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ARTICLE INFO ABSTRACT

Keywords: The purpose of this study is to investigate the effect of low frequency magnetic fields (LFMF) on
Rhodotorula mucilaginosa carotenoid synthesis and iron metabolism in Rhodotorula mucilaginosa and to explore potential
Carotenoids connections between the two processes. Various LFMF intensities were employed to assess car-
Low frequency magnetic field otenoid production, intracellular iron content, and the expression levels of genes related to

Iron homeostasis carotenoid synthesis and iron metabolism in R. mucilaginosa. The results show that a LFMF could

promote carotenoid synthesis, resulting in varying increases in intracellular iron content.
Specifically, the expression of the iron metabolism-related gene transferrin receptor (TFR) was
upregulated, while the expression of ferroportin 1 (FPN1) was downregulated. Meanwhile, the
expressions of the carotenoid synthesis-related genes geranylgeranyl diphosphate synthases
(GGPPS) and phytoene synthase (PSY) displayed varying degrees of upregulation at different
time points. Further, the TFR and FPN1 gene knockout strains of R. mucilaginosa were subjected to
treatment with a 3.5-mT LFMF, the results of which showed that an LFMF is capable of influ-
encing the iron metabolism levels and subsequently regulating carotenoid synthesis in R. muci-
laginosa.

1. Introduction

Carotenoids are a group of fat-soluble biological pigments known for their vibrant colors, ranging from yellow and orange to red
and even deep red. These compounds have been used for thousands of years due to their beautiful colors and potent coloring
capabilities [1]. Carotenoids are predominantly composed of a C40 backbone structure, which, through diverse chemical mod-
ifications, gives rise to a variety of carotenoids with different functional properties [2]. For example, beta-carotene has shown
effectiveness in preventing liver cancer, improving the salt tolerance of basil, and serving as a beneficial ingredient for biological
control [3-5]. Meanwhile, astaxanthin, known as the “king of Vitamin E,” has shown potential in enhancing reproductive health and
protecting the kidney and nervous system [6,7], and lutein has been recognized for its role in protecting the optic nerve and pre-
venting age-related macular degeneration [8].
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Natural carotenoids are derived from numerous origins, including plants, animals, microorganisms, and others. Such micro-
organisms as Rhodotorula mucilaginosa and similar species are excellent sources for obtaining carotenoids through microbial fer-
mentation [9]. When extracting carotenoids from these microorganisms, compared to plants and animals, several advantages were
evident, including shorter production cycles, freedom from seasonal environmental limitations, high production efficiency, and the
ability to control growth conditions effectively. Carotenoids produced by R. mucilaginosa can be employed in various sectors, such as
food coloring, medical and health products, and beauty care goods, offering a wide range of market applications. As such, the
exploration of methods and understanding the mechanisms used to increase the carotenoid yield in R. mucilaginosa hold practical and
theoretical significance.

Currently, methods to increase carotenoid yield mainly involve inducing stress, optimizing the fermentation medium’s compo-
sition, adjusting culture conditions, co-culturing with other strains, regulating gene expression, and strain mutagenesis, among other
approaches [10]. Within this spectrum of methods, physical and chemical factors, such as magnetic fields [11], light exposure [12],
zinc supplementation [13], iron availability [14], lead acetate [15], and other forms of elemental supplementation have been shown
to promote carotenoid synthesis. The influence of external magnetic fields (MFs), environmental MFs, and MFs within biological
systems on tissues or cells and their life processes is collectively referred to as magnetic biological effects. A variety of interactions
between MFs and organisms can occur, impacting biological processes. For instance, electromagnetic fields have been shown to affect
the growth and metabolism of microorganisms significantly [16]. More specifically, exposure to a 100-mT MF for 48 h led to notable
increases in both vitamin K2 concentration and biomass in Flavobacterium sp. [17]. Similarly, exposure to a 1-mT MF resulted in a
significant enhancement in citric acid yield and cellulase activity in Aspergillus Niger [18]. Hence, exposure to a MF could potentially
serve as a method for enhancing carotenoid production in R. mucilaginosa.

Studies have shown that iron plays an important role in regulating the growth and photosynthetic pigment biosynthesis in
siderophore-producing Rhodopseudomonas palustris [19]. Cells use iron for a variety of metabolic activities, but an excess of iron can
be harmful. Thus, maintaining iron homeostasis is crucial to the growth and metabolism of microorganisms. Key components in-
volved in iron transport and regulation include the high-affinity Fe** transporter permease (FTR1), which works alongside fer-
roxidase (FET3) to establish a high-affinity iron uptake system [20-23]. In iron-deficient conditions, the accumulation of the tran-
scription factor Aftl (activator of ferrous transport) in the nucleus triggered the expressions of FTR1 and FET3 [24,25]. Meanwhile,
iron-reducing metalloreductase proteins FRE1 and FRE2 were associated with high-affinity uptake systems for iron and copper ions in
Saccharomyces cerevisiae [26]. Iron in the periplasmic space could undergo reduction to generate ferrous ions, which are subsequently
transported and absorbed by bivalent metal transporters, such as Zrt- and Irt-related protein (ZIP), before being taken up by high-
affinity penetrase like FTR1, following reoxidation [27]. S. cerevisiae contains homologs of bacterial iron-sulfur cluster (Isc) assembly
protein A, Isalp, and Isa2p, which were involved in the formation or repair of iron-sulfur clusters [28]. Deficiencies in IscA proteins
might induce an iron-starvation response, which, combined with the inhibition of glutathione biosynthesis, could lead to cellular
ferroptosis [29]. Further, SirR functions as an iron-regulated repressor protein in Staphylococcus epidermidis, whereas transferrin
receptor 1 (TFR1), a type II transmembrane glycoprotein, is bound to transferrin and plays a critical role in cellular iron uptake by
interacting with iron-bound transferrin [30]. At the cellular level, iron regulatory proteins IRP1 and IRP2 play a key role in co-
ordinating the regulated expression of iron uptake proteins, storage proteins, and ferroportin (FPN) [31].

Studies have shown that a static MF of 128 mT could influence the content of copper and zinc in the brain and spleen of mice [32].
Exposure of guinea pigs to an electromagnetic field has also been found to impact the transport of various metal ions, including
copper, magnesium, calcium, and others, while imbalances in metal elements could potentially lead to physiological toxicity, in-
cluding oxidative stress [33]. These studies indicate that MFs could influence microbial metabolism and metal ion homeostasis.
However, the exact mechanism by which MFs affect the metal homeostasis of yeast cells and subsequently impact microbial me-
tabolism remains unclear. Further research is necessary to explore these mechanisms and to clarify the interactions among MFs, metal
ion homeostasis, and microbial metabolism.

As a result, this study primarily investigated the potential mechanism by which a low frequency magnetic field (LFMF) affected
carotenoid synthesis of R. mucilaginosa. This was achieved by analyzing the effects of MF treatment on growth, carotenoid meta-
bolism, intracellular iron content, and the expression levels of genes related to iron and carotenoid metabolism.

2. Materials and methods
2.1. Strains and culture conditions

R. mucilaginosa was sourced from the Microbiology Laboratory of the College of Life Sciences, Yangtze University, and stored on
an inclined test tube in the yeast peptone dextrose (YPD) agar medium. The preserved R. mucilaginosa was then inoculated onto a YPD
agar plate and incubated at 28 °C for 2 d. A single colony from the plate was inoculated into the YPD medium and cultured at 28 °C,
200 rpm for 24 h. Subsequently, 1 % (v/v) of the R. mucilaginosa strain was inoculated into the YPD medium and cultured at 28 °C,
200 rpm for 24 h to obtain secondary seeds.

2.2. LFMF treatment of R. mucilaginosa
Five percent (v/v) of the secondary seeds was inoculated into the YPD medium and exposed to the alternating LFMF (frequency

50 Hz) treatments at intensities of 3.0, 3.5, and 4.0 mT at 28 °C for 12 h each. Following the treatments, the cultures were further
incubated at 28 °C and 200 rpm for 36 h to measure the metabolite content.



M. Ju, J. Zhang, L. Li et al. Food Physics 2 (2025) 100041

In addition, 5% (v/v) of the secondary seeds was inoculated into the YPD medium and exposed to 3.5-mT alternating LFMF
treatments at 28 °C for 12 h. The cells were harvested at the 12, 24, and 48 h of liquid fermentation, and quantitative real-time PCR
was conducted to measure the expressions of genes related to iron metabolism and carotenoid synthesis in R. mucilaginosa.

2.3. Construction of TFR and FPN1 gene knockout strains

2.3.1. Vector construction for target gene knockout

The genomic DNA of R. mucilaginosa was extracted following the protocol described in reference [34]. Following extraction, the
concentration and purity of the DNA were assessed using the Quawell Q5000 ultra-micro ultraviolet spectrophotometer (Quawell,
USA) and agarose gel electrophoresis.

A gene knockout vector was designed using CRISPR/Cas9 technology, which involved incorporating the pGAP-Cas9-Hyg vector
and the target gene sequence. The constructed plasmid pUC57-scaffold was used for gRNA cloning and expression, which contained
E. coli genetic elements (pMB1 origin, kanamycin resistance), a gRNA expression cassette with the SNR52 promoter, the target gene’s
gRNA sequence, and the gRNA scaffold. In addition, the donor DNA was constructed by linking a left homologous arm, neomycin
resistance marker, and right homologous arm. For gene knockout, the plasmid pGAP-Cas9-Hyg-SgRNA-Neo was constructed by
integrating a pUC57-scaffold cassette and donor DNA into pGAP-Cas9-Hyg (Supplementary Fig S1). The primers used to construct
and verify the TFR and FPN1 gene knockout vectors are shown in Table S1 (Supplementary Table S1).

2.3.2. Preparation of competent cells of R. mucilaginosa

A modified method based on [35] was utilized to prepare R. mucilaginosa electro-competent cells. First, single colonies of R.
mucilaginosa were inoculated into 5 mL of a YPD medium and cultured at 28°C, 200 rpm until the optical density (OD) reached 0.2.
Subsequently, the cells were transferred to 50 mL of the YPD medium and cultured until the OD value reached a range of 0.7-1.5. The
cells were then harvested by centrifugation at 4 °C and 3000 X g for 5 min, and the pellet obtained was washed with 5 mL of ice-cold
distilled H,O. The washed cells were resuspended in a TMLSD buffer (comprising 10 mM Tris-HCI buffer [pH 7.5], 1 mM MgCl,,
100 mM lithium acetate, 270 mM sucrose, and 5 mM dithiothreitol). This cell suspension was incubated at 25 °C for 1 h and sub-
sequently washed and resuspended. After incubation, the cells were harvested, washed twice with TMS buffer (containing 10 mM
Tris-HCl buffer [pH 7.5], 1 mM MgCl,, and 270 mM sucrose). Finally, the electro-competent cells were resuspended in TMS buffer
and stored at —80 °C for future use.

2.3.3. Screening and identification of gene deletion strains

The transformation process involved mixing 3 pg of plasmid with 100 pul of competent cells, followed by incubation on ice for
15 min. The DNA—cell mixtures were electroporated at 0.6 kV in MicroPulser Electroporation Cuvettes (Bio-Rad, USA) with a 0.1-cm
gap. Following electroporation, the cells were resuspended in 1 mL of ice-cold 1M sorbitol and incubated on ice for 15min.
Subsequently, the cells were placed in an incubator shaker at 30 °C, 150 rpm for 2 h. After incubation, the cells were collected by
centrifugation at 4 °C and 3000 X g for 5 min and resuspended in 1 mL of the YPD medium. The cell suspension was then incubated at
30 °C, 150 rpm for 2 h again. Finally, the cell suspension was spread onto YPD plates containing Kanamycin (G418) and incubated at
28 °C for 3-5 d for screening and further growth.

After obtaining the transformants, they were sub-cultured for three generations to ensure the selection of stable transformants.
Subsequently, the transformants were verified by PCR. Each transformant was subjected to PCR using gene-specific primer pairs (as
listed in Supplementary Table S2). Following the PCR confirmation, the transformants with positive identification were cloned into
the pUC19 vector for sequencing. The sequences obtained from the transformants were aligned with the wild-type (WT) sequence to
compare and identify the mutants.

2.3.4. Phenotypic observation of mutant strains

The secondary seed solution of both the WT and mutant strain were appropriately diluted and spread onto YPD plates, which were
then incubated at 28 °C, allowing R. mucilaginosa to form distinct single colonies on YPD plates. Daily observation of colony growth
was conducted, and any alterations in colony color and size were noted and recorded for further analysis.

2.4. Metabolite determination

2.4.1. Determination of biomass and carotenoids

Biomass was quantified using the dry weight method [36], where cells were separated by centrifugation and washed twice with
distilled water. Subsequently, the collected cells were freeze-dried until a constant weight was achieved.

Further, the cell wall of R. mucilaginosa was disrupted using an acid-heat method, followed by carotenoid extraction using
acetone. The carotenoid content was then quantified using a spectrophotometer according to the previously described method [37].

2.4.2. Determination of intracellular iron content

The intracellular iron content of R. mucilaginosa was quantified using the phenanthroline method. In brief, the cells were collected
through centrifugation and then subjected to freeze drying. Subsequently, the dried cells were carbonized and ashed at 550 °C for
5-6 h. Following this, acid water [pH 4.6] was added to dissolve the ashed material, creating a solution. The analysis of Fe(II) ions in
solution was performed by complexing them with 1,10-phenanthroline (phen) to form the [Fe(phen);]>* complex, which was then
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quantified using visible spectrophotometry following the methodology described by Crispin and Varey [38]. In addition, the con-
centrations of Fe(Ill) ions were determined by first reducing them to Fe(I) using hydroxylamine hydrochloride, followed by com-
plexation with phen, as previously described. In the analysis process, it was necessary to consider and correct for any potential
interference from other components present in the solution at the analysis wavelength.

2.5. Quantitative reverse transcription PCR (qRT-PCR)

Total RNA was extracted from R. mucilaginosa cells using a Trizol reagent (Vazyme Biotech Co., Ltd., Nanjing, China) and
quantified using the QUAWELL Q5000 spectrophotometer (Quawell Technology, Inc., United States). Meanwhile reverse tran-
scription was performed with the HiScript II Q RT SuperMix for qPCR (Vazyme Biotech Co., Ltd., Nanjing, China) following the
manufacturer’s instructions. The expression levels of genes related to iron metabolism and carotenoid synthesis were analyzed using
ChamQ Universal SYBR qPCR Master Mix kit (Vazyme Biotech Co., Ltd., Nanjing, China) with the SLAN Fluorescence Detection
System (SLAN, Shanghai, China). The cDNA obtained was used as a template, and B-actin was used as the reference gene. The primer
sequences used for qRT-PCR are provided in Supplementary Table S2.

2.6. Data analysis

The mean value was calculated from three replicates, and a one-way analysis of variance was conducted using the Prism 7.0
program (GraphPad Software Inc., La Jolla, CA, USA). Significance was determined at p < 0.05.

3. Results
3.1. Effects of the LEMF on the growth, carotenoid production, and intracellular iron content of R. mucilaginosa

In the MF intensity range of 3.0-4.0 mT, there was no significant effect on R. mucilaginosa growth (p > 0.05), but significant
promotion of both the production capacity of carotenoids (p < 0.05) and the intracellular iron content (p < 0.05) was observed. The

most pronounced promotional effect was detected at an MF intensity of 3.5 mT (Fig. 1). These results indicate that MF treatment
could elevate the iron content in cells and enhance carotenoid production to a certain level in R. mucilaginosa.

3.2. Effects of LEMF on the expressions of genes related to iron metabolism and carotenoid synthesis in R. mucilaginosa

The expression levels of genes related to iron metabolism (TFR, FPN1) and carotenoid synthesis (3-hydroxy-3-methylglutaryl-CoA
reductase HMGR, geranylgeranyl diphosphate synthases GGPPS, phytoene synthase PSY) were evaluated at 12, 24, and 48h
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Fig. 1. Effects of LFMF on growth, carotenoid production, and intracellular iron content in R. mucilaginosa.
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Fig. 2. Effects of LFMF on gene expression related to iron metabolism and carotenoids synthesis.

following treatment with a 3.5-mT LFMF (Fig. 2). At 12 h of LFMF treatment, there was a significant up-regulation in the expression
levels of the HMGR and GGPPS genes, while by 24 h, the expression levels of the TFR and PSY genes exhibited significant up-
regulation, while the FPN1 gene was notably down-regulated. At 48 h, the TFR gene expression remained significantly up-regulated,
and the expression levels of the GGPPS and PSY genes also increased. These results suggest that LFMF treatment could enhance iron
uptake into cells and stimulate carotenoid synthesis.

3.3. Growth, carotenoid production, and intracellular iron content of the TFR and FPN1 gene knockout strains of R. mucilaginosa

Strains with knockout mutations in the iron metabolism-related genes TFR and FPN1 (ARmTFR and ARmFPN1) were generated
using the CRISPR/Cas9 method in R. mucilaginosa, where their deletion influenced the strains’ growth and carotenoid production.
Compared to the WT strain, both the ARmTFR and ARmFPNT1 strains exhibited smaller colonies, and the colony color of ARmFPN1
appeared lighter than that of WT, while the colony color of strain ARmTFR appeared darker (Fig. 3.). These observations suggest that
deleting the TFR gene enhances carotenoid accumulation in R. mucilaginosa, whereas deletion of the FPN1 gene inhibited carotenoid
accumulation.

Deletion of the TFR and FPN1 genes had distinct effects on the growth, carotenoid production, and intracellular iron content of R.
mucilaginosa (Fig. 4). Compared to the WT strain, the biomass of ARmTFR and ARmFPN1 showed a significant decrease (p < 0.05),
whereas the intracellular iron content of ARmTFR exhibited no significant change (p > 0.05) and the carotenoid yield showed a
significant increase (p < 0.05). In contrast, the intracellular iron content of ARmFPN1 was significantly increased (p < 0.05), whereas
the carotenoid yield was significantly decreased (p < 0.05).

3.4. Effects of LFMF on growth, carotenoid production, and intracellular iron content of ARmTFR and ARmFPN]1 strains

The effects of a LFMF on the two mutant strains differed. In comparison to the WT strain, ARmTFR exhibited a significant decrease
in biomass content (p < 0.05), along with a significant increase in carotenoid production and intracellular iron (p < 0.05) (Fig. 5).
Meanwhile, LFMF treatment did not induce significant changes in the biomass, carotenoid yield, and intracellular iron content of
ARmTFR (p > 0.05). Notably, in ARmTFR exposed to a LFMF, there was a significant increase in the carotenoid concentration
(p < 0.05), while the intracellular iron content showed a significant decrease (p < 0.05) when compared to the WT strain treated
with the LFMF.

Compared to the WT strain, ARmFPN1 exhibited a significant decrease in biomass (p < 0.05) and a significant increase in in-
tracellular iron content (p < 0.05). Following LFMF treatment, there were no significant changes observed in the biomass and
intracellular iron content of ARmFPN1 (p > 0.05), while the carotenoid yield showed a significant increase (p < 0.05). When
comparing ARmFPN] to the WT strain treated with the LFMF, the carotenoid synthesis concentration in ARmFPNI did not vary
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Fig. 4. Effects of the deletion of the TFR and FPN1 genes on growth, carotenoid production, and intracellular iron content.

significantly (p > 0.05), the biomass of ARmFPNI was significantly decreased (p < 0.05), and the intracellular iron content was
significantly increased (p < 0.05).

These results indicate that TFR could inhibit cellular iron uptake, while FPN1 facilitates iron efflux from cells, preventing ex-
cessive iron accumulation within cells. The deletion of the FPN1 gene led to a notable increase in intracellular iron content, as the
absence of FPN1 inhibited iron export, significantly raising intracellular iron levels, while the deletion of the TFR or FPN1 genes
significantly reduced the cell’s responsiveness to iron in the presence of LFMF. Compared to the WT strain, both ARmTFR and
ARmMFPN1 exhibited notably increased intracellular iron content, with ARmFPN1 showing significantly higher iron content compared
to the WT strain. Following LFMF treatment, the intracellular iron content of ARmTFR and ARmFPN1 did not show significant

6
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Fig. 5. Effects of LFMF on growth, carotenoid production, and intracellular iron content of ARmTFR and ARmFPN1 strains.

differences compared to untreated samples. However, the carotenoid content in ARmFPN1I increased when compared to untreated
conditions. These observations suggest that the iron sensitivity of the ARmFPNI mutant might be diminished, enhancing the cell’s
tolerance to iron and surpassing the intracellular iron levels of the WT strain, thereby promoting carotenoid synthesis.

4. Discussion

Iron, in its Fe** /Fe®* forms, plays a pivotal role in catalyzing diverse biochemical reactions by undergoing valence changes and
electron transfers, serving as a core component of cytochrome in the oxidative phosphorylation process of cellular respiration,
providing essential energy for vital activities [39]. However, iron’s biochemical properties also enable the transfer of electrons to
oxygen or hydrogen peroxide, generating highly toxic oxygen free radicals that have the potential to damage cell membrane lipids
and proteins, ultimately exerting toxic effects on cells [40,41]. To maintain balance and prevent iron deficiency or overload, iron
availability was tightly regulated at both the cellular and systemic levels. Iron played a crucial role in carotenoid synthesis, having
served as a cofactor in numerous carotenoid synthases and having played a key role in regulating enzyme activity and metabolic
pathways [42,43]. Adequate iron levels could facilitate carotenoid synthesis, ultimately leading to increased carotenoid production in
organisms [44]. The findings of this study demonstrate that LFMF treatment effectively enhanced carotenoid production in R. mu-
cilaginosa without compromising growth ability. The intracellular iron content increased at varying degrees under different MF
intensities. Previous research has shown that a 3.0-mT MF could boost carotenoid production in Phaffia rhodozyma by 59.4 %,
accompanied by a significant increase in biomass [11]. Conversely, the carotenoid production of the halophilic bacterial strain SC8
was significantly enhanced by extreme LFMF treatment, without a corresponding increase in biomass [45]. In addition, studies have
reported that exposure to an electromagnetic field could influence the transport of metal ions, such as Cu, Mg, and Ca, potentially
leading to physiological toxicity, including oxidative stress [33]. Therefore, the MF treatment of R. mucilaginosa affected iron me-
tabolism, consequently influencing carotenoid biosynthesis.

The expression levels of the TFR and FPN1 genes exhibited an up-regulated and down-regulated trend, respectively, after 24 h of
MF treatment. Notably, the TFR and FPN1 proteins were involved in iron input and output, respectively [30,31], suggesting that
LFMF treatment of R. mucilaginosa could enhance the uptake of iron ions while inhibiting their expulsion to some extent, resulting in
an overall increase in intracellular iron levels. However, the excessive presence of iron ions could potentially induce oxidative
damage and toxic effects on cells [20]. Carotenoids, being antioxidants, have the potential to counteract the toxic effects of reactive
oxygen species (ROS) [46] and to improve cellular membrane function [47], thereby mitigating oxidative damage and physiological
toxicity arising from heightened intracellular iron content.

Studies have demonstrated that mutations in genes involved in iron export and iron reserve functions, such as DR1440 and
DRA0258 in Deinococcus radiodurans, could enhance the sensitivity of cells to ferrous ions [48,49]. In this study, it was observed that
the deletion of the TFR and FPN1 genes significantly affected the growth of R. mucilaginosa, with distinct outcomes for each mutation.
The absence of TFR resulted in the inhibition of R. mucilaginosa growth, while markedly boosting carotenoid production, suggesting
that the lack of TFR restricted the iron uptake capacity of R. mucilaginosa while making the cells more sensitive to iron, leading to the
exacerbation of oxidative damage in mutant ARmTFR, even when the cellular iron content remained consistent. In contrast, the
deletion of FPN1 suppressed the growth and did not affect the carotenoid production of ARmFPN1. Concurrently, intracellular iron
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content significantly increased, aligning with the iron efflux function of FPN1 [30,31]. This underscored that excessive iron levels
could strongly hinder carotenoid synthesis and even impede R. mucilaginosa growth. Therefore, TFR and FPN1 play important roles in
iron metabolism and could influence carotenoid synthesis in R. mucilaginosa.

5. Conclusion

The findings of this study suggest that an appropriate LFMF intensity could enhance carotenoid yield without adversely affecting
R. mucilaginosa growth. In addition, the impact of an LFMF on carotenoid synthesis was linked to intracellular iron content and the
expression levels of the TFR and FPN1 genes. Deletion of the TFR and FPN1 genes could significantly disrupt the growth and car-
otenoid synthesis of R. mucilaginosa, with distinct effects observed for each gene. Loss of TFR inhibited the growth of R. mucilaginosa,
while markedly increasing carotenoid production and intracellular iron content. Conversely, the growth of ARmFPN1 was impeded,
leading to a significant increase in intracellular iron content. In summary, LFMF promoted the inward absorption of iron ions and
inhibited iron ion excretion, resulting in an elevated iron ion concentration within the cell. This, in turn, stimulated carotenoid
synthesis by R. mucilaginosa. The study has provided initial insights into the mechanism by which LFMFs impact carotenoid synthesis
through the regulation of iron metabolism. These findings offer valuable insights for applications and practical considerations related
to carotenoid production.
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