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Abstract

Isochrysis galbana is valuable in aquaculture due to its production of eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA). However, achieving high yields of polyunsaturated fatty acids (PUFAs) presents challenges, leading to exploration
of innovative approaches. This study investigated the influence of Bacillus jeotgali on the growth of I. galbana and its fatty
acid composition. Co-culturing 1. galbana with B. jeotgali significantly increased chlorophyll a content and cell abundance,
particularly at higher bacterial population densities (algae-to-bacteria ratio of 1:10). Physiological and biochemical analyses
found elevated soluble protein content in microalgae co-cultured with B. jeotgali, accompanied by decreased superoxide
dismutase (SOD) activity. Fatty acid composition analysis demonstrated a distinctive profile in co-cultured /. galbana, char-
acterized by increased PUFAs, especially EPA and DHA. Gene expression analysis indicated an upregulation of desaturase
genes (d4FAD, d5FAD, d6FAD, and d8FAD) associated with PUFA synthesis pathway in I. galbana during co-culturing with
B. jeotgali. This study advances our understanding of bacteria-microalgae interactions and presents a promising strategy for
enhancing the production of DHA and EPA.
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Introduction

Microalgae are unicellular organisms and they represent the
smallest living organisms, exhibiting the ability to convert
solar energy into chemical energy through photosynthe-
sis (Xie et al. 2022). Currently, microalgae have extensive
applications across various sectors, including aquatic feed,
food production, cosmetics, environmental remediation, and
biofuel generation. Isochrysis galbana, a species of marine
unicellular microalgae, is notable for synthesizing of doco-
sahexaenoic acid (DHA) and eicosapentaenoic acid (EPA),
long chain polyunsaturated fatty acids (PUFAs) with signifi-
cant health and nutritional value (Liu et al. 2013). It is widely
utilized in hatcheries to nourish fish larvae and clams. Nev-
ertheless, the large-scale cultivation of 1. galbana for DHA
and EPA production has not been realized, primarily due to
the unsatisfactory low yields of DHA and EPA in the cultured
strains of 1. galbana. Therefore, innovative approaches are
crucial to enhance DHA and EPA production in /. galbana.
Researches have shown that abiotic factors such as light
intensity, nitrogen levels, temperature, and salinity play
a crucial role in influencing the growth and fatty acid
composition of microalgae. Additionally, utilizing mixed
carbon sources, including CO,, glucose, and amino acids,
has been identified as a means to improve the growth and
enhance the accumulation of DHA in I. galbana (Zheng
et al. 2022). The synthesis of DHA in Dunaliella sp. was
notably influenced by the interactive effects of salin-
ity, temperature, and light. The peak DHA content was
recorded in Dunaliella sp. under conditions of 0.5 M salin-
ity, 25 °C temperature, and 11,200 pmol photon m~2 s~
light intensity (Gharajeh et al. 2020). Cultivating Nan-
nochloropsis oceanica at a low temperature significantly
enhanced DHA production (Sirisuk et al. 2018). In addi-
tion to regulating abiotic conditions, genetic engineering
represents a viable approach to augmenting DHA and EPA
content in microalgae. For instance, the overexpression of
the A6-desaturase gene in Phaeodactylum tricornutum led
to an increased EPA content (Zhu et al. 2017). The utiliza-
tion of CRISPR as a biotechnological tool for microalgae
has further facilitated the enhancement of fatty acid con-
tent (Lin and Ng 2020). Nevertheless, its implementation
in microalgae currently presents challenges. Mutagenesis
represents an alternative approach for augmenting the
fatty acid content of microalgae. Physical mutagens such
as ultraviolet, X-rays, gamma radiation, or atmospheric
sources can induce genetic changes. In one study, Auran-
tiochytrium sp. subjected to UV irradiation (50 W, 30 s)
exhibited a DHA content up to 1.9 times higher than the
wild Aurantiochytrium sp. (Liu et al. 2020a). However,
these methods for enhancing DHA and EPA accumula-
tion incur high costs and are time-consuming in practical
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microalgae culture applications. To enhance DHA and
EPA production in microalgae, identifying a more envi-
ronmentally friendly, cost-effective, and feasible method
is imperative.

In recent years, the interactions between algae and bacteria
have gained considerable attention. Studies have shown that
microalgae can contribute oxygen to bacteria growth through
photosynthesis, while bacteria reciprocate by providing
microalgae with essential metabolites and inorganic carbon
necessary for growth. The synergy between microalgae and
bacteria extends to the creation of optimal environments for
each other, involving the provision of vital cofactors such as
iron, vitamins, indole-3-acetic acid, and tryptophan (Seymour
et al. 2017). While the influence of bacteria on the growth
of microalgae has been extensively studied, its role in the
biosynthesis of algal DHA and EPA has not been sufficiently
explored. Among the limited studies, the impact of growth-
promoting bacteria on EPA production of Nannothropsis oce-
anica was investigated. Co-culturing with probiotic bacteria
significantly enhanced the growth of N. oceanica, leading
to a 2.25-fold increase in EPA content (Liu et al. 2020b).
Furthermore, Marinobacter sp. was found to significantly
promote DHA production in I. galbana (Wang et al. 2022).
These early evidences indicate that co-cultivating bacteria
with microalgae emerges as a viable approach to augment
the production of DHA or EPA in microalgae.

In this study, we investigated the influence of the phy-
cosphere bacterium B. jeotgali on the growth of I. galbana
and its fatty acid composition. Additionally, we explored
the impact of the optimal bacterial concentration on the
growth of I. galbana. Furthermore, we analyzed the gene
expression associated with fatty acid synthesis to elucidate
the underlying mechanisms governing fatty acid metabolism
regulation. This study contributes to our understanding of
bacteria-microalgae interactions and demonstrates the poten-
tial of co-culturing as a promising strategy for enhancing
large-scale production of DHA and EPA.

Materials and Methods
Cultivation Conditions for Microalgae

Axenic I. galbana 3011 was obtained from the Marine Biotech-
nology Laboratory at Ningbo University, China. In this study,
algae were cultivated using NMB3 medium, which consisted of
KNO; (0.1 g/L), KH,PO, (0.01 g/L), MnSO,-H,0 (2.50 mg/L),
FeSO,-7H,0 (2.50 mg/L), EDTA-Na, (10.00 g/L), vitamin B,
(6.00 pg/L), and vitamin B, (0.05 pg/L). The incubation condi-
tions were maintained at a photoperiod of 12/12 h day/night, a
temperature of 25 °C, and a light intensity of 100 pmol photon
m~2s~!, achieved with a cool light fluorescent lamp.
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Co-cultivation of Microalgae and Bacteria

The B. jeotgali strain used in this study was isolated from /.
galbana cultures in our laboratory and is presently archived
in the Marine Biotechnology Experiment at Ningbo Uni-
versity. Monoclonal bacteria were specifically chosen
and subjected to overnight cultivation in fresh 2216E liq-
uid medium, which consisted of peptone (5.00 g/L), yeast
extract (1.00 g/L), ferric citrate (0.10 g/L), sodium chlo-
ride (19.45 g/L), magnesium chloride (5.98 g/L), sodium
sulfate (3.24 g/L), calcium chloride (1.80 g/L), potassium
chloride (0.55 g/L), sodium carbonate (0.16 g/L), potassium
bromide (0.08 g/L), strontium chloride (34.00 mg/L), boric
acid (22.00 mg/L), sodium silicate (4.00 mg/L), sodium
fluoride (2.40 mg/L), ammonium nitrate (1.60 mg/L), diso-
dium phosphate (8.00 mg/L). The bacterial solution was
cultured at 28 °C and 180 rpm until the bacterial concen-
tration reached ODg, = 0.4-0.6. Subsequently, the bacte-
rial solution underwent centrifugation at 8000 rpm and was
subjected to three washes with sterile seawater. The bacteria
were resuspended using NMB3 medium. At the exponential
growth phase of 1. galbana with an initial cell density of
approximately 1x 10° cells/mL, B. jeotgali was introduced
to I. galbana culture at varying ratios of algae to bacte-
ria, specifically 1:1, 1:2, and 1:10 (cell count: cell count).
The control group consisted of axenic I. galbana culture.
The densities of microalgae and bacteria were determined
using cell counting chambers and the plate count method,
respectively. I. galbana and B. jeotgali were co-cultured for
14 days. For chlorophyll a, cell abundance, soluble protein
and SOD activity determination, samples were collected on
days 0 and every other day thereafter.

Chlorophyll a, Soluble Protein and SOD
Activity Determination

1. galbana and B. jeotgali were co-cultured at a ratio of 1:10,
and the chlorophyll a content of I. galbana was measured
every two days. The methods employed in this study were
based on the procedures described in previous research
by Wang et al. (2022). Algal culture was centrifugated at
16,000 X g for 2 min at room temperature and the superna-
tant was discarded. Glass beads and 1 mL of 90% ice-cold
acetone were added to a 2 mL cryotube, and the mixture
was homogenized three times (65 Hz, 60 s/time) using a
homogenizer. After homogenization, the mixture was centri-
fuged at 14,000 X g for 2 min, and the resulting supernatant
contained the extracted chlorophyll. Subsequently, 200 uL
of the extracted chlorophyll solution was aliquoted, and its
absorbance at 630 nm, 664 nm, and 750 nm was measured
using a spectrophotometer. The concentration of chlorophyll
a was calculated using the following formula:

Chlorophyll a (ug/mL)
= 11.47 X (ODggy — OD;559)—0.4 X (ODg39 — OD;5)

Soluble protein was extracted by homogenization and
quantified using the bicinchoninic acid (BCA) protein assay.
SOD activity was determined according to the instructions
provided with the SOD kit from Nanjing Jiancheng Bioen-
gineering Institute.

Fatty Acid Determination and Analysis

For fatty acid analysis, samples from mono-culture of /. gal-
bana, mono-culture of B. jeotgali, and their co-cultures were
collected on the 14th day post-co-culturing. The samples
were centrifuged at 6000 rpm for 10 min, and the super-
natant was discarded. The resulting pellets were frozen at
—80 °C and subsequently dried for 48 h using a vacuum
freeze dryer. For further analysis, the lyophilized samples
(10 mg) were weighed according to the protocol described
by Wang et al. (2022). Hexane, an internal standard nona-
decanoic acid (1 mg/mL), and formyl chloride were added
to the weighed samples. The samples were incubated in a
water bath at 70 °C for 2 h. After incubation, the samples
were allowed to cool before the addition of 6% K,CO; and
hexane. The lower liquid layer was collected in a centri-
fuge tube and centrifuged at 3000 rpm for 10 min. A sterile
syringe was then used to aspirate the supernatant, which was
then filtered through an organic phase filter membrane. The
resulting purified fatty acids underwent methylation, and the
filtrate was collected into a sample bottle. The method for
determining fatty acids followed the procedure described by
Wang et al. (2022).

Total RNA Extraction

Cell cultures were gathered by discarding the supernatant
through centrifugation at 8000 rpm for 10 min at 4 °C. The
collected cultures in the centrifuge tubes were subsequently
sealed and preserved in liquid nitrogen. Total RNA extrac-
tion from the samples was performed using the E. Z. N. A.®
Plant RNA Kit from OMEGA Bio-Tek. The purified RNA
was then subjected to concentration measurement using
a Thermo Scientific NanoDrop One spectrophotometer
(Thermo Fisher Scientific, USA).

Real-Time Quantitative PCR

The cDNA was synthesized through reverse transcription
using the PrimeScript™ RT kit from TaKaRa, Japan. Gene
expression analysis was conducted by real-time quantita-
tive PCR (RT-qPCR) utilizing the LongGene Q2000A qPCR
system in Hangzhou, China, and TB Green® Premix Ex
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TaqTM II (Tli RNaseH Plus) from TaKaRa, Japan. Ribu-
lose-1,5-bisphosphate carboxylase/oxygenase (rbcL) served
as the reference gene. Primers for the delta-4 desaturase
genes (d4FAD), delta-5 desaturase genes (d5FAD), delta-6
desaturase genes (d6FAD), and delta-8 desaturase genes
(dSFAD) were listed in Table S1. The relative expression
of the target genes was calculated using the 2224 method
(Cao et al. 2016).

Statistical Analysis

The data were analyzed using SPSS for Windows (IBM
Corp., Armonk, NY, USA), and Student’s ¢ test was per-
formed to determine the significant difference between
two groups. All analyses were carried out in triplicate,
and differences were considered statistically significant
at a p value <0.05. Data in the paper are presented as
mean =+ standard deviation (SD).

Results

Effects of B. jeotgali on the Growth of I. galbana

To investigate the impact of B. jeotgali on the growth of 1.
galbana, co-culture experiments were conducted with vary-

ing density ratios for the two organisms. Algae bacteria were
co-cultured at different density ratios for 14 days, during
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Fig. 1 Effects of Bacillus jeotgali on the growth of Isochrysis gal-
bana. A Effects of B. jeotgali with three different initial algae/bac-
teria density ratios (1:1, 1:2, 1:10) on chorophyll a content of I
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which the growth status of the algal cells was monitored by
assessing their chlorophyll a content (Fig. 1A). The findings
revealed that co-culturing /. galbana with B. jeotgali at a
cell density of 1:1 resulted in a significantly higher chloro-
phyll a content in /. galbana compared to the control group.
Furthermore, at bacterial cell density ratios of 1:2 and 1:10,
the chlorophyll a content of algal cells exhibited even more
substantial increases compared to the control group. This
result suggests that B. jeorgali significantly enhanced the
growth of algal cells, and the degree of promotion depended
on the population density of the bacteria. To further assess
the impact of B. jeotgali on the growth of 1. galbana with
an algae-to-bacteria ratio of 1:10, the cell numbers of 1. gal-
bana were quantified. The cell abundance of I. galbana in
co-cultures was significantly higher than in the control group
(Fig. 1B). Furthermore, as the co-culture time extended, the
cell abundance of I. galbana continued to increase, accom-
panied by a darker coloration of the algal fluid (Fig. 1B).
This outcome provided additional confirmation of the pro-
moting effect of B. jeotgali on the growth of 1. galbana.

Physiological and Biochemical Effects of B. jeotgali
on /. galbana

The physiological and biochemical effects of B. jeotgali on
1. galbana were investigated by comparing soluble protein
contents and SOD activity of I. galbana in co-cultures and
mono-cultures (Fig. 2). The total concentration of soluble
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galbana. B Effects of B. jeotgali (1:10) on the cell abundance of I.
galbana. Error line represented standard deviation (SD), * repre-
sented significant difference, p <0.05
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Fig.2 Physiological and biochemical effects of Bacillus jeotgali on
Isochrysis galbana. A Effects of B. jeotgali on protein content of .
galbana. B Effects of B. jeotgali on SOD activity of I. galbana. Error

proteins in the microalgal cells showed a steady increase
over time, with the soluble protein content in the co-culture
consistently higher than that in the mono-culture from day
2 to day 14 (Fig. 2A). Additionally, the SOD activity in the
co-cultures exhibited a significant decrease compared to
that in mono-cultures except on the second day (Fig. 2B).
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line represented standard deviation (SD), * represented significant
difference, p <0.05

Effect of B. jeotgali on the Fatty Acid Composition
of I. galbana

The influence of B. jeotgal on the fatty acid composition of
1. galbana was examined in detail (Fig. 3 and Table 1). The
results revealed the presence of tridecanoic acid (C13:0),
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Fig.3 Saturated fatty acid (A), monounsaturated fatty acid (B) and polyunsaturated fatty acid (C) composition (as a percentage of total fatty
acids) of Isochrysis galbana co-cultured with Bacillus jeotgali for 14 days
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Table 1 Fatty acid composition (as a percentage of total fatty acids)
of 1. galbana co-cultured with B. jeotgali for 14 days

Fatty acid Axenic I. galbana Axenic I. gal- B. jeotgali
bana+ B. jeotgali

C13:0 ND ND 0.83+0.06

C14:0 7.55+0.02 11.03 +0.05* 6.44+0.80

C15:0 1.17+0.01 1.34+0.37 49.94+0.13

C16:0 17.79+0.11 12.34+0.06* 1.92+0.02

C17:0 0.97+0.02 ND 1.27+0.03

C18:0 2.32+0.02 0.38+0.01* 2.60+0.60

C20:0 0.34+0.00 0.23+0.01* ND

C22:0 3.02+0.03 1.05+0.03* ND

XSFA 33.16+0.21 26.37+0.53 63+1.64

C16:1 n-7 3.45+0.02 5.47+0.08* 11.23+0.12

C17:1 n-7 1.14+0.02 0.55+0.03* 12.57+0.12

C18:1 n-9t 22.92+0.21 14.38 +£0.15% ND

C18:1 n-9¢ 1.27+0.03 2.28+0.12* ND

C22:1n-9 0.91+0.01 0.97+0.03 ND

IMUFA 29.69 +0.29 23.65+0.41 23.8+0.24

C16:2 n-6 0.63+0.00 0.81+0.02%* ND

C18:2 n-6 6.17+0.04 3.11+0.05* ND

C18:3n-3 6.40+0.02 8.23+0.07* ND

C18:4 n-3 10.20+0.04 16.58 +£0.02* ND

C20:2 n-6 0.57+0.03 ND ND

C20:4 n-6 0.49+0.01 ND ND

C20:5 n-3 0.97+0.02 1.19+0.03* ND

C22:4 n-6 ND 0.17+0.01 ND

C22:5 n-6 1.56+0.03 2.83+0.09* ND

C22:6 n-3 9.09+0.12 15.53+0.07* ND

YXPUFA 36.08+0.31 48.45+0.36 ND

Data are the means for three independent experiments and are pre-
sented as the means +SD

SFA saturated fatty acid, MUFA monounsaturated fatty acid, PUFA
polyunsaturated fatty acid, ND not detected

Asterisks indicate significant differences: *p <0.05

which is not typically found in 1. galbana but is present in B.
Jeotgal, among the saturated fatty acids. Myristic acid (C14:0)
and palmitic acid (C16:0) were identified as the predominant
saturated fatty acids in 1. galbana, while pentadecanoic acid
(C15:0) was the main saturated fatty acid in B. jeotgal. Under
co-culturing conditions, /. galbana exhibited lower levels of
saturated fatty acids compared to when cultured alone, with
the exception of C14:0 and C15:0. Notably, heptadecanoic acid
(C17:0) was not detected in the co-culture (Fig. 3A, Table 1).

In B. jeotgal, only two monounsaturated fatty acids, palmi-
toleic acid (C16:1 n-7) and heptadecenoic acid (C17:1 n-7),
were detected. Palmitoleic acid (C16:1 n-7) and elaidic acid
(C18:1 n-9t) were identified as the major monounsaturated
fatty acids in /. galbana cultured alone and co-cultured, with
elaidic acid (C18:1 n-9t) at a significantly lower level under co-
culturing conditions compared with /. galbana cultured alone.
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Notably, oleic acid (C18:1 n-9c) was significantly higher in co-
cultured I. galbana than when cultured alone (Fig. 3B, Table 1).

Polyunsaturated fatty acids were not detected in B. jeot-
gal. However, co-cultured I. galbana exhibited significantly
higher levels of hexadecadienoic acid (C16:2 n-6), a-linolenic
acid (C18:3 n-3), octadecatetraenoic acid (C18:4 n-3), and
docosapentaenoic acid (C22:5 n-6) compared to 1. galbana
cultured alone. Particularly, the significant elevations of EPA
(C20:5 n-3) and DHA (C22:6 n-3) in the microalgae under
co-culturing were observed, increased from 0.97 +0.02% to
1.19+0.03% and 9.09+0.12% to 15.53 +£0.07%, respectively.
Under co-culturing conditions, the total polyunsaturated fatty
acid content of I. galbana (48.45+0.36%) was significantly
higher than that observed under mono-culturing conditions
(36.08 £0.31%) (Fig. 3C, Table 1).

Effect of B. jeotgali on the Expression of Genes
Involved in the Polyunsaturated Fatty Acid
Synthesis Pathway of I. galbana

The impact of B. jeotgali on the expression of four desatu-
rase genes (d4FAD, d5FAD, d6FAD, and dSFAD) were
examined by RT-qPCR, with rbcL gene selected as the inter-
nal reference. The results unveiled a noticeable up-regula-
tion in the expression of the four genes associated with the
polyunsaturated fatty acid synthesis pathway in I. galbana
after 2 days of co-culturing. This upregulation was observed
in comparison to the expression levels of the same genes
in I. galbana under mono-culturing conditions (Fig. 4).

B Axenic L galbana
# Axenic L galbana + B. jeotgali

Relative expression level
& i

N
h

d4FAD d5FAD d8FAD

Fig.4 Real-time quantitative PCR (RT-qPCR) analysis of the expression
of genes involved in polyunsaturated fatty acid synthesis (d4FAD, d5FAD,
d6FAD, and d8FAD) in co-culture and mono-culture. Error line represented
standard deviation (SD), * represented significant difference, p <0.05

d6FAD
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Specifically, d4FAD, d5SFAD, d6FAD, and dSFAD exhibited
increases in expression by 3.5, 3.1, 5.3, 2.5 times, respec-
tively, highlighting the dynamic response of these genes to
the presence of B. jeotgali in the co-culture environment.

Discussion

1. galbana is a vital food source for mollusk larvae, early fish,
crustaceans, and various aquatic organisms. Furthermore, I.
galbana is renowned for its production of DHA and EPA,
which are crucial for health and thus hold a niche in the nutra-
ceutical industry. Traditional methods of enhancing EPA and
DHA accumulation in microalgae have focused on modifying
abiotic conditions such as light intensity, temperature, and
nutrient levels. However, these methods are time-consuming
and often lead to inhibition of cell growth, ultimately reducing
the total yield of EPA and DHA (Jakhwal et al. 2022). Inter-
estingly, our study has discovered that B. jeotgali enhances
both cell growth and the production of DHA and EPA in 1.
galbana, presenting an innovative approach to boosting DHA
and EPA production.

Our findings indicate a significant enhancement in the
growth of 1. galbana facilitated by B. jeotgali, with the
promotion effect increasing as the proportion of bacteria
increased. Previous studies have shown that the ratio of
cell density between bacteria and microalgae significantly
impacts the bacteria’s growth-promoting effects on micro-
algae. For instance, the presence of Marinobacter sp. at
algae/bacteria ratios of 1:50 and 1:100 notably increased
the cell growth of 1. galbana compared to the control group.
However, Marinobacter sp. did not affect the growth of /.
galbana at a ratio of 1:1 (Wang et al. 2022). Additionally,
Alteromonas macleodii was found to promote the growth of
Prochlorococcus at low densities but inhibit its growth at
high densities (Aharonovich and Sher 2016). Some studies
have highlighted the growth-promoting effects of bacteria
belonging to the Bacillus genus on microalgae (Amavizca
et al. 2017; Sonowal et al. 2022; Sauvage et al. 2022; Yee
et al. 2021). For instance, the endosymbiont B. tequilensis
has been shown to improve the cell density, dry weight, chlo-
rophyll content, and astaxanthin content of Haematococcus
lacustris (Jeon et al. 2023).

Numerous mechanisms have been reported to pro-
mote the growth of microalgae by bacteria, one of which
involves bacterial regulation of the intracellular redox bal-
ance by scavenging reactive oxygen species (ROS). For
example, Peng et al. found that the plant growth-promoting
bacteria, Azospirillum brasilense, can reduce the accumu-
lation of ROS in Chlorella sorokiniana cells, thus com-
pletely mitigate oxidative stress in C. sorokiniana result-
ing from nitrogen limitation (Peng et al. 2021). SOD is
an important antioxidant enzyme that is involved in the

first line of defense against ROS within cells (Bui and
Ki 2023). It helps maintain the balance of ROS and pro-
tects cells from damage and potential cell death caused by
ROS accumulation. In this study, we observed a significant
decrease in SOD activity in 1. galbana when co-cultured
with B. jeotgali compared to the control group. Similarly,
co-culturing I. galbana with A. macleodii or Marinobacter
sp. also resulted in a substantial inhibition of SOD activity.
This effect could potentially be attributed to the bacteria’s
capacity to produce extracellular antioxidants (Cao et al.
2021; Wang et al. 2022). Therefore, we speculated that B.
Jjeotgali might promote the growth of 1. galbana by remov-
ing ROS. However, additional research is required to test
this hypothesis and confirm the underlying mechanisms
involved. Bacillus sp. has also been reported to nota-
bly enhance the growth of Scenedesmus sp. through the
secretion of indole-3-acetic acid (IAA) (Dao et al. 2018).
Similarly, our research also indicates the capability of B.
Jjeotgali to produce TAA, potentially exerting a beneficial
influence on algal growth (data not shown). Further inves-
tigation is warranted to ascertain whether B. jeotgali pro-
motes the growth of I. galbana by supplying it with TAA.

Notably, these studies on the effects of Bacillus sp. on
microalgae predominantly focus on growth-related mecha-
nisms, while their role in algal DHA and EPA biosynthesis
remains unclear. Recent studies have found that certain bac-
teria have the capacity to promote the accumulation of DHA
or EPA in microalgae (Liu et al. 2020b; Wang et al. 2022).
However, to the best of my knowledge extends, no research
has investigated the promotion of both DHA and EPA pro-
duction by bacteria in microalgae. In this study, what is new
is that a notable enhancement in the content of both DHA
and EPA was observed in I. galbana when co-cultivated with
B. jeotgali. It was reported that higher protein synthesis in
microalgae results in elevated expressions of omega-3/6 fatty
acid biosynthetic genes, namely desaturase and elongase,
which subsequently synthesize long-chain PUFAs such as
EPA (Jeyakumar et al. 2020). As higher protein synthesis
was found in co-culture, we conjectured that the high pro-
tein content might be one reason for the increased DHA
content. Similarly, the proportion of unsaturated fatty acids
in C. vulgaris-Mesorhizobium sangaii co-culture was sig-
nificantly increased compared to algae monoculture (Wei
et al. 2019). This enhancement in co-cultures might be due
to the metabolic regulation and nutrient exchange between
microalgae and bacteria. We are also concerned about the
increase of PUFA content and the decrease of MUFA con-
tent in /. galbana when co-cultivated with B. jeotgali. It has
been reported that increasing IAA concentration could sig-
nificantly increase PUFA proportion in N. oceanica cultures,
while MUFA decreased (Udayan and Arumugam 2017).
Given that B. jeotgali also has the ability to produce IAA,
it is worth investigating whether the effect of B. jeotgali on
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the accumulation of fatty acids in I. galbana is related to its
ability to produce IAA.

Bacillus sp. is widely employed as an environmental pro-
biotic in aquaculture due to its multifunctionality, including
enzyme production, antimicrobial compound synthesis, and
disease protection within aquaculture systems (Soltani et al.
2019). Notably, it exhibits bacteriostatic activity against
various shrimp pathogens (Ringg 2020). Bacillus sp. as a
valuable probiotic for shrimp, revealing a dose-dependent
enhancement in shrimp survivals and immune parameters
over a 28-day feeding experiment (Rahiman et al. 2010). The
study demonstrates that the inclusion of 0.2% isomaltooli-
gosaccharides with 103 CFU/g feed PB significantly boosts
shrimp immune responses, leading to improved disease
resistance (Li et al. 2009). Bacillus sp. isolated from green
crabs displays antagonistic activity against Vibrio para-
haemolyticus (Wu et al. 2014). The potential antagonistic
effects of B. jeotgali in this study on harmful pathogens
require further investigation. If our strain demonstrates
antagonistic effects on aquatic pathogens, combined with
its capacity to enhance the accumulation of EPA and DHA
in microalgae, it holds significant application value.
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