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Abstract: To produce gardenia blue pigment (GBP) by natural fermentation, a novel bacteria,
Leifsonia sp. ZF2019, was isolated from the larvae of a pest of Gardenia jasminoides Ellis fruits and
shown to be able to convert gardenia yellow waste production (GYWP) into GBP. The fermentation
medium and growth conditions were screened, and the GBP yield, color value, and stability were
compared to those of Aspergillus niger fermentation. Leifsonia sp. ZF2019 was shown to effectively
produce GBP in medium containing GYWP and leucine (Leu). A temperature of 35 ◦C, 0.8% leu
content, a fermentation period of 72 h, and a pH value of 7.0 were shown to be optimal culture
conditions. GBP produced by Leifsonia sp. ZF2019 was of higher yield and quality than that produced
by Aspergillus niger fermentation. GBP was purified by D4020 macroporous adsorbent resin, and the
effects of pH, temperature, light, oxidant and reductant, conventional food additives, and metal ions
on its stability were evaluated. GBP produced by Leifsonia sp. ZF2019 fermentation was as stable as
GBP generated directly by pure genipin. LC-MS revealed that the molecular formula of GBP was
C37H45N2O8. Our results provide a reference for the preparation of efficient, stable, reliable, and
high-quality gardenia blue pigments.

Keywords: Gardenia jasminoides Ellis; gardenia yellow waste production; gardenia blue pigment;
Leifsonia sp. ZF2019; physicochemical stability

1. Introduction

Color is one of the most important sensory attributes of foods and can render the
appearance of food pleasing and attractive to customers. Food colorants are extensively
used in the food industry to compensate for the loss of color during food processing,
storage, and packing [1,2]. Synthetic pigments have some advantages, such as high tinting
strength, chemical stability, and low cost, and are primarily employed in the food and
beverage industries [2]. However, there is growing concern about the adverse health
effects of synthetic food colorants, especially their association with hyperactive behavior
in children. In addition, growing consumer desire for sustainable, healthy, and “natural”
products has rekindled an interest in natural food coloring [3].

Natural red, yellow, or orange pigments found in plants, such as carotenoids, antho-
cyanins, and betalains, have partially replaced synthetic colorants in the food industry [4].
Blue pigments are rare in nature, and few natural blue food colorants can replace artificial
dyes, such as Blue no. 1 and Blue no. 2 [5,6]. In contrast, blue pigments are not uncommon.
Phycocyanin from Spirulina spp. and some anthocyanins are employed as food-grade
pigments with blue color [7,8]. However, natural blue pigments are unstable in response
to heat, light, and acid, limiting their use in the food sector [7]. As an important primary
colors, the lack of natural blue pigment limits the development of foods with different
colors [6]. Therefore, searching for new natural blue pigments with favorable chemical
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stability and color hues and intensities comparable to synthetic blue pigment has attracted
widespread attention [7].

Geniposide, the principal iridoid glucoside, can be transformed into genipin by
β-glucosidase, which can spontaneously react with primary amine-containing compounds
(such as amino acids or peptides) to produce blue pigments [6,9,10]. Geniposide is abundant
in the fruits of gardenia (Gardenia jasminoides J. Ellis) and genipap (Genipa americana L.),
both of which are essential sources of iridoid-based blue pigment [11]. Iridoid-based
blue pigment showed suitable stability in response to pH, temperature, and light [11,12].
Paik et al. [6] transformed genipin from gardenia fruits (Gardenia jasminoides J. Ellis) to
gardenia blue pigments by reaction with glycine, lysine, or phenylalanine. They discovered
that the blue pigments were stable after 10 h at temperatures of 60–90 ◦C and under light
irradiation of 5000–20,000 lux and were more stable at alkaline pH than at neutral or acidic
pH. The color hue of Jagua blue (iridoid-based blue pigment derived from the fruit of
Genipa americana L.) was comparable with that of Blue no. 2 at pH values of 3.6–5.0, and
it was significantly more stable than Blue no. 2 under storage conditions, in addition to
being less susceptible to an acidic pH of 3.6 and light than Spirulina [13]. Iridoid-based
blue pigment has been reported as a safe food colorant [12,14] and has shown possible
biological activity [9,10,13]. Gardenia blue pigment derived from genipin and tyrosine was
recently reported to exhibit antidepressant-like activity [15]. Iridoid-based blue pigment
has been identified as a promising natural color for the food industry.

Gardenia (Gardenia jasminoides) is an evergreen shrub native to East Asia and belongs
to the Rubiaceae family. For thousands of years, its fruit has been utilized in traditional
Chinese medicine and as a colorant [16]. The water-soluble carotenoid fraction of gardenia
yellow comprises mainly crocetin and crocin and has been widely used in East Asian
food, as well as the cosmetics and textile sectors [17]. The extraction of gardenia yellow
pigments produces a considerable volume of byproducts with a high concentration of
geniposide. Therefore, gardenia yellow extraction waste is a valuable resource for the
production of iridoid-based blue pigment. Gardenia blue is typically manufactured in two
steps: geniposide is biotransformed to genipin by β-glucosidase or microbe fermentation,
which then interacts with amino acids to produce gardenia blue [18]. Beta-glucosidase
from various microbes, including Penicillium nigricans and Trichoderma reesei [19], has been
used in genipin transformation. Microbial fermentation is a low-cost and environmentally
friendly way to produce gardenia blue. However, due to its low purity and color value and
high cost for purification, the production of gardenia blue by fermentation is limited.

Here, a bacterium designated as ZF2019 was isolated from the gut of Artipe eryx larvae,
a pest that damages the fruit of Gardenia jasminoides Ellis. The fermentation conditions for
preparing GBP from GYWP by ZF2019 were optimized. In addition, the effects of physical
factors (including temperature and light) and chemical factors (pH, metal ions, oxidant
and reductant, glucose, and sodium bicarbonate) on the stability of the prepared GBP were
analyzed. Finally, the molecular composition of GBP was analyzed.

2. Materials and Methods
2.1. Materials and Chemicals

Gardenia yellow spray dried powder (Geniposide ≥ 50%) was provided by Zhejiang
Suichang Liming Pharmaceutical Co., Ltd. (Suichang, Zhejiang, China). Amino acids (Lys,
Gly, Leu, Arg, Glu, His, Ser, and monosodium glutamate; ≥98%) were purchased from
Sigma-Aldrich (Shanghai, China). Macroporous adsorbent resin and geniposide (≥98%),
as well as genipin (≥98%) standard reagents, were purchased from Shanghai Yuanye
Biotechnology Co., Ltd. (Shanghai, China). All other chemical reagents were purchased
from National Medicine Group Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Bacteria Isolation and Identification

The larvae of Artipe eryx, a pest of Gardenia jasminoides Ellis that damages fruits with
larvae, were collected from the campus of Zhejiang A&F University (Hangzhou, China).



Fermentation 2022, 8, 503 3 of 14

The larvae were immersed in 75% alcohol for 2 min before being rinsed twice with sterile
water. Larvae intestines were homogenized (FA25, FLUKO, Shanghai, China) at 180 rpm
with 9 mL sterilized water. Following repeated dilutions, 0.1 mL of the mixture was
distributed over Luria–Bertani (LB) agar. Plates were incubated at 30 ◦C for 3–5 days before
colonies with distinct morphologic traits were chosen. For 48 h, the strains were cultured in
LB broth (containing 0.3% GYWP) at 30 ◦C in a shaking incubator (180 rpm). The maximum
absorbance of the fermentation broth was evaluated using a UV-visible spectrophotometer
(Persee Analytics, Beijing, China) between 400 and 700 nm to screen gardenia blue product
(GBP) bacteria. A blue pigment with a maximum absorption peak of more than 590 nm
is generally defined as a promising GBP [20]. Based on the maximum absorption peak
of fermentation broth, a bacterium strain designated as ZF2019 was selected for further
fermentation experiments.

The genomic DNA of ZF2019 was extracted with a DNA extraction kit (Tiangen,
Beijing, China) according to the manufacturer’s instructions. The 16S rDNA sequence
was amplified using universal primers (27F-5′-AGAGTTTGATCCTGGCTCAG-3′, 1492R:
5′-TACGGCTACCTTGTTACGACTT-3′). The amplified product was sequenced and blasted
against the NCBI GenBank database using the BLASTn program. Multiple sequence align-
ment was conducted using Clustal-X, and phylogenetic analysis was performed using
MEGA-X 5.0 software (version 5.0, Mega Limited, Auckland, New Zealand). A molec-
ular phylogenetic tree was constructed by the neighbor-joining method, and the self-
development test bootstrap values repeatedly obtained 1000 times were marked on the
branches to evaluate the confidence of the phylogenetic tree.

2.3. HPLC Analysis

HPLC was carried out on an Essentia LC-16 liquid chromatography system (Shimadzu,
Suzhou, China) equipped with a 600E liquid delivery system, an SIL-16 automatic injector,
and an SIL-16 UV detector. Geniposide and genipin analysis was performed on and UIti-
mate XB-C18 column (4.6 × 250.0 mm, Welch Materials Inc, Shanghai, China). Compounds
were separated from the column using a gradient elution program of acetonitrile (phase A)
and water (phase B) as mobile phase (10% A for 0 min; 10–18% A for 0–5 min; 18–38% A
for 5–8 min; 38% for 8–12 min; 38–10% A for 12–13 min; 10% A for 13–20 min) with a flow
rate of 1.0 mL/min at 35 ◦C and detected by absorbance at 238 nm. The geniposide and
genipin contents were calculated according to the calibration curve of the standards (peak
area concentration).

2.4. Effect of Carbon or Nitrogen Resources, Leu Concentrations, pH, and Incubation Times on the
Gardenia Blue Yield and the Rates of Geniposide Transformation to Genipin

Leifsonia sp. ZF2019 was cultivated overnight in LB broth at 37 ◦C with shaking
(180 rpm, 12 h). Then, 4 mL of culture was transferred to 100 mL of various fermentations
in 250 mL Erlenmeyer flasks and incubated at 37 ◦C in a shaking incubator (180 rpm, 72 h).

An initial medium (0.75% GYWP, 1% KH2PO4, 0.3% Leu, 2% glucose, and initial
pH = 7.0) was selected for Leifsonia sp. ZF2019 fermentation. To assess the effect of amino
acids on the GBP product, Leu was replaced with Lys, Gly, Arg, Glu, MSN, or Ser, and the
maximum absorption peak and absorbance were compared. To screen carbon resources,
sucrose, fructose, cellulose, or lactose was used instead of glucose. To assess the effect
of nitrogen resources on the geniposide conversion rate, 0.3% Leu, 0.3% yeast extract,
0.3% tryptone, 0.3% Leu + 0.3% (NH4)2SO4, or 0.3% Leu + 0.3% Na2NO3 were utilized as
nitrogen resources, and the geniposide conversion rate was compared. Leu concentrations
(0.3%, 0.4%, 0.5%, 0.6%, 0.7%, and 0.8%) and pH (6.0, 7.0, 8.0, 9.0, and 10.0) were also
screened. The fermentation media were sterilized at 121 ◦C for 20 min before inoculation.
After 72 h of fermentation, the gardenia blue yield and genipin transformation rate were
examined by measuring the 592 nm (Persee Analytics, Beijing, China) absorbance and
HPLC analysis, respectively.
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To investigate the influence of fermentation time on the gardenia blue yield and
genipin transformation rate, Leifsonia sp. ZF2019 were grown in the fermentation media
(0.75% GYWP, 1% KH2PO4, 0.7% Leu, and pH = 7.0) at 37 ◦C with shaking (180 rpm). Every
12 h, 4 mL of culture was withdrawn, and the 592 nm absorbance and geniposide contents
were measured. The geniposide conversion rate was expressed by the following formula:

Geniposide conversion rate (%) = (initial content of geniposide − amount of residual geniposide)/content of
initial addition of geniposide × 100%

(1)

2.5. GBP Preparation

To prepare GBP, Leifsonia sp. ZF2019 was grown in fermentation medium (0.75%
GYWP, 1% KH2PO4, 0.7% Leu, and pH = 7.0) at 37 ◦C with shaking (180 rpm). After 72 h of
incubation, the fermentation broth was centrifuged (10,000 rpm) at 4 ◦C for 20 min. The
supernatant was filtered with 0.22 µm membrane and stored at −20 ◦C for further analysis.

2.6. Screening of Macroporous Adsorbent Resins for GBP Purification

Eleven types of macroporous resins (HPD100, D4020, NKA-9, DM130, D101, HPD722,
HPD450, S-8, XAD1180, AB-8, and D113) were selected for GBP purification. Each macrop-
orous resin was successively pretreated with 95% alcohol, 5% NaOH, 5% HCl, and distilled
water in sequence. These pretreated resins (3 g) were mixed with the diluted GBP fermenta-
tion broth (30 mL) (Ab592 = 0.820). After 24 h at room temperature, the 592 nm absorbance
of the supernatant was measured, and its adsorption rate was calculated. To evaluate the
GBP desorption rate, the resin was rinsed with deionized water until it was colorless and
transparent. Then, the GBP was eluted with 10 mL of 100% ethanol three times. The eluted
GBPs were mixed, and the absorbance was measured. The adsorption and desorption rates
were computed as follows:

Adsorption rate (%) = (A0 − A1)/A0 × 100% (2)

Desorption rate (%) = (A2 − A1)/A0 × 100% (3)

where A0 is the absorbance of the GBP solution before adsorption, A1 is the concentration
of the GBP solution after adsorption, and A2 is the absorbance of the supernatant after
desorption by adsorbed resin.

2.7. GBP Purification with Macroporous Adsorbent Resins

GBP fermentation broth (Ab592 = 0.820) was mixed with selected macroporous resins
at a rate of 100 mL/10 g resin. After extensive washing with distilled water, the GBP was
eluted with 100% ethanol three times [21]. Ethanol was removed by vacuum rotary evapo-
ration at 40 ◦C. GBP was dissolved with distilled water, freeze-dried, and stored at 4 ◦C.

2.8. Comparison of the Yield and Quality of GBP Produced by Leifsonia sp. ZF2019 and Aspergillus niger

Leifsonia sp. ZF2019 and Aspergillus niger ACCC30176 (Agricultural Culture Collection
of China, Beijing, China) were cultured in fermentation media (0.75% GYWP, 1% KH2PO4,
0.7% Leu, and pH = 7.0) with shaking (180 rpm). The fermentation temperature and time
of ZF2019 and Aspergillus niger were 37 ◦C for 72 h and 28 ◦C for 120 h, respectively. After
centrifugation and filtration, the fermentation broth was divided into two parts. One was
directly freeze-dried (unpurified sample), and the other was purified with macroporous
resin as described in Section 2.6 and freeze-dried (purified sample). Finally, the GBP yield
was calculated.

The color value of the GBP was measured by a UV-visible spectrophotometer (Persee
Analytics, Beijing, China). Briefly, the purified pigment sample (0.1 g) was dissolved in
50 mL of deionized water and measured at 592 nm. The color value was calculated using
the following equation:
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E1%
1cm (592 nm) = A/(100 × c) (4)

where A is the sample absorbance, c is the sample concentration (g/mL), and E is the color
value of the pigment (1% sample concentration, 1 cm cuvette). The hue of the GBP was
measured by a CM-700d colorimeter (Konica Minolta, Tokyo, Japan). Briefly, GBPs were
diluted with distilled water to an absorbance value of A592 = 0.5 and were observed by a
1 × 10−3 m measuring aperture and a 5 mL cuvette (1 cm path length) equipped with a D65
light source and an observation angle of 10◦. Reflectance-specular included (RSIN) mode,
which measures total reflectance, including diffuse reflectance and specular reflectance, was
used. The L, a, and b values were recorded. “L” is lightness/darkness, “a” is red/green,
and “b” is yellow/blue, with negative values indicating red or yellow, respectively.

2.9. Effects of pH, Temperature, Light, and Additive Type on the Stability of GBP

The pH value of purified GBP solution (Ab592 = 0.817) (pH = 3, 5, 7, and 8.5) was
adjusted by citric acid buffer solution (0.1 mol/L) and disodium hydrogen phosphate
solution (0.2 mol/L). After 24 h in the dark, the UV absorption wavelength was scanned
with a UV-visible spectrophotometer in the range of 400–700 nm.

The GBP solution with varying pH values was prepared and heated to 60 ◦C, 80 ◦C,
and 100 ◦C for 2 h. After an ice bath, the absorbance was measured at 592 nm to calculate
the retention rate of GBP according to the following formula:

Retention rate (%) = Abs (tn)/Abs (t0) × 100% (5)

where Abs (tn) represents the absorbance value of the GBP solution after standing for t h,
and Abs (t0) represents the initial absorbance value of the GBP solution.

The GBP solution with varying pH values was prepared and exposed to a 12,000 lux
lightbox for 12 h, and the absorbance was measured at 592 nm to calculate the retention rate
according to Formula (4). Similarly, the GBP solution (pH = 7) with varying concentrations
(1.25%, 2.5%, and 5%) of oxidants and reductants (K2Cr2O7, Na2SO3, and Vc) was prepared
left to stand for 2 h, 4 h, 7 h, 11 h, and 24 h in the same environment; the GBP solution
(pH = 7.0) with varying concentrations (0.1%, 1%, and 2%) of glucose and NaHCO3 was
prepared and stored for 2 h, 7 h, 19 h, 30 h, and 42 h in the same environment; the GBP
solution (pH = 7.0) with 5 mmol/mL of various metal ions (Al3+, Ca2+, Fe3+, Fe2+, K+, Mg2+,
Cu2+, and Na+) was prepared and allowed to stand for 0.5 h, 1 h, 2 h, 4 h, and 6 h in the
same environment. The retention rates of the GBP solutions were calculated according to
Formula (4).

2.10. LC-MS Analysis

LC-MS analysis was performed in full accordance with the procedures as previously
described with UPLC-qTOF-MS (AB5500, Agilent, Santa Clara, CA, USA) [12]. In short,
GBP powder (10 mg) was dissolved in 0.5 mL of methanol and filtered through a 0.22-µm
filter membrane as a test solution. These fractions were analyzed in positive ion mode
using an HPLC (Hewlett Packard, Agilent Technologies 1290 series, Santa Clara, CA, USA)
coupled with a Waters BEH C18 120 SB-Aq 2.7 µm reversed phase column (2.1 × 50 mm,
1.7 µm, Agilent, Santa Clara, CA, USA) and a Q-ToF iFunnel 6550 mass spectrometer fitted
with an electrospray ionization (ESI) source. Mobile phase A consisted of a 0.1% (v/v)
solution of formic acid in water, and mobile phase B was methanol. The samples were
eluted with a flow rate of 0.3 mL/min following linear gradients (v/v) of mobile phases:
0–1 min, 10% B; 1–0 min, 10% B to 90% B; 9–12 min 90% B; 12–12.1 min, 90% B to 10% B;
12.1–13 min, 10% B. The mass spectrometer parameters were as follows: VCap 4000 V;
sheath gas temperature, 350 ◦C; drying gas, 12 L/min. The mass spectra acquisition range
was 50–1000 m/z.
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2.11. Statistical Analysis

All data are presented as mean ± SD. Differential analysis was performed by t-test
using SPSS, version 20.0 (IBM Corp., Armonk, NY, USA), and p < 0.05 was considered
statistically significant.

3. Results and Discussion
3.1. Leifsonia sp. ZF2019 Strain Isolation and Identification

The larvae of Artipe Eryx, a Lepidoptera pest, can feed on gardenia fruit (Figure 1a).
As geniposide is the main component of gardenia fruit, we speculated that some bacteria
in its gut might assist Artipe Eryx larvae in hydrolyzing geniposide. Here, the gut bacteria
were isolated, and five of them (designated as ZF2015-ZF2019) were selected according to
the morphological characteristics of the colonies to evaluate their GBP product capability.
Among them, strains ZF2015 and ZF2019 produced GBP in LB broth (containing 0.3%
GYWP) within 24 h (Figure 1b). The maximum absorption peak for strains ZF2019 and
ZF2015 was 593 nm and 582 nm, respectively (Figure 1c). GBP with a maximum absorption
peak of more than 590 nm is generally defined as a qualified product [20]. The results
suggest that strain ZF2019 is a potential bacterium to produce GBP. Strain ZF2019 was
selected for further examination. The morphological analysis results (Figure 1d) show that
the colonies of ZF2019 cultured at 35 ◦C for 24 h in LB were round; the overall color was
yellow; and the colonies were moist, sticky, and easy to sample. In addition, further solid
fermentation culture showed that strain ZF2019 utilized GYWP to produce GBP (Figure 1e).

To identify strain ZF2019, 16S rDNA was amplified by PCR, and its complete sequence
was analyzed and compared by BLAST [22]; furthermore, the phylogenetic tree was con-
structed by the neighbor-binding method (Figure 1e). The 16S rDNA complete sequence of
ZF2019 showed 97% homology with Leifsonia xyli (KF241145.1). Generally, a similarity of
16S rDNA genes less than 98.7% was proposed as the cutoff for species; thus, ZF2019 might
be a new species in the Leifsonia genus and was therefore named Leifsonia sp. ZF2019. The
Leifsonia genus was first discovered in 1962 and belongs to the Microbacteriaceae family;
its type species is Leifsonia aquatica (ex Leifson 1962) [23]. To date, 19 species have been
discovered in the Leifsonia genus. The subspecies of Leifsonia xyli are mainly derived from
soil. Few reports have been published on the biological functions of this type of subspecies,
and only limited reports indicate that its subspecies could asymmetrically reduce 3,5-bis
(trifluoromethyl) acetophenone to (1R)-[3,5-bis(trifluoromethyl) phenyl] ethanol [24,25].
We found that Leifsonia sp. ZF2019 could produce blue pigment using gardenia yellow
wastewater as the raw material.

3.2. Influences of Amino Acid Type, C, and N Resources on the GBP Product by Leifsonia sp. ZF2019

Generally, genipin can react with amino acids to produce blue pigments. Thus, the
type and content of amino acids can affect the color distribution and yield of the formed
blue pigment. In our current study, strain ZF2019 was found to produce β-glucosidase,
which was able to catalyze and convert geniposide to genipin. Additionally, it has been
reported that GYWP contains a large amount of geniposide [21]. Therefore, fermentation of
GYWP by strain ZF2019 is a feasible and practical method for producing GBP. As shown
in Figure 2a, GBP fermentation with Leu resulted in a bright blue color, with a maximum
absorption wavelength of 592 nm and absorbance of 0.319, indicating that Leu was an ideal
amino acid for Leifsonia sp. ZF2019 to produce GBP. It is well-known that the amino acid
metabolism of bacteria is strictly regulated, and the addition of amino acids may affect
bacterial amino acid metabolism, thus affecting growth [21]. Although further experiments
are required to confirm this phenomenon, it may explain why Leu is a better amino acid
for producing GBP.
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ZF2015 and ZF2019. (d) Morphological observation of strain ZF2019. Different letters represent dif-
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Figure 1. (a) Larvae of Artipe Eryx born inside gardenia fruits, leading to an empty fruit (nearly
30–40% empty fruit rate). (b) Color observation of GBP fermented by five strains from the larvae
of Artipe Eryx, including ZF2015~2019 in LB liquid medium. (c) UV spectra of GBP fermented by
ZF2015 and ZF2019. (d) Morphological observation of strain ZF2019. Different letters represent
different maximum absorption wavelengths. (e) Observation after GBP production by strain ZF2019
on an agar plate. (f) Phylogenetic tree of Leifsonia sp. ZF2019 and corresponding strains based on
16S rRNA analysis. The phylogenetic tree was constructed by the neighbor-joining method, and the
bootstrap value of the self-expanding test was marked on the branches 1000 times to evaluate the
confidence of the phylogenetic tree and to determine the phylogenetic relationship and taxonomic
status of the strains.
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Figure 2. (a) Categories of amino acids affected the λmax, Abs, and color of GBP in the spectrophoto-
metric study. λmax, maximum absorption wavelength of GBP; Abs, absorbance value of gardenia
blue pigment at maximum absorption wavelength. Different C sources (b) and N sources (c), Leu
content (d), medium pH (e), and reaction times (f) affected the geniposide conversion rate and GBP
maximum absorption (yield). MSG, sodium glutamate; ns, not significant.

In addition to the type of amino acids, C and N sources are also critical factors that cannot
be ignored during the fermentation of strain ZF2019 to produce GBP. Figure 2b shows the effect
of the C source on the conversion rate of geniposide and GBP yield (expressed by the absorbance
at A592) in medium. Interestingly, adding fructose, glucose, lactose, cellulose, or sucrose led to a
decrease in the conversion rate of geniposide or the GBP yield, which is probably ascribed to the
inability of these saccharides to induce β-glucosidase expression in bacteria. Organic N sources
(including yeast extract, urea, and tryptone) also decreased the conversion rate of geniposide
and the GBP yield; NaNO3 did not significantly affect the conversion rate of geniposide or the
GBP yield, whereas (NH4)2SO4 elevated the conversion rate of geniposide but reduced the GBP
yield (Figure 2c). Consistent with the results reported by Xu et al. [26], our results showed that
high-geniposide conversion and GBP could be yielded without additional C and N sources in
the medium. The cost of the culture medium is a critical factor in determining the feasibility of
the fermentation process. Because no other nutrients were added to the current fermentation
medium, production is expected to be cost-effective [26].

3.3. Antioxidant and Hepatoprotective Activity and the Influence of Leu Concentration, pH, and
Fermentation Time on the GBP Produced by Leifsonia sp. ZF2019

To further obtain a high geniposide conversion rate and GBP yield, leucine content,
fermentation pH, and fermentation time were also studied. As shown in Figure 2d, the
conversion rate of geniposide and GBP yield increased in a Leu-concentration-dependent
manner (0.3–0.8%). The conversion rate of geniposide reached 97.7 ± 0.9%, and the A592
absorbance of GBP was 0.89 ± 0.02 at 0.8% leucine concentration.

The initial pH affects the growth rate of the bacteria and the utilization rate of nutrients,
thereby affecting the production of GBP and the conversion rate of geniposide [7]. For
example, the influence of pH is shown in Figure 2e; the maximum conversion rate of
geniposide (85.40 ± 0.73%) occurred at pH = 7.0, suggesting that 7.0 was the optimum pH
for the growth and secretion of glucosidase of Leifsonia sp. ZF2019.
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Fermentation time is an essential factor affecting the quality of GBP. Poor fermen-
tation results in a low geniposide conversion rate, low production, and green color of
GBP, whereas overfermentation results in lower quality and purple color of GBP [21].
The conversion rate of geniposide and GBP yield initially increased in association with
fermentation time, but the geniposide conversion rate and the A592 value became stable
when the fermentation time exceeded 72 h (Figure 2f).

According to our data, the conversion rate of geniposide can reach 98.96 ± 0.06%
under optimized conditions (0.8% leucine, pH = 7.0, and 72 h for fermentation time).

3.4. GBP Purification by Macroporous Adsorption Resins

Eleven types of macroporous adsorption resins were employed to screen the macrop-
orous resins for Leu-based GBP purification. As illustrated in Table S1, D4020 demonstrated
the highest adsorption rate for GBP, followed by HPD450, NKA-9, XAD1180, and DM130.
D4020, HPD450, NKA-9, XAD1180, and DM130 5 resins were further evaluated, and D4020
and HPD450 resin showed the highest desorption rates. D4020 was selected as the resin for
GBP purification resin based on the combined results of adsorption and desorption rates.

3.5. Comparison of GBP Fermentation by Leifsonia sp. ZF2019 and Aspergillus niger

Aspergillus niger and its secondary metabolic enzymes are usually used to investigate
the production and synthesis of pigments [27,28]. Therefore, we compared the yield and
color scale of GBP produced by Aspergillus niger and that produced by Leifsonia sp. ZF2019
fermentation. More than 20.7 g/L crude GBP and 4.3 g/L purified GBP were obtained
from Leifsonia sp. ZF2019 fermentation, whereas the amount of crude GBP and purified
GBP obtained from Aspergillus niger fermentation was 14.5 g/L and 1.95 g/L, respectively
(Figure 3a). The crude GBP color values of Leifsonia sp. ZF2019 and Aspergillus niger
were 49 and 38, respectively. The GBP color value was improved by macroporous resin
purification, reaching 188 (Leifsonia sp. ZF2019) and 128 (Aspergillus niger) (Figure 3b). The
results reveal the excellent GBP production capability of Leifsonia sp. ZF2019.
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Figure 3. The color scale (a) and yield (b) of Leifsonia sp. ZF2019 and Aspergillus niger differed
significantly before and after purification. Three GBPs from distinct sources differed in terms of lab
color model, including L (c), a (d), and b (e) values. In the figure, 1 represents the GBP prepared
by Leifsonia sp. ZF2019 fermentation, 2 is the GBP fermented by Aspergillus niger, and 3 represents
the GBP obtained by the reaction of genipin (≥98%) with Leu. The asterisk represents a significant
difference between the groups. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant.
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To evaluate the quality of the GBP, the hue of purified GBP produced by fermentation
of Leifsonia sp. ZF2019 and Aspergillus niger were measured using a colorimeter, and the
GBP that was directly produced by genipin and Leu was used as the control. As shown in
Figure 3c–e, there was no significant difference in the color intensity (L, a, and b values)
between GBP produced by Leifsonia sp. ZF2019 and that produced by Aspergillus niger.
However, the color intensity of GBP produced by fermentation was slightly lower than
that of produced by genipin and Leu. The results reveal the excellent GBP production
capability of Leifsonia sp. ZF2019. Due to the high level of impurities in the fermentation
broth, the color value and hue of the GBP produced by fermentation are low. GBP is
usually directly synthesized from the pure geniposide or genipin. Herein, the color of GBP
produced by Leifsonia sp. ZF2019 and Aspergillus niger was comparable to the product
synthesized from pure genipin. Therefore, fermentation may be used as an alternative
method for GBP production.

3.6. Effects of pH, Temperature, and Light on GBP Physical Stability

The blue pigment formed by pure genipin was reported to be stable for treatment at
temperatures of 60–90 ◦C for as long as 10 h and under light irradiance of 5000–20,000 lux.
It was more stable under alkaline than neutral and acidic conditions [6]. However, the com-
ponents of GBP produced by the waste of GYWP are more complex than synthetic products.
Whether trace amounts of iridoid compounds other than genipin, crocitin, and flavonoids
can change the physicochemical stability of GBP remained to be clarified. Therefore, the
influence of pH, heat, light, oxidant or reluctant, some common food additives, and metal
ions on GBP stability was re-evaluated.

The effects of pH on GBP stability produced by fermentation are shown in Figure 4.
The wavelength of the maximum absorption peak of GBP was not affected by the pH, but
the corresponding absorbance value declined with decreased pH (Figure 4a). The effects of
varied pH on the stability of GBP at temperatures of 60 ◦C, 80 ◦C, and 100 ◦C and 20,000 lux
light intensity were further studied. At 60 ◦C, the color values were stable at pH = 5.0,
pH = 7.0, and pH = 8.5 within 10 h, whereas the color values decreased in a time-dependent
manner (Figure 4b). The color values decreased as the temperature increased (Figure 4b,c,d).
Nevertheless, the color value retention rate was still higher than 80% at pH = 5.0, pH = 7.0,
and pH = 8.5 within 10 h when the temperature reached 100 ◦C, indicating good stability.
In contrast, its stability at pH = 3.0 was significantly lower than at pH values above 5.0.
The influence of light irradiance on GBP stability is shown in Figure 4e,f. Although GBP
stability was partially impaired by light, it retained more than 80% of the color values after
exposure to 20,000 lux light for 72 h at pH values above 5.0. In addition, the color value
retention rate of GBP dropped sharply at pH = 3.0 for all treatments, indicating that it
might not be suitable for acidic conditions. Genipin was previously reported to be able to
undergo ring-opening polymerization or self-reaction to form genipinic acid under acidic
conditions [29], which may explain why GBP is sensitive to low pH values. As previously
reported [6], our result also showed that high temperature and light intensity impaired the
stability of GBP produced by fermentation.

3.7. Effects of Different Types of Additives on GBP Physical Stability

The impact of oxidant or reductant on GBP stability is shown in Figure 5a,d. Although
GBP was very stable with a low concentration (1.25 µg/L) of oxidant (K2Cr2O7) and
reductant (Na2SO3, and Vc), there was a decreasing trend in the color value retention
rate correlated with an increase in the concentration of oxidant or reductant. The effect of
potassium dichromate on the retention rate of GBP outweighed that of reductants, including
sodium sulfite and Vc, which can be partly explained by their degradation resulting from
oxidation [30]. However, the color value retention rate remained over 70% for 24 h.

As conventional food additives, glucose and sodium bicarbonate are widely used in
beverages and other foodstuffs. Here, the influence of glucose and sodium bicarbonate
on GBP stability was examined. As shown in Figure 5b, the GBP was relatively stable in
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the presence of glucose and sodium bicarbonate for 42 h. The effect of sodium bicarbonate
on GBP was slightly lower than that of glucose, although neither showed a concentration-
dependent relationship. Trace concentrations of metal ions may affect the stability of
gardenia blue. Eight metal ions were employed to clarify the influence of different metal
ions, and the GBP stability was compared (Figure 5c). Al3+, Fe2+, Fe3+, and Cu2+ had
a much more significant influence on the stability of GBP than Na+, K+, Ca2+, or Mg2+

metal ions, with Al3+ and Fe3+ causing the most severe damage (Figure 5d). This effect
may be due to the chelation reaction of Fe3+ with the amino acid residues of gardenia
blue followed by precipitation, which disrupts the structure of gardenia blue pigment and
causes discoloration. Furthermore, Fe2+ and Cu2+ may form complexes with gardenia
blue pigment via coordination bonds, resulting in solution discoloration. Similarly, Al3+

and Fe3+ exhibit anthocyanin-like actions. Zhang et al. [31] reported that Al3+ and Fe3+

negatively influenced anthocyanins and diminished their stability.
Collectively, GBP produced by fermentation showed comparable physicochemical

stability to that directly synthesized by genipin.
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Figure 5. (a) Varying concentrations of oxidant and reductant decreased the retention rate of GBP. (b) Varying
concentrations of glucose and sodium bicarbonate reduced the retention rate of GBP. (c) The coexistence of
various metal ions reduced the retention rate of GBP. (d) Schematic diagram of GBP degradation.

3.8. Molecular Formula Analysis

The secondary MS spectra of the purified GBP eluent are shown in Figure 6 and
Figure S1. Through LC-MS analysis, four compounds were identified: compound 1, com-
pound 2, compound 3, and compound 4. The results reveal that the molecular formulae
of compound 1, compound 2, compound 3, and compound 4 are C6H13NO2, C17H24O10,
C11H14O5, and C37H45N2O8, respectively. According to current experimental results com-
bined with literature reports [14], we estimated that component 1, component 2, component
3, and component 4 were presumably leu, geniposide, genipin, and GBP, respectively. Be-
cause C37H45N2O8 is not listed in the Dictionary of Natural Products [32], we preliminarily
speculate that the obtained GBP is a novel natural blue pigment.
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4. Conclusions

In this study, a novel bacterial strain, Leifsonia sp. ZF2019, was isolated from the larvae
of a pest of Gardenia jasminoides Ellis fruits that can be used to prepare GBP from GYWP.
Leifsonia sp. ZF2019 was identified by morphological and bioinformatic methods. The fer-
mentation media and conditions were screened. Under optimal conditions, the conversion
rate of geniposide reached 98%, and the yield and color scale of GBP were higher than
those prepared by Aspergillus niger. GBP was purified by D4020 macroporous adsorbent
resin, and the influence of pH, temperature, light, oxidant and reductant, conventional
food additives, and metal ions on its stability was evaluated. GBP produced by Leifsonia sp.
ZF2019 fermentation showed similar stability to that of GBP directly synthesized from pure
genipin. LC-MS revealed that the molecular formula of GBP was C37H45N2O8. Collectively,
our data suggest that preparing GBP by Leifsonia sp. ZF2019 fermentation represents an al-
ternative method for blue pigment production with multiple advantages, including simple
operation, mild conditions, suitable fermentation period, high yield, high conversion rate,
and low cost.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fermentation8100503/s1, Figure S1: Compound chromatograms of
the purified GBP eluent; Table S1: Different resins affected the adsorption and resolution rates of GBP
prepared by Leu fermentation.
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