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Abstract

Beta-carotene, a natural plant pigment belonging to the carotenoid family, is one of the most important
carotenoids. It is widely used as a precursor of vitamin A in pharmaceuticals, food, feed, and other
applications. Due to its high capacity for carotenoid production, the heterothallic fungus Blakeslea
trispora is considered one of the main biological sources of these compounds. Trisporic acids act as
sexual hormones between the two mating types and are key regulators of carotenoid biosynthesis. This
study used an adaptive laboratory evolution (ALE) approach involving selective pressure with
imidazole to develop new strains of this mold. The results showed that one of the adapted strains
exhibited a significant increase in the expression of genes involved in carotenoid biosynthesis. These
genes included carRA, which encodes lycopene cyclase and phytoene synthase; carG, which is
involved in geranylgeranyl pyrophosphate synthase, and Sr5AL, which is a key gene related to the
trisporic acid response. Regardless of the presence of exogenously added trisporic acids, a 2.5-fold
increase in Sr5AL transcription positively influenced B-carotene production in one of the imidazole-
adapted strains. These results suggest that B-carotene producing strains could be optimized using
evolutionary approaches combined with controlled stress conditions.
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Introduction

Carotenoids are a diverse group of naturally occurring pigments responsible for the yellow, orange, and red
coloration of plants, algae, and microorganisms. Beyond their aesthetic and industrial applications, carotenoids,
particularly B-carotene, play essential biological roles as antioxidants and vitamin A precursors. Humans cannot
synthesize B-carotene, necessitating its dietary intake from natural or synthetic sources. However, concerns about
the safety of synthetic food additives have led to a significant increase in interest in the biotechnological production
of carotenoids through microbial fermentation.

The zygomycota fungus Blakeslea trispora is recognized as one of the most efficient natural producers of -carotene
among carotenoid-producing microorganisms. Due to its heterothallic nature, successful carotenoid production
requires mating between positive and negative strains. In this process, trisporic acids act as vital signalling molecules
that activate and regulate carotenoid biosynthesis. This metabolic pathway uses the mevalonate (MVVA) route and
is controlled by specific genes, such as carRA (which encodes phytoene synthase and lycopene cyclase), carB
(which encodes phytoene dehydrogenase), and Sr5AL (which encodes a steroid 5a-reductase-like enzyme).

Adaptive Laboratory Evolution (ALE) has emerged as a powerful strategy for improving the performance of
microbes under defined stress conditions. This approach involves subjecting microbial populations to prolonged
selective pressures, enabling the accumulation and fixation of beneficial genetic adaptations. In the present study,
imidazole was used to induce stress. Imidazole is known to disrupt trisporic acid biosynthesis and inhibit lycopene
cyclase, a critical enzyme responsible for converting lycopene into B-carotene. In order to maximize -carotene
production, the aim was to integrate UV-induced mutagenesis with ALE under imidazole stress to generate
Blakeslea trispora strains with improved tolerance and enhanced carotenoid biosynthetic capacity.

Materials and Methods

Microorganisms and Maintenance

The negative (B. trispora PTCC 5278) and positive (B. trispora PTCC 5277) mating types were obtained from the
Iranian Research Organization for Science and Technology (IROST). The strains were maintained on malt extract
agar slants at 28 °C for 5 days before being stored at 4 °C. The strains were initially grown in a pre-culture medium
to promote active growth and then transferred to an optimized production medium for B-carotene biosynthesis. Pre-
cultures were incubated at 28 °C with shaking at 120 rpm, while production cultures were maintained at the same
temperature with agitation at 180 rpm.

Mutagenesis Procedure

In order to create genetic diversity, spores of the negative mating type were subjected to UV irradiation (0/1 J/cm?)
for 180 seconds at a distance of 50 ¢cm, resulting in an approximate survival rate of 10%. The surviving colonies
were plated on selective media containing acetoacetanilide and the most intensely pigmented colonies were isolated.

Adaptive Laboratory Evolution

Both wild-type and mutant strains were exposed to increasing concentrations of imidazole (1250-1500 mg/L) in
CM17 agar medium. Spores were transferred through 26 successive subcultures over a period of 130 days. The
adapted populations were cryopreserved in 20% glycerol stocks for further analysis.

Fermentation and Carotenoid Extraction

The selected adapted strains were co-cultivated with the positive mating type in the production medium at 28 °C
and 180 rpm for 5 days. The biomass was then harvested, freeze-thawed, and disrupted using glass beads.
Carotenoids were sequentially extracted using ethanol and hexane, followed by the addition of water to induce phase
separation. The carotenoid-rich phase was analyzed spectrophotometrically at 450 nm, and the [-carotene
concentration was calculated using a standard curve.
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RNA Extraction and Gene Expression Analysis

RNA was extracted from the mycelium after 56 h of growth using a commercial kit. The purity of the RNA was
confirmed using a NanoDrop spectrophotometer (A260/A280). cDNA synthesis was then performed, and qRT-PCR
assays were conducted using primers for hmgr, ipi, carG, carA, carB, and Sr5AL. The housekeeping gene tefl was
used as a control. Relative expression was calculated using the 2”-AACt method.

Morphological Characterization

Colony morphology, hyphal branching, pellet formation, and pigmentation intensity were evaluated both
microscopically and macroscopically. Comparisons were made among wild-type, adapted wild-type, and mutant-
adapted strains.

Discussion of Results & Conclusions

The ALE strategy yielded promising results in enhancing carotenoid production. The adapted mutant strain (IM1)
produced the highest B-carotene yield at 35 mg/L, approximately double that of the wild-type parent (W78) and five
times higher than the adapted wild-type strain (W178). These results confirm the synergistic benefits of combining
mutagenesis with ALE under selective stress. Interestingly, there was variation in biomass production among strains.
While the adapted wild-type (WI178) exhibited reduced biomass, approximately one-third lower than W78, the
adapted mutant (IM1) showed a twofold increase. This suggests that the outcomes of ALE depend heavily on the
genetic background of the starting strain. Mutations introduced by UV treatment likely provided the basis for the
adaptive changes that enabled IM1 to withstand imidazole stress and channel resources more effectively toward
carotenoid synthesis.

Transcriptional analysis revealed the key molecular mechanisms contributing to enhanced p-carotene production.
In the adapted wild-type strain W178, the upregulation of hmgr and carA indicated reinforcement of the mevalonate
(MVA) pathway and activation of carotenoid biosynthesis. However, decreased expression of carB and Sr5AL
suggested incomplete metabolic optimization, potentially accounting for the moderate B-carotene yield observed in
WI78. By contrast, the mutant-adapted strain IM1 exhibited significant upregulation of carG, carA, and Sr5AL,
while other pathway genes remained stable. This transcriptional profile indicates a well-coordinated metabolic
network that efficiently channels precursors toward carotenoid biosynthesis.

The pronounced upregulation of Sr5AL in IM1 is particularly notable. This gene plays a critical role in both steroid
metabolism and trisporic acid biosynthesis, both of which are essential for inter-strain signaling and the induction
of carotenoid production. The fact that its expression is enhanced in the absence of externally supplied trisporic
acids suggests the presence of a self-sustaining regulatory mechanism capable of maintaining high levels of -
carotene synthesis.

These findings were further supported by morphological observations. IM1 exhibited dense, highly branched
hyphae and compact pellet formation accompanied by strong orange pigmentation. These structural adaptations may
enhance nutrient uptake and carotenoid sequestration, while the compact pellets reduce medium viscosity—an
important advantage in industrial fermentations. In contrast, WI78 showed less favorable morphology, which
correlated with its lower productivity.

Collectively, the results highlight that ALE under imidazole stress induces both genetic and physiological
adaptations that enhance metabolic performance. The success of IM1 demonstrates the effectiveness of combining
random mutagenesis with targeted evolutionary pressure to obtain industrially valuable strains.
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Figure 1: Determination of the imidazole tolerance threshold in Blakeslea trispora
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Table 1: Concentrations of the stress-inducing agent used during the ALE experiments and the number of
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Strain Stress agent Stress agent Number of
Name concentration (Initial) concentration (Final) Subcultures
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Table 2: Primers used in this study (12)

Genes name - Amplicon
Gene Abbreviating Forward and reverse primers (5 — 3) length (bp)
. . tefl-F AACTCGGTAAGGGTTCCTTCAAG
Translation elongation factor -1 tefl tefl-R CGGGAGCATCAATAACGGTAAC 138
Isopentenyl pyrophosphate isomerisse ipi ipi-F TCTCACCCCTT. TACAGCAGATG 161
pentenyl pyropnosp P ipi-R CTCGGTGCCAAATAATGAATACG
Gernvl gernyl pyrophosphate carG carG-F AATTGTTTTGGCGTGACACCTT 129
Yl gernyl pyrophosp carG-R CAGTTCCCGATTGACTAGCTTCTT
3 hydroxy-3-methylglutaryl coenzyme hm hmgR-F AAACGATGGATTGAACAAGAGGG 113
A redoctase 9 hmgR-R TAGACTAGACGACCGGCAAGAGC
carRA-F CTAAAGCCGTTTCACTCACAGCA
lycopene cyclase phytoene synthase carRA carRA-R ACAAGTAGGACAGTACCACCAAGCG 129
Phyvtoene dehvdrogenases carB carB-F AGACCTAGTACCAAGGATTCCACAA 9
Y yarog carB-R AGAACGATAGGAACACCAGTACCTG
. . SR5AL-F TCCCTTTTTTTTACATTTCGTTTTGG
Steroid Sa-reductase-like gene SR5AL SREAL-R ATACCTTGGTTGTTTTGAGAGCCCT 180
F: Forward, R: reverse
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Figure 2: Comparison of beta-carotene production by strains adapted to imidazole
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Figure 3: Morphological comparison of the adapted wild-type strain (WI178) and the mutant strain (IM1) under imidazole
stress at subculture 14
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Figure 4: (a) Gene expression levels in the parental strain W78 and adapted strain 178. (b) Gene expression levels in the
mutant strains M1 and IM1
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