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Abstract: The control and management of fungal diseases is a worldwide problem. A variety of
microbial pigments have excellent antibacterial effects, and naturally occurring bacterial pigments
may help in tackling fungal diseases. In order to explore the basic properties and biological functions
of the pink pigment produced by Erwinia persicina Cp2, we used organic solvents to extract the
pink pigment, analyzed the physicochemical properties of the pigment, determined the chemical
composition using ultra-high performance liquid chromatography-tandem mass spectrometry (UPLC-
MS/MS), and selected five pathogenic fungi to study the inhibitory effects of the pink pigment. The
results showed that the main component of the pink pigment was usambarensine, which had a good
light stability and a good temperature stability at room temperature (<40 °C), but the influence of the
oxidant on its activity was greater than that of the reductant; simultaneously, we found that strong
acids, strong alkalis, Cu?*,and Zn?* all greatly affect the stability of the pink pigment, while Fe?t and
Fe®* made the pigment darker. Meanwhile, the pigment could exert a good inhibitory effect against
four plant pathogenic fungi: Alternaria solani, Sclerotinia sclerotiorum, Rhizoctonia solani, and Fusarium
proliferatum. However, the inhibition of Fusarium oxysporum. f. sp cucumerinum decreased significantly
in the later stages. This study had detected the purification process and antifungal activity on five
fungi of the pink pigment of Erwinia persicina Cp2. It lays a theoretical and practical foundation for
the production of related biological agents.

Keywords: bacterial pigment; chemical composition; stability; fungi inhibition

1. Introduction

A total of 40% of the world’s arable land is used for agriculture, but only 1.5% of this
area is used for organic agriculture [1,2]. Soil-borne diseases are an important constraint
on green agricultural production and result in the reduced productivity and lower yields.
Common soil-borne pathogens include Fusarium oxysporum, Rhizoctonia solani, Phytophthora
spp., Pythium spp., and Verticillium dahliae [3]. These pathogens are widely found in areas of
intensively planted soil and cause devastating diseases such as fusarium wilt, root rot, early
blight, and bacterial wilt, which affect maize, cotton, wheat, and other food crops, reducing
yields by 50-75% or even wiping out crops entirely [4]. To prevent and control such diseases,
the most widely used methods in traditional agricultural production are the cultivation of
disease-resistant crop varieties and the use of chemical fungicides [5,6]. However, disease-
resistant crop varieties have a long cultivation cycle and remain vulnerable to pathogens
enriched in the soil. Fungicides are typically inexpensive and convenient to use, but
because of the restrictions on the types of agricultural chemicals used in green and organic
agriculture, as well as increasing concerns for food safety and the environment in recent
years, greener and environmentally friendly biological control methods without chemical
residues have become a hot spot for research at home and abroad [7].

Researchers have found that using biological control measures to inoculate artificially
selected antagonistic bacteria in the soil, or applying the fermentation products or secondary
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metabolites of certain strains to plants, could effectively reduce the incidence of soil-
borne diseases and increase crop yields [8,9]. Secondary metabolites of bacteria mainly
include lipopolysaccharide (LPS), extracellular polysaccharide (EPS), bacterial pigment,
and protease [10,11]. As one of the secondary metabolites of bacteria, pigments have been
widely used in industries such as dyes [12], food additives [13], and medicine [14]. The
biological functions of pigments used in such applications include the interference in the
electron transfer of host cells [15], regulation of immune mechanisms [16], bactericidal
effects [17] and bacteriostatic effects [18]. However, due to the different characteristics of
various bacteria, the chemical components of the bacterial pigments produced are also
different. Some chemical substances found in bacterial pigments, including phenazine
carboxylic acid, pyocyanin, pyoluteorin, and pyrrolnitrin, may exhibit better biocontrol
effects than others [19,20]. Ohmori et al. [21] also reported that the bacterial pigment
pyoluteorin could be used as a new type of biological pesticide for the control of wilt
disease in cotton.

Erwinia persicina is a Gram-negative rod-shaped bacterium of the Enterobacteriaceae
family. Hao et al. [22] first reported and named this new pathogen isolated from cucumber,
banana, and tomato plants in 1990. Since then, researchers have found that Erwinia persicina
can cause diseases in plants [23,24], animals [25], and edible fungi [26] at certain levels.
The pathogen is milky white on the NA medium, with glossy edges and a diameter of
1-4 mm. However, it grows rapidly on many nutrient media and produces a pink water-
soluble pigment after it is connected into a piece, and it also causes a trend of the pink
pigment spreading in the roots, stems, leaves, and other tissues of the invaded plants,
including onion and parsley [27,28]. However, the recent study [29] pointed out that
Erwinia persicina also exhibits the potential as a biological control agent, as an inhibitor of
Salmonella pollution in the industrial cultivation of sprouts.

We also observed, during the experiment. that Erwinia persicina Cp2 produced a large
amount of pink pigment under aging and extreme environmental conditions, and had cer-
tain antibacterial properties. Therefore, Erwinia persicina Cp2 was used as the tested strain,
the bacterial pink pigment was extracted with organic solvents, the physicochemical prop-
erties and chemical composition of the pink pigment were studied, and the typical disease
pathogens included: Alternaria solani, Sclerotinia sclerotiorum, Rhizoctonia solani, Fusarium
oxysporum. f. sp cucumerinum, and Fusarium proliferatum were used as representative strains
to verify the antibacterial activity of the pink pigment, to explore the particularity and
potential biocontrol function of the pigment material, and to lay the foundation for further
research into pesticides with biocontrol functions obtained from microorganisms.

2. Materials and Methods
2.1. Test Strains

The tested bacteria was Erwinia persicina Cp2 (ID: 756944) isolated from alfalfa seeds [30].
Alternaria solani (ID: 3106919), Sclerotinia sclerotiorum (ID: 17372726), Rhizoctonia solani (ID:
14572378), Fusarium oxysporum. f. sp cucumerinum (ID: 306247), and Fusarium proliferatum
(ID: 17735672) were donated by the College of Plant Protection of Gansu Agricultural Uni-
versity. All strains were stored in the Pasture Pathology Laboratory of Gansu Agricultural
University, at a temperature of —80 °C (LanZhou, China).

2.2. Test Agars

We used a nutrient agar (NA) for the cultivation and short-term storage of the Cp2
strains, and used King’s B medium for the cultivation and enrichment of the pink pigment
of Cp2. In addition, we used a potato dextrose agar (PDA) for the cultivation of pathogenic
fungi and the control of antibacterial tests. To the PDA base, we added pink pigment to a
level of 20% of the total volume (the absorbance of the pink pigment was 0.785) to make
pink pigment PDA (PPPDA), then used this PPPDA to study the antibacterial activity of
the five kinds of pathogenic fungi.
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2.3. Preparation of the Pink Pigment of Erwinia persicina Cp2

We used an inoculating loop to scrape the bacteria from the NA, then inoculated these
bacteria in King’s B medium using the single-line method and left them to culture in the
dark at 28 °C for about 72 h until they contained a large amount of pigment. Then, we took
bacterial samples for experimental use using medicine spoons.

2.4. Extraction and Purification of the Pink Pigment

For the crude extraction and purification of the pink pigment, we used organic solvent
extraction methods [31]. We collected bacteria in a culture plate, scraped a sample of
1.0 g and placed it in a 10 mL centrifuge tube. Then, we added 5 mL of distilled water,
chloroform, ethyl acetate, isoamyl alcohol, petroleum ether, glacial acetic acid, n-butanol,
and absolute ethanol, respectively, to the centrifuge tube with bacteria and soaked it for 2 h
(During this process, the tube was shaken with a vortex oscillator for 1 min every 30 min).
Following the centrifugation at 12,000 rpm for 15 min, the supernatant was collected [31].
Finally, we observed the dissolution status of the pink pigment in various solvents and
selected the best leaching agent and extraction solution to obtain a pure pigment.

2.5. The Absorbance Spectrum of the Pink Pigment

Following the method used by Venil et al. [32], we used the spectral scanning mode
of the UV spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) to scan the
wavelengths of 200-800 nm at the interval of 1 nm in the pure pink pigment at room
temperature in order to determine the maximum wavelength.

2.6. Components Detection of the Pink Pigment
2.6.1. Collection and Processing of the Pink Pigment Sample

We removed the sample from the —80 °C refrigerator, left it to thaw on ice, and
then shook it with the vortex for 10 s. We mixed 50 pL of the sample and 150 pL of
a 20% acetonitrile methanol internal standard extractant. We vortexed the mixture for
3 min and centrifuged it (12,000 rpm, 4 °C) for 10 min. Then we transferred 150 pL of the
supernatant and left it to stand at —20 °C for 30 min. Finally, we centrifuged it again for
3 min (12,000 rpm, 4 °C) and removed the supernatant for analysis.

2.6.2. Analysis of the Metabolites of the Pink Pigment

The sample extracts were analyzed using an LC-ESI-MS/MS system (UHPLC, Ex-
ionLC AD, https://sciex.com.cn/ (accessed on 15 November 2021); MS, QTRAP® System,
https:/ /sciex.com/cn/ (accessed on 25 November 2021)). The analytical conditions were
as follows: for the UPLC, the column was Waters ACQUITY UPLC HSS T3 C18 (1.8 um,
2.1 mm X 100 mm); the column temperature was 40 °C; the flow rate was 0.35 mL/min; the
injection volume was 5 pL; the solvent system was water (0.1% formic acid): acetonitrile
(0.1% formic acid); and the gradient program was 95:5 v/v at 0 min, 10:90 v/v at 10.0 min,
10:90 v/v at 11.0 min, 95:5 v/v at 11.1 min, and 95:5 v/v at 14.0 min.

The Quadrupole Time-of-Flight mass spectrometer was used for its ability to acquire
MS/MS spectra on an information-dependent basis (IDA) during an LC/MS experiment.
In this mode, the acquisition software (TripleTOF 6600, AB SCIEX) continuously evaluated
the full scan survey MS data as it collected and triggered the acquisition of the MS/MS
spectra depending on the preselected criteria. For each cycle, 12 precursor ions whose
intensity was greater than 100 were chosen for the fragmentation at a collision energy of
30 V (12 MS/MS events with the product ion accumulation time of 50 msec each). The
electron spray ion (ESI) source conditions were set as the following: the ion source gas I
(GSI) as 50 Psi; the ion source gas II (GSII) as 50 Psi; the curtain gas as 25 Psi; the source
temperature 500 °C; the ion spray voltage floating (ISVF) was 5500 V or —4500 V in the
positive or negative modes, respectively.

Linear ion trap (LIT) and triple quadrupole (QQQ) scans were acquired on a triple
quadrupole-linear ion trap mass spectrometer (QTRAP), QTRAP® LC-MS/MS System,
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equipped with an ESI Turbo ion-spray interface, operating in the positive and negative ion
modes and controlled by Analyst 1.6.3 software (Lincoln, Dearborn, MI, USA). The ESI
source operation parameters were as follows: the source temperature was 500 °C; the ISVF
was 5500 V (positive), —4500 V (negative); the ion source GSI, GSII, curtain gas were set at
50, 50, and 25.0 Psi, respectively; and the collision gas was high. Instrument tuning and
mass calibration were performed with 10 and 100 umol/L polypropylene glycol solutions
in QQQ and LIT modes, respectively. For each period, we monitored a specific set of
multiple reaction monitoring (MRM) transitions, according to the metabolites eluted within
the period concerned.

2.7. The Stability of the Pink Pigment
2.7.1. The Light Stability of the Pink Pigment

The pigment solutions were taken and placed under natural light and dark conditions
at room temperature, and the samples were taken after 0, 2, 4, 6, and 8 h of treatment to
determine their absorbance at the characteristic wavelengths. Three experimental replicates
were performed.

2.7.2. The Temperature Stability of the Pink Pigment

The method was referenced from Zhang et al. [33] and further improved. The pigment
solutions were taken and placed at temperatures of 4, 20, 40, 60, 80, 100, and 120 °C for 2 h.
The absorbance of the pink pigments after 2 h were also measured using 0 h as a control.
Three experimental replicates were performed.

2.7.3. The pH Stability of the Pink Pigment

The method of Ugwu et al. [34] was referred to and further improved. Specifically,
the pH value of the deionized water to levels between 1 and 14 using HCl and NaOH.
For each pH level, we took 4 mL of deionized water, added 1 mL of the pigment solution,
and then mixed to observe how the pigment color changed at the different pH conditions.
We separately measured the absorbance after standing periods of 0 h and 2 h. Three
experimental replicates were performed.

2.7.4. The Metal Ions Stability of the Pink Pigment

We adopted and improved upon the method used by Li et al. [35]. That is, we prepared
100 mmol/L solutions of Na*, K*, CaZ*, Mg2+, Mn?*, Cu?t, Zn?*, Fe2*, and Fe3*, we took
0.5 mL of each ion solution and separately added this to 4.5 mL of the pigment solution
to give a final concentration of 10 mmol/L. Once it was mixed uniformly, we measured
the absorbance after standing for 0 h and 2 h, then calculated the preservation rate. Three
experimental replicates were performed.

Preservation Rate (%) = Ay /Ay x 100%;
Ap and A, were the absorbance of the pigment at 0 h and 2 h with metal ions, respectively.

2.7.5. The Redox Stability of the Pink Pigment

We took 4 mL of the pink pigment solution and added 2%, 4%, 6%, 8%, and 10% H,O,
solution (10% v/v) or NapSOs solution (100 g/L), separately. Once it was uniformly mixed,
we determined the absorbance after standing for 0 h and 2 h. Three experimental replicates
were performed.

2.8. The Inhibitory Effect of the Pink Pigment on the Soil-Borne Pathogenic Fungi

We referred to the research method of You et al. [36], and we used agar punch with
a diameter of 0.5 cm to punch mycelial cakes on the same circumference as the edge of
the cultured colony, and connected it to the center of the PDA (control) and the PPPDA
medium. Three replicates were set up for each group of treatments. All were incubated in
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the dark at a constant 25 °C maintained by means of a thermostat. We took the time when
the edge of the colony of the control group was close to the wall of the dish as the time
point. During this period, the diameter of the colony of each treatment was measured using
the cross method continuously every day, and the growth rate, and the growth inhibition
rate were calculated simultaneously. Three experimental replicates were performed.

Growth inhibition rate (%) = (Diameter of control colony — Diameter of treated
colony)/(Diameter of control colony — Diameter of mycelial cake) x 100%.

2.9. Statistical Analysis

All experiments were carried out at least three times while the results were expressed
and presented in tables as mean, with error bars expressed in the form of +standard error
(SE). One-way ANOVA, Duncan’s new multiple range method and an independent sample
t-test were used for the significant analysis of variance. The software we used was Analyst
1.6.3 (Lincoln, Dearborn, MI, USA) to process the metabolomic data.

3. Results
3.1. The Extraction and Purification of the Pink Pigment

The results showed that the pink pigment was extremely soluble in glacial acetic acid,
followed by anhydrous ethanol and distilled water. This phenomenon made the pink
pigment water-soluble. We also found that the pigment was soluble in n-butanol and
slightly soluble in ethyl acetate; however, it was insoluble in chloroform, isoamyl alcohol
and petroleum ether (Table 1). Therefore, after a thorough consideration of the solubility
and characteristics of the solvents, we chose ethanol as the leaching agent and chloroform
as the extractant for our experiment.

Table 1. The solubility of the pink pigment in organic solvents.

Solvent Distilled Chloroform Ethyl Isoamyl Petroleum Glacial N-Butanol Anhydrous
Type Water Acetate Alcohol Ether Acetic Acid Ethanol
Solubility +++ - + - - ++++ ++ +++
Note: “-” means insoluble in the solution; “+” means soluble in the solution, the higher the quantity, the greater
the solubility.

The pink pigment could be dissolved under various ethanol concentration gradients,
with a maximum solubility at an ethanol concentration of 75% (Table 2).

Table 2. The solubility of the pink pigment in ethanol solutions.

Solvent Distilled o o o Anhydrous
Type Water 25% Ethanol  50% Ethanol  75% Ethanol Ethanol
Solubility ++ + ++ 4+ ++

Note: “+” means soluble in the solution, the higher the quantity, the greater the solubility.

The leaching agent was 75% ethanol and the extractant chloroform were selected
to extract and purify the pink pigment. In this process, there would be three situations
due to the change of the ratio of the two solvents. A, B, and C were the diagrams of the
chloroform and anhydrous ethanol ratios set as close to 1:1, greater than 1:1, and less
than 1:1, respectively (Figure 1). In this test, chloroform was added to the crude pigment
extract containing 75% ethanol and left to stand for a few moments until the effect of A was
achieved and then collected the “pigment + water” phase.
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Figure 1. Schematic diagram of the purifying pink pigment with different ratios of the leaching agent
and extractant. (A) indicates chloroform and anhydrous ethanol ratios close to 1:1; (B) indicates
chloroform and anhydrous ethanol ratios greater than 1:1; (C) indicates chloroform and anhydrous
ethanol ratios less than 1:1.

3.2. The Wavelength Scanning of the Pink Pigment

We scanned the wavelength of the pure pigment under 200-800 nm and found
that the maximum absorbance of 0.943 was achieved when the wavelength was 340 nm
(Supplementary Materials Figure S1).

3.3. Results of the Composition Test of the Pink Pigment

We used Analyst 1.6.3 software to process the mass spectrometry data, we obtained
the total ions current (TIC) of the pink pigment sample (Figure 2), and used the multiple
reaction monitoring (MRM) to collect the pink pigment sample date (Supplementary
Materials Figure 52). At the same time, the MRM scanning was used to obtain the peak area
of each compound. In order to compare the material content difference of each metabolite
in the sample among all of the detected metabolites, we corrected the mass spectrum peaks
according to the information of the metabolites retention time and peak type. By such
means, we ensured the accuracy of the qualitative quantification (Supplementary Materials
Figure S3) and obtained a final figure for the metabolites detected in the pink pigment
solution (Supplementary Materials Table S1).

WTIC of -MAM (819 pairs): from Sample B (A212407480_N) of MWXS-21-2517_1_WHE500-2_M21-14_TOF_MedDBV7.0_ZX_20211107 wiff {Tur. . Max. 5.5¢7 cps.

5.507 a1e

Intensiy. cps

™ 7‘70; 844
| It [
| AL | ioes. |, It |

| 1wl Y | L

| |

507 SMp0s 685 | i | !36? I

00 10 20 30 40 50 a0 70 80 90 10 110 120 130 140
Tima, min

Figure 2. The total ions current (TIC) for the sample mass spectrometry. The abscissa was the
retention time of the metabolite detection, and the ordinate was the ion current intensity of the ion
detection (the intensity unit is count per second, cps).
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According to the MRM scan results, the ten substances most prevalent in the pink
pigment samples were usambarensine, isopentenyl pyrophosphate, eicosanoyl EA, and
various small molecule substances and polypeptides (Table 3).

Table 3. Top ten compounds of the pink pigment.

Number Compounds Precursor Score ID Source
1 Usambarensine 450.3 0.524 2-Insilico
2 Isopentenyl pyrophosphate 515.0 0.785 2-MedDB2.0
3 Eicosanoyl-EA 356.4 0.673 2-mHK6.0
4 Glu-Pro-Lys 414.2 0.665 2-mHK6.0
5 2(1H)-Pyridinone 191.1 0.880 2-MetDNA
6 2,3,4,5-Tetrahydrodipicolinate 189.1 0.764 2-MetDNA
7 Pro-Ser-Val 343.2 0.644 2-mHK6.0
8 Ser-Pro-Asp 318.1 0.644 2-mHKe6.0
9 Val-Val-His-Ala-Glu 554.3 0.780 2-mHK6.0
10 Dimethyl sulfoxide 79.0 0.679 2-mHK6.0

3.4. The Stability of the Pink Pigment
3.4.1. Effect of the Light on the Stability of the Pink Pigment

The results showed no significant differences in the absorbance of the pink pigment
between light and dark conditions (Figure 3A).

3.4.2. Effect of the Temperature on the Stability of the Pink Pigment

At 0 h, there was no significant difference in absorbance of the pink pigment under
the eight temperature treatments. With the increase in temperature, the absorbance values
showed an overall increasing trend after 2 h, but there was no significant difference in the
absorbance of the pink pigment under the temperature conditions between 4 and 30 °C;
after 40 °C, the difference was significant under each temperature treatment (p < 0.05); at
120 °C, the maximum value was reached but only 1.01 times that of 4 °C (Figure 3B).

3.4.3. Effect of Oxidants on the Stability of the Pink Pigment

With the increase of the 10% H,O, content, the absorbance of the pink pigment
decreased to varying degrees at 0 h and 2 h. At 0 h, the absorbance of the pink pigment
was significantly different from the control (10% H;O; content was 0) when the content
was between 2 and 10% (p < 0.05). At 2 h, when the content was 2%, the absorbance of the
pink pigment was 80% of the control, afterwards, although the absorbance continued to
decrease, the overall trend did not change much (Figure 3C).

3.4.4. Effect of the Reducing Agent on the Stability of the Pink Pigment

With the increased percentage of the 100 g/L NaySOj3 content, at 0 h, the absorbance
of the pink pigment first increased and then decreased, and reached the maximum value
when the Na;SOj3; content was 2%. At 8%, it reached the minimum value of 0.98 times that
of the control. At 2 h, with the increasing percentages of the reducing agent, the absorbance
of the pink pigment gradually increased, but with no significant difference between 4%
and 10% (Figure 3D).

3.4.5. Effect of the pH on the Stability of the Pink Pigment

When the pH value was between 1 and 10, the absorbance of the pink pigment showed
a downward trend at 0 and 2 h, but the difference was not significant at the pH values
between 5 and 9. However, the absorbance of the pink pigment significantly increased
under acidic conditions at pH 1. Under alkaline conditions, the pH value showed a
downward trend at O h, but at 2 h, it first decreased and then increased, with a pH value of
14 at 0 h, the absorbance levels were 80% of those recorded at 2 h (Figure 3E).
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Figure 3. Effects of the different conditions on the stability of the pink pigment. The pink solid line
and the blue dotted line in the figure indicate the changing trends of the absorbance of the pink
pigment at 0 h and 2 h treatment, respectively. Light stability (A), temperature stability (B), oxidants
stability (C), reducing agent on the stability (D) and pH stability (E) were measured. Different letters
indicate significant differences in the pink pigment under different durations of the treatment at
p < 0.05, and the error bars were expressed in the form of £standard error (SE).

3.4.6. Effect of the Metal Ions on the Stability of the Pink Pigment

The nine metal ions had little effect on the absorbance of the pink pigment at 0 h,
compared to the control (CK), but after 2 h, the pink pigment changed color in some
of the metal ions and there were differences in the same absorbance. Among them, the
absorbance of the pink pigment added with Na*, K*, Mn?*, and Ca?" decreased after
2 h, but the reduction was only small, observation of the pink pigment solution revealed
that the color only slightly lightened. Mg?* produced a certain decolorizing effect on the
pink pigment, both Fe?* and Fe3* deepened the color, and the color enhancement effect of
Fe?* ions was more than 1.86 times that of CK. Fe** ions deepened the color of the pink
pigment while also producing a flocculent precipitation. Cu?* and Zn?* ions caused the
pink pigment to turn grassy green and light green, respectively after 2 h (Table 4).
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Table 4. Effect of the metal ions on the stability of the pink pigment.
Ion Species Absorbance Preservation Color
Oh 2h Rate/%

CK 0.853 bc 0.854 ¢ 100.12 ¢ pink

Na* 0.851 ¢ 0.850 d 99.88 ¢ pink

K* 0.838 £ 0789 g 94.15 £ pink

Fe?* 0.836 f 1.553 a 185.77 a dark pink

Fe3* 0.847d 1.067 b 12597 b pink (flocculent precipitation)
Mn?* 0.856 a 0.813 f 9498 e pink
MgZ* 0.845d 0.655 h 7751g light pink
Ca?t 0.842 e 0.836 e 99.29d pink
Cu?* 0.829 ¢ — — grassy green
Zn** 0.855 ab — — light green

Note: Different letters indicate significant differences in the pink pigment under different durations of treatment
at p <0.05.

3.5. Inhibition of the Soil-Borne Pathogenic Fungi by the Pink Pigment
3.5.1. The Inhibition of Alternaria solani by the Pink Pigment

On the 8th day, the colony of the CK control group was close to the wall of the dish
(Figure 4A). The growth rate of the CK colony showed an upward trend with the increase
in treatment time from the 1st to 8th day, and the difference was extremely significant at
different times (p < 0.05). The growth inhibition rate of the treatment group PM against
Alternaria solani, reached 100% on the 1st to 3rd days, and the growth inhibition rate
was still above 90% on the 4th to the 5th day. Subsequently, the inhibitory effect of PM
decreased significantly, but on the 8th day, the growth rate of the bacterial circle was only
0.45 times that of the CK control group, and the growth inhibition rate was as high as
58.29% (Figure 4B).

3.5.2. The Inhibition of Sclerotinia sclerotiorum by the Pink Pigment

On the 6th day, the colony of the CK control group was close to the wall of the dish
(Figure 4C). The growth rate for both the CK control and PM treatment groups exhibited an
upward trend from the 1st to the 6th day. However, the growth rate of the colonies on the
PM treatment had no significant difference between the 1st-2nd day and the 3rd-5th day.
The growth inhibition rate of the PM treatment group on Sclerotinia sclerotiorum showed
a trend of first a decline and then an increase, and reached the minimum value of 83.14%
on the 3rd day, the growth inhibition rate was over 90% on the 4th to the 5th day, and the
growth inhibition rate was as high as 87.36% on the 6th day and the colony growth rate
was only 0.19 times that of the control group (Figure 4D).

3.5.3. The Inhibition of Rhizoctonia solani by the Pink Pigment

On the 4th day, the colony on the CK control group was close to the wall of the dish,
but the mycelial cake on the PM treatment group did not grow further (Figure 4E). The
growth rate of the colony on the control group CK showed a gradual increase to 7.76 cm on
the 4th day, but the colony on the PM treatment did not grow any further and the inhibition
of the growth of Rhizoctonia solani remained at 100% during this period (Figure 4F).
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Figure 4. Inhibition of the soil-borne pathogenic fungi by the pink pigment. The inhibition rates
of the pink pigment on Alternaria solani (A,B), Sclerotinia sclerotiorum (C,D), Rhizoctonia solani (E,F),
Fusarium oxysporum. f. sp cucumerinum (G,H), and Fusarium proliferatum (LJ) were determined. CK is
the control group without pink pigment; PM is the treatment group with pink pigment. Different
letters indicate significant differences in the pink pigment under different treatments at p < 0.05, and
error bars were expressed in the form of +standard error (SE).
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3.5.4. The Inhibition of Fusarium oxysporum. f. sp cucumerinum by the Pink Pigment

On the 11th day, the colonies in the CK control group and the PM treatment group
were close to the wall of the dish, but the colony in the PM treatment was smaller in
diameter and lighter in color than the CK group (Figure 4G). From the 1st to 11th days, the
growth rate of the CK control and PM treatment groups showed an upward trend, and the
difference at each time was extremely significant (p < 0.05). On the 1st day, the maximum
growth inhibition rate of the treatment group PM on Fusarium oxysporum. f.sp cucumerinum
was 89.45%, and the growth inhibition rate was as high as 70% in the first 4 days, and the
growth inhibition rate continued to decline after the 4th day (Figure 4H).

3.5.5. The Inhibition of Fusarium proliferatum by the Pink Pigment

On the 6th day, the colony of the CK control group was close to the dish wall (Figure 4I).
The growth rate of the colonies in both the CK control and the PM treatment group showed
an increasing trend from the 1st to 6th days, with highly significant differences at all times
(p < 0.05). The growth inhibition rate of the colony in PM, remained above 60% from 1st to
3rd days, then decreased but remained above 40%. On the 6th day, the growth inhibition
rate reached a minimum of 40.46% and the growth rate of the colony in the PM treatment
group was 0.62 times higher than that of the CK control group (Figure 4]).

4. Discussion

Bacterial pigments offer new potential solutions for the biological control of plant
diseases. For the extraction of pigments, a common method is to use organic solvents to ex-
tract the crude pigments, and then use other organic solvents to prepare the mobile phases
according to a certain ratio to separate and obtain the purified pigments [32], because the
carrier involves at least three or four kinds of organic solvents, the process of removing
organic solvents is cumbersome and various organic solvents may affect the activity of
the pigment. Therefore, this experiment was based on a review study on the extraction
process of the bacterial pigments by Muhammad et al. [31]. We measured the solubility
of the pigment-containing bacteria in several organic solvents, then used a 75% ethanol
solution as a leaching agent to obtain a crude pigment solution, and we used chloroform as
an extractant for purification purposes, thereby ensuring the pink pigment of the highest ac-
tivity and quality. In this study, we found the maximum absorption wavelength of the pink
pigment to be 340 nm. However, previous studies of the maximum absorption wavelengths
of the bacterial pigments prodigiosin, carotenoids and pyocyanin were around 530 nm [37],
480 nm [38], and 250 nm [39], respectively. These findings may be closely related to the
specific compounds of bacterial pigments. In our study, after analyzing the compounds of
the pink pigment, we found that usambarensine, isopentenyl pyrophosphate, eicosanoyl
EA were included. Among them, Dassonneville et al. [40] showed that usambarensine, as
a bis-indole compound, displayed potent antiamoebic activities and showed antigardial,
antimalarial, and cytotoxic effects. Therefore, the antifungal activity of the pink pigment in
this study may be closely related to this substance.

The antibacterial substances contained in the fermentation broth of the strains include
alkaloids, anthraquinones, phenazines, and lipoic acids [41-44]. Chang et al. [39] identified
the most important pigment components of Pseudomonas aeruginosa as three phenazine
substances: dihydroxyphenazine-1-carboxylic acid, phenazine-1-carboxylic acid, and oxy-
chloroquinoline. Therefore, the antibacterial activity of the fermentation broth is likely to
be related to the bacterial pigment produced by the strain during the cultivation process.
Tanya et al. [45] also found that prodigiosin had an inhibitory effect on crop pathogens. This
study found that the growth inhibition rate of the pink pigment on Alternaria solanacearum
was as high as 100% in early stages. Samen et al. [46] used PDA plates containing the
commonly used fungicides difenocarb and chlorothalonil, similar to those used in this
study, for susceptibility testing against Alternaria solanacearum in tomato plants and found
that these fungicides inhibited some pathogens by only about 30%. Rapeseed sclerotinia is
a fungal disease caused by Sclerotinia sclerotiorum [47]. In this experiment, we found that
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the growth inhibition rate of the pink pigment against Sclerotinia sclerotiorum reached more
than 80% between the 1st and 6th days. Potato sclerotia, also known as mole disease or
rhizoctonia canker, is a globally occurring soil disease caused by Rhizoctonia solani [48],
which causes disease mainly by infesting plants through secreted proteins, effectors, sec-
ondary metabolites, and cell wall degrading enzymes [49]. In this study, we found that
the growth inhibition rate of the plate containing the pink pigment on Rhizoctonia solani
reached 100% between the 1st and 4th days. Cucumber wilt is a type of fungal disease
caused by Fusarium oxysporum. f. sp cucumerinum invading the vascular bundles of melons,
it is particularly serious during the flowering and fruiting stages [50]. Our study found
that the pink pigment exhibited good antibacterial activity against Fusarium oxysporum. f.
sp cucumerinum in the early stages, but its effectiveness decreased with time. Tuli et al. [51]
pointed out that the bacterial pigments were biodegradable and thus completely non-toxic
in the environment. In addition, this study found that the growth inhibition rate of the
pink pigment against the pathogen of alfalfa root rot (Fusarium oxysporum) was higher than
40% from the 1st to 6th days, which was higher than the corresponding inhabitation rate
against Fusarium oxysporum. f. sp cucumerinum for the same period.

In summary, the water-soluble pink pigment of Erwinia persicina Cp2 showed a good
inhibition of a variety of soil-borne pathogens. Although the pink pigment showed a
reduced growth inhibition rate of some strains in the later stage, it further showed that the
biological activity of the pink pigment can be reduced in the environment with the increase
of time. Moreover, the study reported that the bacterial pigments could promote plant
development and inhibit the growth of pathogenic fungi [52]. Therefore, the sensitivity of
the five pathogenic fungi to the pink pigment in this study proved that pink pigment has
the potential as a biocontrol agent, or a new biological agent and may be less polluting to
the environment as a new bioreagent. However, the effect of the pink pigment on plants
still needs further research.

5. Conclusions

In this study, we studied the physical and chemical properties of the pink pigment of
Erwinia persicina Cp2 and found that the best leaching agent solvent for the pink pigment
was 75% ethanol, while the best extractant was chloroform. We determined the maximum
absorption wavelength was 340 nm; and the main component of the pink pigment was
usambarensine. In addition, we study found that the pink pigment exerted a good in-
hibitory effect on four types of soil-borne disease pathogens: Alternaria solani, Sclerotinia
sclerotiorum, Rhizoctonia solani, and Fusarium proliferatum. Among them, the inhibitory
effect of R. solani was most notable, however, the inhibition of Fusarium oxysporum. f. sp
cucumerinum decreased significantly with time.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agriculture12101641/s1, Figure S1: The wavelength scanning map
of pink pigment; Figure S2: Multimodal Plot for Multiple reaction monitoring (MRM) metabolite
detection; Figure S3: Integral correction diagram for metabolite quantitative analysis; Table S1: Data
for metabolites detected in the pink pigment solution.
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