellagitannins (Fig. 2F and G), nor simpler chemical structures
such as di-HHDP-glucose or HHDP-glucose (Fig. 3A–C).
Furthermore, no differences in ellagic acid concentrations
were observed between any of the strain groups, confirming
that these strains-specific L. plantarum enzymes (i.e., Est_1092
and TanA) do not allow the transformation of the core struc-
tures of camu–camu ellagitannins (Fig. 4J†).

3.3.3 Metabolism of non-ellagitannin phenolic molecules
from camu–camu. No significant differences in the metab-
olism of non-ellagitannin phenolic molecules were observed
between the different tannase groups (p > 0.05), including two
isomers of ellagic acid acetyl rhamnoside (Fig. S2A and S2B†),

four isomers of ellagic acid glycoside (Fig. S2C–F†), ellagic acid
desoxyhexoside (Fig. S2G†), ellagic acid hexoside (Fig. S2H†),
ellagic acid pentoside (Fig. S2I†), ellagic acid (Fig. S3J†), and
valoneic acid dilactone (Fig. S3K†). Furthermore, the pro-
duction of downstream metabolites of ellagic acid, such as
urolithins, was not observed.

3.3.4 Viability of L. plantarum strains throughout the fer-
mentation. During the first four days of incubation, the camu–

Fig. 2 Variations in camu–camu ellagitannins relative abundance at the
end of the fermentation according to the enzymatic capacity of
L. plantarum strains. Each point represents the mean value of three inde-
pendent experiments with one L. plantarum strain. Lines show mean
values, and error bars indicate the standard error. In purple, WCFS1
(Est_1092 and TanA lacking reference strain); in blue, Est_1092 + strains
(ATCC 8014, PROBI 56-12, PROBI 56-24, PROBI 59-12); in orange, TanA
+ strains (ATCC 14917, PROBI S204, PROBI S126, RKG 1-473, RKG 1-500,
RKG 2-219, and RKG 2-690). Statistical significance was determined by a
One-Way ANOVA analysis with Tukey–Kramer multiple comparisons,
where * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and **** (p < 0.0001).
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camu aqueous extract exerted an antimicrobial effect against
the WCFS1 strain and the TanA+ and Est_1092+ groups (p ≤
0.05) (Fig. S4†). No statistical significance between the growth
in the control media (same media without the camu–camu

extract) and the camu–camu treatment groups was found after
day six of fermentation.

In addition, all L. plantarum strains maintained most of
their viability throughout the fermentation, with viable counts
remaining greater than 6 log CFU mL−1. Indeed, only a
reduction of 2.31 ± 0.32 log CFU mL−1 in the camu–camu sup-
plemented media and 1.76 ± 0.38 log CFU mL−1 in the control
media was observed (Fig. S4†).

4. Discussion

Lactobacilli tannases have been suggested as part of the puta-
tive ellagitannin gut-transforming microorganisms,5 but little
is known about their ability to metabolize these substrates. In
this study, we shed some light on this metabolism by investi-
gating the ability of L. plantarum producing a strain-specific
tannase (i.e., TanA) or a broad esterase (i.e., Est_1092) to trans-
form camu–camu ellagitannins with chemical structures of
varying complexity. Our results show that TanA+ L. plantarum
are the only strains that hydrolyze camu–camu galloylated ella-
gitannins, releasing (di)HHDP-glucose, HHDP-glucose and
gallic acid (Fig. 4).

In addition to their hydrolyzing capacity, the TanA+ strains
showed great substrate versatility, acting on five (out of six)
different galloylated ellagitannins found in camu–camu
fruit. The only galloylated ellagitannin that remained
unchanged during fermentation by this group of strains was
the di-galloyl-HHDP glucose. We suggest that this is
because, in our study, this molecule is both a substrate (as
it is present in the extract) and an intermediate metabolite
of the tri-galloyl-HHDP glucose (molecule formed after
partial removal of a galloyl group), resulting in unaltered
concentrations. We also observed that two galloylated ellagi-
tannins, the di-HHDP-galloyl-glucose 3 and the tri-galloyl-
HHDP-glucose, were completely transformed by the TanA+
L. plantarum strains, while the others were only partially
metabolized. These differences are probably due to the avail-
ability of these compounds in the camu–camu aqueous
extract, as those that were fully metabolized were present in
lower amounts. Based on the observed hydrolytic versatility,
it could be hypothesized that TanA+ strains act on other gal-
loylated ellagitannins, such as sanguiin H-6 and fragariin
from strawberry, and the lambertianin C from raspberry and
cloudberry.15,24,25 Future studies will confirm whether this
enzymatic robustness can be extended to other galloylated
molecules, such as the galloylated proanthocyanidins (poly-
meric flavonoids) found in grapes, wine and in persimmon
fruit.26,27

By hydrolyzing camu–camu galloylated ellagitannins,
TanA+ L. plantarum strains favour the release of bioactive phe-
nolic metabolites. Indeed, this study shows that these strains
release almost four times more gallic acid and at least two and
a half times more pyrogallol when compared to a non-produ-
cing reference strain (WCFS1). This is significant as these phe-
nolic metabolites have been shown to have antidiabetic, antio-

Fig. 3 Phenolic metabolites at the end of the fermentation of
L. plantarum strains with different enzymatic capacities. Each point rep-
resents the mean value of three independent experiments with one
L. plantarum strain. Lines show mean values, and error bars indicate the
standard error. A, B, and C, in purple, WCFS1 (Est_1092 and TanA lacking
reference strain); in blue, Est_1092+ strains (ATCC 8014, PROBI 56-12,
PROBI 56-24, PROBI 59-12); in orange, TanA+ strains (ATCC 14917,
PROBI S204, PROBI S126, RKG 1-473, RKG 1-500, RKG 2-219, and RKG
2-690). D, and E, in purple, WCFS1 (GD+, Est_1092 and TanA lacking
reference strain); in blue, Est_1092+ and GD+ strains (ATCC 8014,
PROBI 56-12, PROBI 56-24, PROBI 59-12); in green, RKG 1-500 (TanA+,
GD−); in orange, TanA+ and GD+ strains (ATCC 14917, PROBI S204,
PROBI S126, RKG 1-473, RKG 2-219, and RKG 2-690). Statistical signifi-
cance was determined by a One-Way ANOVA analysis with Tukey–
Kramer multiple comparisons, where * (p < 0.05), ** (p < 0.01), *** (p <
0.001) and **** (p < 0.0001). GD+, strains producing gallate decarboxy-
lase, GD−, strains lacking gallate decarboxylase.
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besity, neuroprotective, and anticancer properties,28–35 thus
highlighting the potential of these strains to act synergistically
to enhance the health benefits of camu–camu (poly)phenols.

However, it is essential to note that gallic acid and other
(poly)phenols under certain biological conditions may also
exhibit pro-oxidant or pro-carcinogenic effects.36,37

Fig. 4 Proposed biotransformations of galloylated ellagitannins by L. plantarum strains with TanA activity. The predicted sites of hydrolysis are
marked in blue dotted lines.
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In this study, we also observed that TanA+ L. plantarum
released di-HHDP-glucose and HHDP-glucose. In the intestinal
environment, this could favour the uptake of these molecules
by yet unknown members of the gut microbiota, which convert
ellagitannins-core structures to ellagic acid. The ellagic acid
released could ultimately be used to produce urolithins either
by probiotic species, such as Bifidobacterium pseudocatenula-
tum INIA P815, or by gut species, such as Gordonibacter,
Ellagibacter and Enterocloster sp., which are being investigated
as next-generation probiotics.38–40 Future studies using colonic
digestion simulation systems may illustrate the contribution of
TanA+ strains in the collaborative transformation of the
diverse and complex structures of ellagitannins.

This study showed that neither TanA+ nor Est_1092+
L. plantarum strains transformed non-galloylated ellagitannins
(i.e., castalagin and vescalagin) or ellagitannin-core structures,
indicating that none of these strain-specific enzymes are
involved in this type of hydrolysis. This result differs from that
of Caballero et al.,41 who reported the biodegradation of puni-
calagin (a pomegranate ellagitannin) into ellagic acid by
different lactic acid bacteria, including L. plantarum. Indeed,
these authors observed a small release of ellagic acid (conver-
sion rate of <5%) after incubation of each strain in a culture
medium supplemented with a punicalagin-rich extract from
pomegranate (31% of purity). However, as punicalagin was not
quantified in the fermented medium, it is unclear whether the
ellagic acid released resulted from the hydrolysis of this ellagi-
tannin or if it arose from the metabolism of unidentified
(poly)phenols from the extract (e.g., methyl-ellagic acid42).

The fact that Est_1092+ L. plantarum strains do not hydro-
lyze ellagitannins suggests that this trait is unlikely to be
involved in tannin catabolism, as previously suggested by
Esteban-Torres et al.13 Indeed, these authors observed an unex-
pected reduction in est_1092 gene expression after exposure of
a producing strain to methyl gallate (an ester substrate hydro-
lyzed by tannases), suggesting that this species does not use
this enzyme as a tannase. It is noteworthy that the Est_1092
feruloyl esterase activity allows the transformation of other
phenolic substrates of interest (not covered in this study), such
as the hydroxycinnamic acid esters that are abundant in plant
cell walls.13 As previously suggested, the production of this
enzyme is highly strain-specific, as only three L. plantarum
strains out of forty-three isolates analyzed in this study showed
this characteristic. Interestingly, the ANI value of these strains
(an indicator of genomic similarity) revealed that these
selected strains were highly genetically related since they had
an ANI of more than 99.08%. Indeed, this value is close to
those found between L. plantarum strains of the same clade
(99.19% ± 0.22%).43 Curiously, the Est_1092+ strains selected
in this study and those previously reported were mostly iso-
lated from plant sources such as corn silage (ATCC 8014),
grass silage (ATCC 14431, JDM1), fermented sorghum (PROBI
56-12, PROBI 56-24, PROBI 59-12), bread dough (DSM 1055),
wine (RM-35, RM-73), and fermented bamboo shoot
(EGD-AQ4),13,44 suggesting that the Est_1092 trait may facili-
tate the survival of this species in plant niches.12,37

Regardless of their type of enzyme (i.e. Est_1092 or TanA),
all L. plantarum groups (WCFS1, Est_1092+, and TanA+)
showed a similar growth response in the presence of the
camu–camu aqueous extract. During the first four days of fer-
mentation, they showed a slight reduction in viable counts
compared to their growth in the (poly)phenol-free medium.
The observed antimicrobial effect may be mainly due to the
content of castalagin and vescalagin, the two most abundant
forms of ellagitannins in the extract. Indeed, these ellagitan-
nins have been observed to alter the normal assembly of the
peptidoglycans located on the surface of Gram-positive bac-
teria, thus promoting cell disruption and death.45 Despite
their slightly higher growth, all L. plantarum groups showed re-
sistance to the presence of ellagitannins, remaining viable
throughout the fermentation period.

Finally, it is essential to note that, despite its antimicrobial
activity, the aqueous camu–camu fraction was a suitable sub-
strate for the simultaneous study of the transformation of
different types of ellagitannins. Overall, this fraction showed a
higher and purer ellagitannin content compared to the crude
extract and its ethanolic fraction. It also provided at least eight
times more ellagitannins than a previously characterized dried
camu–camu flour produced from the peel and seeds of this
fruit.3 Nevertheless, the previously reported camu–camu flour
and the aqueous fraction of this study showed a similar ellagi-
tannin profile, with castalagin and vescalagin highlighted as
the predominant forms. Ellagitannin-rich extracts, such as the
reported in this study, along with emerging techniques using
UPLC-MS/MS, are key tools for future studies investigating the
hydrolytic capacity of microorganisms and purified enzymes
towards ellagitannins.

5. Conclusions

The TanA enzyme is a strain-specific feature that enables
L. plantarum strains to hydrolyze the esterified galloyl units of
a wide range of galloylated ellagitannins. TanA+ L. plantarum
strains convert HHDP-galloyl glucose, tri-galloyl-HHDP-glucose
and different regioisomers of Di-HHDP-galloyl-glucose found
in camu–camu and other dietary sources such as raspberry,
cloudberry, tea, and walnut.24,46,47 This exceptional and versa-
tile metabolic activity allows these strains to release bioactive
phenolic metabolites, such as gallic acid and pyrogallol, as
well as ellagitannin-core structures that can be further metab-
olized into beneficial metabolites by other members of the gut
microbiota.

Based on these findings, TanA+ strains can be considered
for strategies to potentialize the production of bioactive pheno-
lic metabolites from galloylated ellagitannins or for inclusion
in synbiotic formulations containing camu–camu.
Furthermore, in the context of personalized nutrition, these
strains may be suitable as potential “precision probiotics”48

aiming to favour the metabolism of galloylated tannins in indi-
viduals with unfavourable metabotypes. Future research is war-
ranted to explore the potential of TanA+ strains to release bio-
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active phenolic metabolites in the complex gut environment
and to improve a range of health outcomes in in vivo models.
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