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Abstract: The tea plant is a vital strategic forest resource in China. Dark tea produced from its leaves
is an indispensable health-promoting product in western China due to its unique lipid-lowering
function. Eurotium cristatum is the dominant strain in Fuzhuan brick tea (a variety of Anhua dark tea)
and could produce many functional components, including lovastatin, a lipid-lowering compound.
In this study, the lovastatin yield of dark tea was improved by breeding Eurotium cristatum using
the protoplast fusion method. The experiments were carried out by inducing a fusion between
inactivated Eurotium cristatum JH1205 and Monascus CICC5031. Among the 92 fusants screened
the HPLC method, four strains (A4, A36, A54, and A76) with higher lovastatin production (more
than three times as high) were obtained. The A76 strain had the highest lovastatin yield, which was
23.93 µg/mL. The location of the tea forest strongly influenced the lovastatin yield of loose dark tea.
The strain bred in this study improved the lovastatin yield of loose dark tea by more than three times
when compared to wild Eurotium cristatum. These results are promising for the development of tea
forest resources.

Keywords: lovastatin; protoplast fusion; Eurotium cristatum; dark tea

1. Introduction

The beverage known as tea holds a prominent position in Chinese culture. Tea
consumption in China dates back approximately 5000 years, and today, China stands as the
world’s foremost tea producer. Originally, tea was crafted from the leaves of the Camellia
sinensis L. plant species [1–3]. People make tea by steeping tea leaves in hot water. In
addition to Camellia sinensis L., Chinese people also drink water with pieces of leaves
from other plants (Eucommia ulmoides Oliver, Morus alba), flowers (honeysuckle, Rosa spp.,
chrysanthemum), and fruit (lemon, Matrimony vine, sterculia scaphigera), which is known
as specialty tea, scented tea, and fruit tea, respectively [4–6]. In China, vast forests harbor
a variety of plant species. One essential forest product is tea, which can be produced
by harvesting leaves, flowers, and fruit from various plants grown in these forests. The
economic benefits of tea production using forest plants far surpass those of forest logging.
Tea, specifically Camellia sinensis L., has become a prominent forest crop with a significant
economic role in China. According to statistics from the International Tea Commission, the
global tea output in 2020 reached 6.269 million tons, with China contributing a substantial
2.986 million tons, constituting 47.6% of the global total. Also, tea products are an important
part of the forestry industry in poor mountainous areas of China.
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The Camellia sinensis L. plant is a significant forest economic resource due to the high-
value tea products made from its leaves [7,8]. There are six categories of tea in China,
based on their manufacturing processes and special characteristics, namely green tea,
white tea, yellow tea, oolong tea, black tea, and dark tea. Dark tea is a post-fermented tea
with increasing popularity due to its potential health benefits. Its health benefits include
antioxidant activity, antiobesity activity, antidiabetic activity, cardiovascular protective
activity, and so on. In addition, researchers have found that in diet-induced obese animals,
body weight gain and fat accumulation can be prevented by feeding them dark tea extracts
(pu-erh and Fuzhuan brick tea) or components [9–13]. Moreover, extracts from Eurotium
cristatum have been found to exhibit hypolipidemic effects [14,15]. However, the potential
health benefits of dark tea, including its lipid-lowering effect, are strongly influenced
by microorganism species [16,17]. Hence, an investigation of the effect of fungi on the
quality of dark tea could provide insights into the development of new dark teas with
various health benefits and lay the foundation for the efficient use of tea forest resources in
China [18,19].

Chinese Fuzhuan brick tea is one of the most significant and unique varieties of
dark tea due to its manufacturing process and dominant fungus. Eurotium cristatum is
the dominant fungus involved in the production of Chinese Fuzhuan brick tea [20–25].
The sensory properties and health benefits of Fuzhuan brick tea mainly depend on the
transformation of the tea leaf constituents by their dominant fungus. Hence, the content
and metabolites of Eurotium cristatum are essential for evaluating the quality of Fuzhuan
brick tea. The lipid-lowering effect and antiobesity activity of dark tea are related to its
polysaccharides, polyphenols, amino acids, and some active small-molecule substances,
such as lovastatin (<20 µg/g) [6]. Lovastatin, a widely used lipid-lowering drug [26–28],
has been detected in the fermentation broth of Eurotium cristatum. Lovastatin is the principal
active substance in Monascus spp. and Aspergillus terreus fermentation products [29,30]. As
a result, the biosynthetic pathway and gene cluster composition of lovastatin have been
thoroughly studied in Monascus spp. and Aspergillus terreus. Also, other aspergillus species,
such as Eurotium cristatum, Aspergillus niger, Aspergillus terreus, Aspergillus flavus, etc., can
produce lovastatin [31,32]. However, the yield of lovastatin in Eurotium cristatum is very
low [33–36]. For instance, a small quantity of lovastatin (<10 µg/mL) is produced by wild
Eurotium cristatum [12]. Therefore, the breeding of Eurotium cristatum is needed to enhance
the yield of lovastatin, thereby increasing the hypolipidemic effects of Fuzhuan brick tea.

Protoplast fusion is an effective way to construct genetically engineered strains [37].
It is also frequently used in microorganism breeding for the large-scale enhancement of
metabolite yields. After protoplast fusion, a high strain recombination frequency commonly
occurs due to the two genomes coming from their parents [38]. In order to improve
the success rate of recombinant separation, parental protoplasts are inactivated through
physical or chemical methods [39,40]. A higher inactivation rate could also increase the
recombination frequency. For instance, a two- to ten-fold rate increase can be obtained
when the survival rate of parental protoplasts is 0.1%.

Therefore, this study induced a protoplast fusion between Eurotium cristatum JH1205
and Monascus CICC5031 (lovastatin production > 100 µg/mL) to produce breeding re-
combinants in order to improve the yield of lovastatin in Eurotium cristatum strains and
increase the antiobesity activity of loose dark tea. A 99% inactivation ratio of parental
protoplasts was used for screening for potential fusants. The influence of the fermentation
conditions on lovastatin production and that of the source of tea samples on the lovastatin
concentration in loose dark tea were also investigated. Furthermore, the organs responsible
for lovastatin production in four fusants and Eurotium cristatum JH1205 were studied.
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2. Materials and Methods
2.1. Microorganisms and Culture Conditions

Eurotium cristatum JH1205 was separated from dark tea and saved at the Hunan Provin-
cial Key Laboratory of Dark Tea and Jin-hua (Yiyang, China). Monascus CICC5031 was ob-
tained from the China General Microbiological Culture Collection Center (Beijing, China).

Eurotium cristatum JH1205 and Monascus CICC5031 were maintained on a potato dextrose
agar (PDA) medium. The seed medium is a PDA medium containing an additional 10%
sucrose, while the lovastatin production medium is a PDA medium containing an additional
5% sucrose. The rotation speed and temperature were 120 r/min and 28 ◦C, respectively.

2.2. Production of Protoplasts from Eurotium cristatum and Monascus spp.

The inoculum of Eurotium cristatum JH1205 and Monascus CICC5031 was prepared by
separating the spores from a PDA solid medium. Then, 1 mL of spore (the concentration
was 107/mL) was added to 100 mL of a PDA fluid medium and cultured at 28 ◦C with
a rotation speed of 100 rpm. After 6 days, the fermentation broth was centrifuged for
20 min at 3000 rpm and 4 ◦C. The liquid supernatant was discarded, and the sediment
was washed three times with 0.1 M of phosphate buffer (pH 6.6). The washed wet mycelia
was collected by passage through 4 layers of degreased gauze. The collected mycelia
(3 g) were treated with 2.0% lywallzyme and 0.5% snailase in 0.1 M of phosphate buffer
and incubated in a water bath shaker (100 rpm) at room temperature. After 3 h, all treated
cells were filtered through sterile cotton, washed with phosphate buffer, and centrifuged
at 500 rpm. The obtained protoplasts were washed three times with phosphate buffer
and immediately resuspended in the osmotically stabilized buffer. The age of mycelia (4
to 12 days) and the concentration of lywallzyme and snailase (Table 1) were optimized
for protoplast production. The concentration of the protoplasts was determined using a
blood-counting chamber. The protoplasts were observed through a microscope (×400).

Table 1. Concentration of enzyme.

Lywallzyme Snails

1% 0.3%
1% 0.5%
1% 0.7%

1.5% 0.5%
2% 0.5%

2.5% 0.5%

2.3. Protoplast Fusion and Regeneration

The fusogen solution was polyethylene glycol (PEG, whose molecular weight is
6000, Sangon Biotech Co., LTD, Shanghai, China). PEG was prepared at 30% (v/v) in
phosphate buffer (pH 6.6). The protoplasts were incubated in a 60 ◦C water bath to inhibit
their regeneration ability. The protoplasts of Eurotium cristatum and Monascus spp. were
inactivated through heating in a 60 ◦C water bath for 35 and 30 min, obtaining a survival
rate lower than 0.1%. The survival rate of protoplasts was determined via the agar plate
dilution method. The following formula was used to determine the inactivation ratio
of protoplasts:

%Inactivation ratio = (1 − (No. of growing colonies on PDA)/(No. of initial proto-
plasts)) × 100%

Then, 1 mL of inactivated parent protoplasts (105 mL−1) was added to 1 mL of fusogen
solution and incubated at 28 ◦C for 20 min. The fused protoplasts were added to a PDA
fluid medium with 1.2 M of sorbitol for regeneration. The regeneration was carried out after
incubation at 28 ◦C for 24 h. The regenerated cells were spread on a solid PDA medium
and then incubated at 28 ◦C for 3–7 days. The potential fusants’ strains were screened and
labeled based on their colonial morphology. The fusants were stored on a PDA agar plate
at 4 ◦C.
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2.4. Production of Ascocarp, Ascospore, and Conidium from Eurotium cristatum

The tea sample (20 g) was sterilized at 121 ◦C for 20 min and inoculated with 2 mL
of the Eurotium cristatum JH1205 strain or fusants. The inoculated tea sample was then
incubated at 28 ◦C for 10 days. The fermented loose dark tea was stored in a ventilated
and dry environment. The ascocarp was separated from the loose dark tea using degreased
gauze. The ascospore was separated from the ascocarp and broken via ultrasonics at 600 W
for 10 min. The conidium was formed in a hyperosmotic solution. A 2 mL seed solution was
added to 100 mL of the PDA medium containing 15% sucrose and 10% sodium chloride,
followed by stationary culture at 28 ◦C for 8 days. After fermentation, the conidium was
separated from the mycoderm using degreased gauze and dried in a baking oven.

2.5. Lovastatin Production by Eurotium cristatum JH1205, Monascus CICC5031 and Fusants

Eurotium cristatum, Monascus CICC5031, and fused mutants were first cultured in a
seed medium for fermentation. After incubation at 28 ◦C for 5 days, 2 mL of seed solution
was added to 100 mL of sterilized fermentation medium and inoculated at 32 ◦C and
120 rpm. Except for one instance, lovastatin production was detected after 8 days.

The fermentation time, carbon source, rotation speeds, and temperature were opti-
mized for lovastatin production by Eurotium cristatum JH1205 and four strains (A4, A36,
A54, and A76). The lovastatin concentration in the fermentation broth was detected at 4, 6,
8, 10, and 12 days. The additional 5% sucrose in the lovastatin production medium was
replaced by glucose, maltose, lactose, and soluble starch, respectively. The concentration of
soluble starch was changed from 2 to 12 g/100 mL. The rotation speed and temperature
were 0 to 160 r/min and 24 to 40 ◦C, respectively. The lovastatin concentration in the
fermentation broth was detected after 8 days.

2.6. Loose Dark Tea Produced by Breeded Eurotium cristatum
2.6.1. Tea Leaf Collection Area in the Anhua Tea Forest

Tea leaves were collected from Anhua County (110◦–112◦ E, 27◦–29◦ N), with abundant
tea forest resources. The original tea samples from four tea production areas were selected
to produce loose dark tea. The four selected tea forests are representative tea production
areas in Anhua County due to their climatic conditions, geological conditions, tea varieties,
fresh leaf harvesting method, and commercial value. These areas are Yuntai Mountain
(111◦02′ E, 28◦37′ N), Furong Mountain (111◦45′ E, 28◦10′ N), Gaojia Mountain (111◦45′ E,
28◦10′ N), and Wulong Mountain, with a corresponding maximum elevation of 1.3 km,
1.4 km, 1.2 km, and 0.8 km.

2.6.2. Loose Dark Tea Production

The tea sample (20 g) was sterilized at 121 ◦C for 20 min and inoculated with 2 mL
of fungal suspension (107 CFU/mL). Four fusants (A4, A36, A54, and A76) and wild
Eurotium cristatum were used to ferment the tea at 28 ◦C for 10 days. The humidity during
fermentation was maintained at 80%. After fermentation, the fermented loose dark tea was
dried at 40 ◦C for 2 h and stored in a ventilated and dry environment.

2.7. Extraction of Lovastatin

The fermented broth was centrifuged at 3000 rpm, and the mycelium (2 g) was treated
with 10 mL of 95% ethanol for 2 h. Then, 5 mL of the mixture was added to 5 mL of
95% ethanol for 2 h of extraction. Also, 2 g of ascocarp was suspended in 5 mL of water
and broken via ultrasonics at 600 W for 10 min. The solution of broken ascocarp was
centrifuged at 2500 rpm. The liquid supernatant was added to 5 mL of ethanol (95%) for 2 h
of extraction. The sediment was resuspended in 5 mL of water and filtered through 4 layers
of gauze. The filtrates were dried in a baking oven to obtain the ascospores. Ascospore or
conidium (5 mL, 108/mL) was broken using the glass bead-beating method and extracted
with 5 mL of ethanol (95%) for 2 h. Then, 10 mL of 95% ethanol was added to 2 g of dark
tea powder, which was then extracted at 100 r/min for 30 min.
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2.8. Determination of Lovastatin

The lovastatin extracts were filtered through a 0.2 µm filter membrane and then
measured using an HPLC system at 238 nm. The column type is EC-C18 chromatography
(2.1 × 50 mm, impacted PEEK-lined stainless steel columns) purchased from Agilent
Technologies Co., Ltd. (Santa Clara, CA, USA). An isocratic mobile phase of methanol and
water in an 85:15 (v/v) ratio was used. The flow rate was 0.8 mL/min at 25 ◦C. Compared
with standard lovastatin, the error in the retention time of lovastatin in the fermentation
broth should be lower than 5%. All the above experiments were repeated three times, and
the results were averaged.

2.9. Statistical Analysis

For all experiments, samples were selected randomly and repeated at least three times.
All statistical analyses were performed using SPSS (Statistical Product and Service Solutions)
22.0 statistical software (IBM Corp., Armonk, NY, USA). Values were presented as the
mean ± standard deviation. For multi-group comparisons, p values were derived from a one-
way analysis of variance (ANOVA). The p values < 0.05 were considered statistically significant.

3. Results and Discussion
3.1. Preparation, Fusion, and Regeneration of the Parent Protoplasts

The maximum number of protoplasts in Eurotium cristatum and Monascus was obtained
by considering several conditions, such as the concentrations of lywallzyme and snailase,
which are the enzymes used in breaking down the cytoderm. It was found that the
optimal concentrations of lywallzyme and snailase were 2.0% and 0.5%, and the protoplast
concentrations of Eurotium cristatum and Monascus spp. were 5.3 × 105 and 8.5 × 105,
respectively (Table 2). The age of Mycelia was also tested, resulting in different optimal
ages for the preparation of the Eurotium cristatum and Monascus protoplasts. With 6 d of
mycelia, the maximum number of protoplasts released from Monascus spp. mycelia was
8.5 × 105, whereas 8 d of mycelia resulted in Eurotium cristatum protoplasts of 1.2 × 106.
The two parents’ protoplasts were spheres and pigment-free (Figure 1), with Eurotium
cristatum protoplasts having a larger diameter than those released from Monascus spp.

Table 2. Conditions for protoplast production.

No. of Protoplasts (per mL)

Age of Mycelia (d) Eurotium cristatum
JH1205 Monascus CICC 5031

4 (4.1 ± 0.2) × 105 (6.1 ± 0.3) × 105

6 (5.3 ± 0.1) × 105 (8.5 ± 0.2) × 105

8 (1.2 ± 0.3) × 106 (7.6 ± 0.1) × 105

10 (8.3 ± 0.2) × 105 (6.1 ± 0.1) × 105

12 (2.4 ± 0.1) × 105 (3.9 ± 0.2) × 105

Concentration of enzyme

lywallzyme snails

1% 0.3% (1.1 ± 0.1) × 105 (1.2 ± 0.2) × 105

1% 0.5% (2.2 ± 0.2) × 105 (2.4 ± 0.1) × 105

1% 0.7% (2.6 ± 0.1) × 105 (2.7 ± 0.2) × 105

1.5% 0.5% (3.7 ± 0.2) × 105 (5.1 ± 0.4) × 105

2% 0.5% (5.3 ± 0.2) × 105 (8.5 ± 0.5) × 105

2.5% 0.5% (5.0 ± 0.4) × 105 (7.9 ± 0.4) × 105
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Potential fusants were selected by inactivating protoplasts, preventing the protoplast
cells from regenerating. Meanwhile, the potential fusants possess abilities because they
contain two genomes from Eurotium cristatum and Monascus spp. To easily select potential
fusants, the protoplast inactivation ratio should be above 99.9%. In this research, proto-
plasts were inactivated in a 60 ◦C water bath. As shown in Table 3, after incubating at
60 ◦C, the optimal inactivation time of the Eurotium cristatum JH1205 and Monascus CICC
5031 protoplasts was 35 and 30 min, respectively.

Table 3. Inactivation ratio of protoplasts treated with 60 ◦C water bath.

Time (min) Eurotium cristatum (%) Monascus spp. (%)

15 89.5 ± 0.3 85.1 ± 0.4
20 92.2 ± 0.4 93.2 ± 0.2
25 94.6 ± 0.2 96.5 ± 0.3
30 98.4 ± 0.3 99.9 ± 0.1
35 99.9 ± 0.1 100

Fusion between the inactivated protoplasts of Eurotium cristatum and Monascus spp.
was carried out to improve the production of lovastatin in Eurotium cristatum. The fusion
between the protoplasts occurred in the PEG fusogen solution. After inactivation and fusion,
the protoplast solution was incubated for 5 d at 28 ◦C. The obtained fusants presented
various colony morphologies in the PDA medium. Some of those had similar morphologies
to Eurotium cristatum but did not produce red pigment. Based on the different morphologies,
putative recombinant strains were collected for further cultivation, of which 92 fusants
were selected to analyze lovastatin production in their fermentation broth using HPLC.

3.2. Comparison of the Lovastatin Yield of Fusant with the Parent Strains

All strains were cultivated in a PDA medium. After 8 days of cultivation at 28 ◦C,
lovastatin production by Eurotium cristatum, Monascus spp., and fusant was analyzed using
HPLC. As shown in Figure 2, the A76 fusant and Eurotium cristatum JH1205 produced a
component with a similar retention time of 7.85 min compared with the standard lovastatin
solution. This indicates that the two strains could produce lovastatin and that the lovastatin
yields of the A76 fusant were enhanced compared to those of the wild Eurotium cristatum
strain JH1205. Moreover, variation was found in some metabolites in the A76 fusant due to
its diploid chromosome. For instance, the yield of the metabolites at retention times of 4.5
and 10.3 min increased. In addition, a new metabolite could be detected at a retention time
of 12.3 min.
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The selected 92 fusants produced lovastatin with different yields. Compared to
Eurotium cristatum JH1205, more than 41% of the fusants exhibited higher lovastatin produc-
tion (Table 4). Furthermore, the lovastatin yield of the four fusants (A4, A36, A54, and A76)
was thrice that of Eurotium cristatum JH1205. Eurotium cristatum and Monascus spp. could
produce yellow and red pigments, respectively. Most of the fusants had a yellow colony
morphology. However, the fusants with red pigment produced higher lovastatin produc-
tion. Among the four fusants with the highest increased level of lovastatin production,
two fusants had a yellow colony morphology (A54 and A76), similar to Eurotium cristatum.

Table 4. Increased level of lovastatin production in fusants compared to Eurotium cristatum JH1205.

Increased Level (%) No. of Strains (Total = 92) No. of Strains with Yellow Colony

Above 300 4 2
200–299 13 3

1–199 21 16
Decreased 54 42

The four fusants and their parents were cultivated in a production medium. The re-
sults showed that all the fusants were able to produce more lovastatin compared to their
parents. The strains A4, A36, A54, and A76 increased the lovastatin yield by 324.3%, 365.24%,
351.03%, and 369.87% compared to that of the wild-type Eurotium cristatum strains, respectively
(Figure 3). The A76 fusant produced the highest lovastatin yield of 23.93 µg/mL.
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The organ for lovastatin production using fusants (A4, A36, A54, and A76) and
Eurotium cristatum JH1205 was investigated. As shown in Figure 4, the yields of lovastatin
produced by the fusants in mycelium, ascospore, ascocarp, and the fermentation broth
were higher than those of wild Eurotium cristatum JH1205. However, the level of increase
varies between organs, depending on the strain type. For instance, the lovastatin yields in
mycelium, conidium, and the fermentation broth for the A4 fusant were enhanced by more
than twice that of the ascocarp and ascospore media. In conidium, the lovastatin produced
by the A36 fusant was the same as that produced by wild Eurotium cristatum JH1205, while
that of the A54 fusant was ten times higher. Interestingly, the A76 fusant could produce
more lovastatin in all the media used; hence, it was chosen for further studies.
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Figure 4. Lovastatin production by JH1205 and four fusants in different organs. Strains were
fermented at 28 ◦C for 8 days. The propagule includes sexual propagule (ascospore and ascocarp)
and asexual propagule (conidium). The error bars are standard deviations.

3.3. Influences of Fermentation Parameters on Lovastatin Production by JH1205 Strain and
Four Fusants

A detailed fermentation parameter study of lovastatin production was performed on
the JH1205 strain and four fusants. Initially, the influence of the fermentation time on the
lovastatin produced by Eurotium cristatum JH1205 and the four fusants was studied. The
fermentation profiles for incubation time are presented in Figure 5, which also confirmed
that the four fusant strains could produce thrice the amount of lovastatin compared to
Eurotium cristatum JH1205. Like Eurotium cristatum JH1205, the lovastatin yield of the
four fusants reached its maximum value at 8 days and plateaued. These results indi-
cated that lovastatin was no longer produced in the late fermentation process due to the
consumption of nutrients in the fermentation broth.
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Figure 5. Time profile of lovastatin production by the Eurotium cristatum JH1205 strain and four
fusants on PDA fluid medium at 28 ◦C. The lovastatin concentration was detected in the fermentation
broth. The error bars are standard deviations.

To investigate the effect of different carbohydrate sources on lovastatin production,
5% monosaccharides, disaccharides, and polysaccharides were added to the PDA medium.
As shown in Figure 6A, the carbohydrate source strongly influenced the lovastatin yields.
Maltose and soluble starch were the best for lovastatin production, with approximately
twice the yield compared to lactose. The effect of soluble starch concentration on lovastatin
production has also been studied. The yield of lovastatin improved with an increase in
the soluble starch concentration below 8% (Figure 6B). A maximum of 23.93 µg/mL of
lovastatin was produced by adding 8% soluble starch.
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The obtained fusants were used to ferment tea samples in order to maximize the 
value of the tea forest resource and improve the yield of lovastatin in loose dark tea. The 
original tea samples were purchased from different tea production areas under different 
climatical and geological conditions in Anhua County. The four famous tea forests were 
Yuntai Mountain, Furong Mountain, Gaojia Mountain, and Wulong Mountain. As shown 
in Figure 7A, the tea sample location strongly affected the lovastatin yield in loose dark 
tea. Among the four tea production areas, the tea sample from Yuntai Mountain produced 
loose dark tea with a lower lovastatin concentration. The lovastatin concentration in loose 
dark tea produced by tea samples from Furong Mountain and Gaojia Mountain was over 
10 μg/g. Compared with other tea production areas, Wulong Mountain loose dark tea had 
the lowest lovastatin yield when fermented by wild Eurotium cristatum. Also, the type of 
Eurotium cristatum strains significantly influenced the lovastatin yield in loose dark tea. 
Compared with wild Eurotium cristatum, the bred strain improved lovastatin yield in loose 
dark tea. The A54 and A76 strains could produce adequate lovastatin concentrations in 
most tea samples.  

The biochemical content of tea leaves is subject to seasonal variations. In the spring, 
the biochemical content of tea leaves is richer because of moderate temperatures, abun-
dant rainfall, and a lengthy break from winter. Due to the hot summer weather, the shoots 
of the tea plants grow rapidly, resulting in a decrease in amino acids and vitamins in the 
tea leaves. Whereas in the autumn, the mild climate with insufficient rainfall results in 
poor contents in the leaves after being picked in the spring and summer. To study the 
effect of the leaf-picking time on lovastatin production in loose dark tea, fresh leaves were 
picked in April, July, and October. As shown in Figure 7B, the leaf-picking time highly 
affected the lovastatin yield in loose dark tea. The tea samples picked in April produced 
loose dark tea with higher lovastatin concentrations. This result was attributed to the 
richer biochemical content of the tea leaves. The tea harvest in spring is generally lower. 
To obtain dark tea with higher lovastatin concentrations and a lower cost, a few spring-
picked leaves can be added to summer-picked leaves. Furthermore, dark tea produced 
from blended tea leaves will have a distinct flavor. 

Figure 6. Influence of additional carbohydrate sources on lovastatin production (A,B). The
A76 fusants were fermented at 28 ◦C for 8 days. Influence of temperature (C) and rotation speed (D)
on lovastatin production. The A76 fusants were fermented for 8 days. The lovastatin concentration
was detected in the fermentation broth. The error bars are standard deviations.

Temperature influences the enzyme activity of microorganisms, affecting their growth
and secondary metabolite accumulation. The highest lovastatin yield (26.67 µg/mL) was
achieved at 32 ◦C, and a further increase in temperature reduced the lovastatin yield
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(Figure 6C). Since Eurotium cristatum is an aerobic fungus, the rotation speed was adjusted
to control the dissolved oxygen in the fermentation broth. As shown in Figure 6D, the
highest lovastatin yield was achieved at 120 r/min.

3.4. Loose Dark Tea Produced by Bred Eurotium cristatum Using Tea Forest Resources from
Different Locations

The obtained fusants were used to ferment tea samples in order to maximize the
value of the tea forest resource and improve the yield of lovastatin in loose dark tea. The
original tea samples were purchased from different tea production areas under different
climatical and geological conditions in Anhua County. The four famous tea forests were
Yuntai Mountain, Furong Mountain, Gaojia Mountain, and Wulong Mountain. As shown
in Figure 7A, the tea sample location strongly affected the lovastatin yield in loose dark
tea. Among the four tea production areas, the tea sample from Yuntai Mountain produced
loose dark tea with a lower lovastatin concentration. The lovastatin concentration in loose
dark tea produced by tea samples from Furong Mountain and Gaojia Mountain was over
10 µg/g. Compared with other tea production areas, Wulong Mountain loose dark tea had
the lowest lovastatin yield when fermented by wild Eurotium cristatum. Also, the type of
Eurotium cristatum strains significantly influenced the lovastatin yield in loose dark tea.
Compared with wild Eurotium cristatum, the bred strain improved lovastatin yield in loose
dark tea. The A54 and A76 strains could produce adequate lovastatin concentrations in
most tea samples.
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Figure 7. Influence of tea tree location (A) and picking time (B) on lovastatin production in loose 
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are loose dark teas fermented by the A76, A54, and A36 fusants, respectively. Gao, Fu, Yun, and Wu 
stand for tea samples collected from the Gaojia Mountain, Furong Mountain, Yuntai Mountain, and 
Wulong Mountain tea production areas. The error bars are standard deviations. 

4. Conclusions 
The protoplast fusion technique was used to improve the lovastatin yield of wild-

type Eurotium cristatum strains, with Eurotium cristatum JH1205 and Monascus CICC5031 
being the parent strains. Several haploid progenies isolated from numerous recombinants 
exhibited higher lovastatin production by fermentation, accounting for more than 41% of 
the obtained fusants. In addition, 18% of the fusants had over a two-fold increase in lovas-
tatin production. Compared to that of Eurotium cristatum JH1205, the strains A4, A36, A54, 
and A76 showed dramatic improvements in lovastatin production of 324.3%, 365.24%, 
351.03%, and 369.87%, respectively. In addition, the strains A54 and A76 showed similar 
morphological properties to Eurotium cristatum JH1205 due to their yellow colony. The tea 
sample location and type of Eurotium cristatum strains strongly influenced the lovastatin 
yield in loose dark tea. A maximum lovastatin yield of over 10 μg/g was obtained using 
original tea samples from different tea production areas. Compared with wild Eurotium 
cristatum, our bred A54 strain had over a three-fold increase in lovastatin yield in loose 
dark tea produced from Wulong Mountain tea samples. This study demonstrated that 
protoplast fusion technology is a powerful tool for increasing lovastatin yields in Eurotium 
cristatum and its fermented loose dark tea. In the future, the lipid-lowering effects and 
safety of our fermented loose dark tea will be investigated through animal experiments.  
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Figure 7. Influence of tea tree location (A) and picking time (B) on lovastatin production in loose
dark tea. The ck represents loose dark tea fermented by wild Eurotium cristatum. A76, A54, and A36
are loose dark teas fermented by the A76, A54, and A36 fusants, respectively. Gao, Fu, Yun, and Wu
stand for tea samples collected from the Gaojia Mountain, Furong Mountain, Yuntai Mountain, and
Wulong Mountain tea production areas. The error bars are standard deviations.

The biochemical content of tea leaves is subject to seasonal variations. In the spring,
the biochemical content of tea leaves is richer because of moderate temperatures, abundant
rainfall, and a lengthy break from winter. Due to the hot summer weather, the shoots of
the tea plants grow rapidly, resulting in a decrease in amino acids and vitamins in the tea
leaves. Whereas in the autumn, the mild climate with insufficient rainfall results in poor
contents in the leaves after being picked in the spring and summer. To study the effect of
the leaf-picking time on lovastatin production in loose dark tea, fresh leaves were picked in
April, July, and October. As shown in Figure 7B, the leaf-picking time highly affected the
lovastatin yield in loose dark tea. The tea samples picked in April produced loose dark tea
with higher lovastatin concentrations. This result was attributed to the richer biochemical
content of the tea leaves. The tea harvest in spring is generally lower. To obtain dark tea
with higher lovastatin concentrations and a lower cost, a few spring-picked leaves can be
added to summer-picked leaves. Furthermore, dark tea produced from blended tea leaves
will have a distinct flavor.
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4. Conclusions

The protoplast fusion technique was used to improve the lovastatin yield of wild-
type Eurotium cristatum strains, with Eurotium cristatum JH1205 and Monascus CICC5031
being the parent strains. Several haploid progenies isolated from numerous recombinants
exhibited higher lovastatin production by fermentation, accounting for more than 41%
of the obtained fusants. In addition, 18% of the fusants had over a two-fold increase in
lovastatin production. Compared to that of Eurotium cristatum JH1205, the strains A4, A36,
A54, and A76 showed dramatic improvements in lovastatin production of 324.3%, 365.24%,
351.03%, and 369.87%, respectively. In addition, the strains A54 and A76 showed similar
morphological properties to Eurotium cristatum JH1205 due to their yellow colony. The tea
sample location and type of Eurotium cristatum strains strongly influenced the lovastatin
yield in loose dark tea. A maximum lovastatin yield of over 10 µg/g was obtained using
original tea samples from different tea production areas. Compared with wild Eurotium
cristatum, our bred A54 strain had over a three-fold increase in lovastatin yield in loose
dark tea produced from Wulong Mountain tea samples. This study demonstrated that
protoplast fusion technology is a powerful tool for increasing lovastatin yields in Eurotium
cristatum and its fermented loose dark tea. In the future, the lipid-lowering effects and
safety of our fermented loose dark tea will be investigated through animal experiments.
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