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Abstract: Vegetable tannin is widely applied in various industries, in agriculture, and in water
treatment as a natural polyphenolic compound; however, little data has been collected concerning
the relationship between structure and eco-toxicity. Here, the toxicity of six commercial tannin and
three model chemicals was assessed using Photobacterium phosphoreum. Two kinds of hydrolyzed
tannin displayed higher bioluminescence inhibition than four kinds of condensed tannin, and the
model chemical of hydrolyzed tannin also showed greater toxicity than those of condensed tannin,
indicating the structure dependent eco-toxicity of vegetable tannin. The reactive toxicity mecha-
nism was proposed, which was illustrated by molecular simulations based on the model chemicals
and luciferase.
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1. Introduction

Vegetable tannin is a series of natural polyphenolic compounds with molecular weights
from 500 to 20,000 Da [1–3], which can be divided into hydrolyzed tannin and condensed
tannin according to molecular structure [4]. Hydrolyzed tannin is polyester composed of
sugar and organic acid [5]. Condensed tannin is also called proanthocyanidin, and oligomer
or polymer of two or more catechins (flavan-3-ols). The structure of typical vegetable tannin
is shown in Figure 1 [5,6].

Tannin is widely applied in various industries, in agriculture, and in medicine [6].
Vegetable tannin in the range of 350,000–400,000 tons is used across the word for leather
processing as a tanning agent to transform raw hides or skins into leather [7]. In general,
excessive tannin is added during the manufacturing in order to obtain better driving force
for penetrating and bonding on the collagen fibers, and only about 85% is absorbed in
the conventional vegetable tanning system [8,9]. This means that 60,000–80,000 tons of
vegetable tannin is discharged in 1,000,000–1,500,000 m3 of spent vegetable tanning liquor
in effluent [10]. In addition, vegetable tannin has been widely applied as friendly natural
coagulants in the water treatment process [11]. However, some pioneer studies have found
tannin in waste water is difficult to biodegrade, and tannin removals only reach 50% after
9.8–12.6 days [12]. Then ecological risk assessment is necessary to clarify the environmental
impact of vegetable tannin.

Many researchers have reported the adverse effects of some kinds of vegetable tannin
towards various sea organisms such as marine bacterium [13,14], marine microalga [15,16],
and sea urchins [17,18]. However, most of them focused on individual hydrolyzed tannin,
condensed tannin, or tannin extract from tree bark. For example, Nicola et al. found
mimosa tannin could induce hormesis/toxicity in sea urchins’ early development and in
algal growth [17,18], and the toxicity of hydrolyzed tannin such as tannin acid toward the
marine Phaeodactylum tricornutum has been reported [15,16], whereas Barbero-Lopez et al.
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compared the ecotoxicity of Colatan GT10 extract with commercial copper-based wood
preservative using marine Aliivibrio fischeri bacteria [14]. Nevertheless, studies available
provide scanty information about the effect of tannin structure on ecotoxicity and the
corresponding toxicity mechanism, which needs to be further investigated.
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Figure 1. Structure of vegetable tannin and precursors. (a) Tara tannin, (b) valonia tannin, (c) larch
tannin, (d) wattle tannin, (e) bayberry tannin, (f) acacia mangium tannin, (g) gallic acid (GA),
(h) catechin (CAT), (i) epigallocatechin (EGC).

Luminescent bacteria is widely used to test the acute toxicity of chemicals, pesticides
and pharmaceuticals for its advantages such as high sensitivity and low cost [19–23]. In
this study, we conducted the toxicity assay of six kinds of commercial vegetable tannin
commonly used in leather industry toward photobacterium (P.) phosphoreum, including both
hydrolyzed tannin and condensed tannin. The tested hydrolyzed tannin involved tara
tannin and valonia tannin, whereas the larch tannin, wattle tannin, bayberry tannin, and
acacia mangium tannin represented condensed tannin. We also studied the toxicity of gallic
acid (GA), catechin (CAT), and epigallocatechin (EGC) to further explore the impact of
tannin structure; these are commonly used as precursor chemicals of hydrolyzed tannin
and condensed tannin, respectively [24]. The structures of these precursor chemicals are
also shown in Figure 1. Furthermore, the toxic mechanism concerning precursor chemicals
was further investigated through in silico simulations of molecular docking and dynamics.

2. Materials and Methods
2.1. Materials and Chemicals

The commercial tannin was provided by Guangdong Dymatic Chemical, Inc. (Guang-
dong, China), including tara tannin, valonia tannin, larch tannin, wattle tannin, bayberry
tannin, and acacia mangium tannin. Gallic acid (GA, analytical grade) was supplied by
Chengdu Kelong Chemical Reagent Factory (Chengdu, China). Catechin (CAT, >98%,
purity) and epigallocatechin (EGC, >98%, purity) were purchased from Shanghai Hanhong
Chemical Co., Ltd. (Shanghai, China). All the other chemicals are of analytical grade, and
those used for toxicity tests were diluted with 3% NaCl solution.
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2.2. Determination of Tannin Content

The tannin content in commercial samples was determined according to standard
method ISO 14088: 2012, which is conducted based on the reaction between tannin and
hide powder through indirect gravimetric analysis. In addition, insoluble matter, moisture,
and non-tannin components were also analyzed.

2.3. Acute Toxicity Experiments

Acute toxicity tests were conducted using fresh P. phosphoreum (T3 mutation), which
was cultured according to previous description [22]. The details can be found in the Supple-
mentary Materials. Bioluminescence was measured by LumiFox6000 (Shenzhen Langshi
Biological Instrument Company, Ltd., Shenzhen, China); 50 µL of bacterial suspension was
exposed to 950 µL of tested sample solution for 15 min at 20 ◦C, whereas 950 µL of 3%
NaCl and 0.10 mg/L HgCl2 solution were used as blank and positive control, respectively.
The relative luminous intensity was expressed as:

E =
I
I0
×100 (1)

where I and I0 are the bioluminescence intensity of the test sample and blank control,
respectively. The EC50 value is the effective concentration when light emission of bacteria
reduces 50% [25,26], which could be used to compare the toxicity of samples [27]. A
higher EC50 value indicates less toxicity. To characterize the fluctuation of toxic effects, 95%
confidence intervals were used.

2.4. Field Emission Scanning Electron Microscope (FE-SEM)

A 10 mL amount of fresh bacteria suspension was centrifuged for 10 min, and mixed
with vegetable tannin (2 g/L tara tannin and 10 g/L larch tannin) and 2 g/L model
compounds (GA, CAT and EGC), respectively. The samples were incubated at 20 ◦C for
30 min, and then immersed in 2.5% glutaraldehyde solution for 12 h to immobilize the
bacteria. After dehydration by successive gradients in concentrations of ethanol (10, 30, 50,
70, 90, and 100 v/v%), samples were observed by FE-SEM (Cambridge CamScan CS-300,
Cambridge, UK) [28].

2.5. Molecular Simulation

Only three model molecules (ligands) have been used in the computational part of the
study (GA, CAT, EGC).

2.5.1. Molecular Docking

Molecular docking was performed by using CDOCKER in Discovery Studio 3.1 (Ac-
celrys Co., Ltd., San Diego, CA, USA). The 3D crystal structure of luciferase (1BRL) was
obtained from the Protein Date Bank (http://www.rcsb.org/pdb accessed on 12 March
2021). The protein was prepared by removing water molecules, adding hydrogen atoms,
and setting pH to 7.0. The structure of compounds (ligands) used in the molecular docking
was generated with Chemoffice software. The receptor (luciferase) and ligands (com-
pounds) were pretreated under the CHARMm force field [29]. The selection of optimal
binding conformations was based on the lowest CDOCKER energy [30].

2.5.2. Molecular Dynamics Simulation

Molecular dynamics simulation of the complex formed by luciferase (1BRL) and ligand
was carried out using the free GROMACS 20.2 software package (http://www.gromacs.org
accessed on 12 March 2021). The AMBER ff14SB protein force filed was used to model
all peptide interactions, and the General AMBER Force Filed (GAFF) was used for the
ligands [31–33]. The AMBER ff14SB force filed was provided by GROMACS. The GAFF
topologies were generated by the Antercharmber software from Ambertools 20 [34,35]. The
GAFF topologies and coordinate files were converted into the GROMACS format using the

http://www.rcsb.org/pdb
http://www.gromacs.org
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ACPYPE script [36–38]. The whole complex system was solvated in rectangular with the
TIP3P water model. Na+ was added to neutralize the charge of the 1BRL-ligand system.
Energy minimization was achieved by the steepest descent integrator for 50,000 steps
until the maximum force was less than 10 kJ/mol. After minimization, the system was
equilibrated at 300 K using V-rescale (modified Berendsen thermostat) for 100 ps in the NVT
ensemble. Then 100 ps NPT equilibration with a target pressure of 1 atm was performed by
using the Berendsen algorithm. Finally, the molecular dynamics simulation was carried out
for 10 ns with time steps of 2 fs. The long-ranged electrostatic interaction was calculated
through the Particle Mesh Ewald (PME). The root–mean–square deviation (RMSD) was
used to analyze the simulation data.

3. Result and Discussion
3.1. Component Analysis

Tannin was the main component in the six kinds of commercial vegetable tannin, as
shown in Table 1. Tara tannin had the highest tannin content and larch tannin had the
lowest. Then the subsequent calculations of the dose-dependent toxicity were all based on
the tannin content in commercial samples.

Table 1. Component analysis of the commercial vegetable tannin.

Component Tara Tannin Valonia Tannin Larch Tannin Wattle Tannin Bayberry Tannin Acacia Mangium Tannin

Moisture/% 11.0 14.1 10.6 11.5 12.7 13.1
Tannin/% 83.7 62.6 61.0 64.4 62.1 63.7

Non-tannin/% 0.5 18.9 25.6 22.0 20.0 19.9
Insoluble
matter/% 5.0 4.5 2.8 2.1 5.2 3.3

3.2. Toxicity of Vegetable Tannin and the Precursor Chemicals
3.2.1. Toxicity of Hydrolyzed Tannin

The concentration-response curves of hydrolyzed tannin (tara tannin and valonia
tannin) are shown in Figure 2a,b. As the concentration of tannin increased, the luminescence
inhibition of P. phosphoreum increased and the relative luminous intensity decreased. The
relative luminous intensity dropped below 10% when the concentration of tara tannin
moved beyond 400 mg/L. The Slogistic1 function model (Table S2) was used to fit the
concentration-response curves of tara tannin with a correlation coefficient of 0.9813, and
the EC50 value was 257.97 ± 5.48 mg/L. The concentration-response curves of the valonia
tannin were well fitted by the DoseResp function model (Table S2) with a correlation
coefficient of 0.9981, and the obtained EC50 value was 704.86 ± 22.35 mg/L. Obviously, the
toxicity of the tara tannin was much higher than that of the valonia tannin.

3.2.2. Toxicity of Condensed Tannin

Figure 2c–f show the dose-response curve of four kinds of condensed tannin (larch
tannin, wattle tannin, bayberry tannin, acacia mangium tannin). With the increase of
the condensed tannin concentration, the relative luminous intensity of the bacterial so-
lution decreased, indicating the enhancement of inhibitory effect on P. phosphoreum. The
model of logistic function or DoseResp function (Table S2) were used to fit these dose-
response curves with a correlation coefficient higher than 0.99, and the obtained EC50
value was 804.16 ± 36.03 mg/L for larch tannin, 1001.78 ± 9.38 mg/L for wattle tannin,
1749.24 ± 77.59 mg/L for bayberry tannin, and 2521.22 ± 134.87 mg/L for acacia mangium
tannin. Based on the EC50 value, larch tannin showed higher toxicity on P. phosphoreum,
while acacia mangium tannin showed lowest toxicity in the four kinds of condensed tannin.
However, the toxicity of four kinds of condensed tannin was lower than that of two kinds of
hydrolyzed tannin, indicating the high relevance of the toxicity on the structure of tannin.
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3.2.3. Toxicity of Model Compounds

To further explore the relationship between tannin structure and toxicity toward
P. phosphoreum, we tested the toxicity of model compounds, namely GA as the model of
hydrolyzed tannin, and CAT and EGC as the model of condensed tannin. The results are
shown in Figure 3.
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Obviously, the relative luminous intensity decreased with the increasing concentration.
The DoseResp function model (Table S2) was used to fit the concentration-response curves
of GA, CAT, and EGC with a high correlation coefficient. The calculated EC50 value was
394.68 ± 6.80 mg/L for GA, 783.73 ± 29.03 mg/L for CAT and 2272.52 ± 33.69 mg/L
for EGC, illustrating higher toxicity of GA compared with CAT and EGC. The toxicity of
three model compounds followed the sequence of GA > CAT > EGC. The tendency was
consistent with the findings of higher toxicity of hydrolyzed tannin than condensed tannin,
confirming the key role of structure in the toxicity.

3.3. Morphologies of P. phosphoreum

The morphologies of P. phosphoreum were observed by FE-SEM, as shown in Figure 4.
The normal bacteria cell displayed smooth surfaces, intact structures, and clear edges
(Figure 4a). After P. phosphoreum was treated by tara tannin, the cell showed notable



Processes 2022, 10, 816 6 of 10

shrinkage, and the cell membrane ruptured (Figure 4b). However, the P. phosphoreum
treated by larch tannin aggregated and presented slight deformation (Figure 4c). For three
model compounds, the morphologies of P. phosphoreum treated by GA were shrunk and
became flat, very different from those treated by CAT and EGC, and the latter showed
similarity to that of larch tannin. This further illustrated the effect of tannin structure
on toxicity.
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Figure 4. The morphologies of P. phosphoreum untreated (a) and treated with 2 g/L tara tannin (b), 10
g/L larch tannin (c), 2 g/L GA (d), 2 g/L CAT (e), 2 g/L EGC (f).

3.4. Toxicity Mechanism

Understanding the toxicity mechanism or modes of action of these natural organic
compounds was particularly important to reveal target molecular pathways and identify
key endpoints for environmental monitoring and risk assessing [39]. Then the model
compounds of tannin were used to further explore the toxicity mechanism for their clear
structure. In general, organic compounds could be roughly classified into narcotic com-
pounds and reactive compounds according to the toxicity mechanism toward aquatic
organisms [40]. The toxicity of narcotic compounds is aroused from the disruption of the
cell membrane of the organism via an absolutely non-specific mode of action, and depends
entirely on the hydrophobicity of the compound. Then the toxicity is also called baseline
toxicity, which can be predicted by the logarithm of the octanol/water partition coefficient
(log KOW). On the other hand, the toxicity of the reactive compounds is much greater than
the baseline toxicity because of the specific interactions with the organisms [40].

The baseline toxicity of model compounds could be calculated by the following
equation [41]:

log 1/EC50 = 0.938 log KOW + 0.833 (2)

The logKOW of model chemicals could be obtained through literature [42,43]. The
information of three model compounds, such as CAS number, name abbreviation (Abb.),
molecular weight (MW), log KOW, predicted toxicity, and experimental toxicity, is listed
in Table 2. Both the predicted and experimental toxicity showed GA had higher toxicity.
However, compared with predicted baseline toxicity, the experimental toxicity was much
greater, suggesting strong reactive interactions between model compound and specific
receptor of luminous bacteria such as luciferase.
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Table 2. Log KOW, predicted, and experimental toxicity for three model compounds.

Compound CAS Abb. MW Log Kow Log 1/EC50
(Pred)

Log 1/EC50
(Exp)

Gallic acid 149-91-7 GA 170.12 0.70 1.45 2.63
Catechin 7295-85-4 CAT 290.27 0.37 1.18 2.57

Epigallocatechin 970-74-1 EGC 306.27 1.12 1.88 2.13

3.4.1. Molecular Docking

The luciferase is often used as one of the potential receptors to investigate the toxic
mechanism of luminous bacteria for the luciferase-catalyzed bioluminescence [44], which
is a heterodimeric enzyme composed of two parts, LUX A and LUX B [45]. The binding
site of luciferase was found by the CDOCKER program, as shown in Figure S1, and the
constitution of active sites was similar to the finding of Fan et al. [46]. The optimal binding
site of luciferase varied with ligands, and the docking results are listed in Table 3. The
docking preferential conformations are shown in Figure S2.

Table 3. CDOCKER energy of three model compounds (GA, CAT, and EGC).

Compound Site
CDOCKER

Energy
(kcal/mol)

H-Bonds Pi-Bonds

GA 2 −39.35

THR80 (LUX A)
PHE117 (LUX A)

HIS82 (LUX B)
ARG85 (LUX B)

ARG119 (LUX B)

ALA81 (LUX A)

CAT 2 −36.63

PRO79 (LUX A)
ARG85 (LUX A)
THR119 (LUX A)
LYS274 (LUX A)
HIS81 (LUX B)

ALA81 (LUX A)
ARG85 (LUX B)

EGC 1 −35.88

TYR110 (LUX A)
ALA174 (LUX A)
GLU175 (LUX A)
ILE191 (LUX A)
SER227 (LUX A)
TYR254 (LUX A)

LEU109 (LUX A)
VAL173 (LUX A)
LEU192 (LUX A)

As shown in Table 3, the CDOCKER energy of three systems was lower than −35 kcal/mol,
indicating the formation of a complex between the ligand and receptor, and confirming
the reactive toxicity mechanism. GA had the lowest binding energy of −39.35 kcal/mol,
suggesting the highest affinity with luciferase. The binding affinity sequence of the three
model compounds with luciferase followed GA > CAT > EGC, in agreement with that
of experimental toxicity, indicating the target role of luciferase when P. phosphoreum was
exposed to tannin. More numbers of H-bonds and Pi-bonds were formed with increasing
molecular size of ligand. However, the CDOCKER energy was determined by both the
strength and numbers of the bonds formed between the receptor and the ligand [47].
Then, the best receptor–ligand complexes with lowest CDOCKER energy representing
hydrolyzed tannin (GA) or condensed tannin (CAT) were taken to further explore the
stability of complexes by molecular dynamics simulation.

3.4.2. Molecular Dynamics

Molecular dynamics simulation is another method to investigate the toxicity mecha-
nism of compounds; it evaluates toxic effects by calculating the structural changes of the
receptor (i.e., luciferase) before and after docking of the ligand. RMSD is used to estimate
the stability of the receptor–ligand complex. Greater structural change caused by a ligand
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illustrates the greater impact on luciferase, which would lead to greater bioluminescence
inhibition of P. phosphoreum. The change of RMSD with time is shown in Figure S3. RMSD
increased with the increase of time from 0 ps to 2000 ps, and the complex system was
equilibrized after 2000 ps. The 1BRL-CAT complex system showed similar varying RMSD
value as the blank, indicating CAT had little effect on the structure of luciferase. However,
the RMSD value of the 1BRL-GA complex system was much higher than that of the blank,
illustrating greater influence of GA on the structure of luciferase. The results could explain
why the toxicity of hydrolyzed tannin was greater than that of condensed tannin.

4. Conclusions

The potential ecotoxicological effects of typical hydrolyzed and condensed vegetable
tannin to aquatic species were investigated on the basis of a luminescence inhibition
test with P. phosphoreum. In general, for hydrolyzed tannin, the EC50 was lower than
704.86 mg/L. The EC50 value of condensed tannin was higher than 800 mg/L. The hy-
drolyzed tannin was found to show higher toxicity than the condensed tannin on account
of lower EC50 values, indicating that the toxicity of tannin depends on the structure. The
EC50 values of model compounds also indicated that GA as a precursor of hydrolyzed
tannin exhibited greater toxicity than CAT and EGC as precursors of condensed tannin.
The reactive toxicity mechanism was found to play an important role by molecular docking
and molecular dynamics simulations.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pr10050816/s1, Figure S1: The binding site of luciferase; Figure S2: The
preferential conformations of complex formed by luciferase with model compounds from CDOCKER
(1: GA, 2: CAT, 3: EGC. (a): 3D-diagram (b): 2D-diagram. For the interaction, Pi bond was set
as purple line, the hydrogen bond was set as green line, the van der Waals was set as light green
and salt bridge was set as orange.); Figure S3: Times dependence of root-mean-square deviations
(RMSD); Table S1: Culture medium of P. phosphoreum; Table S2: Regression models describing the
concentration-response curves of vegetable tannin and model compounds. Supplementary material
related to this article can be found, in the online version.
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