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Abstract
To evaluate effects of microalga addition in the intensive Litopenaeus vannamei farming 
system, the amount of Picochlorum sp. in culture water was adjusted to be 1 ×  104 cells/
mL (KH_1), 2 ×  104 cells/mL (KH_2), or 4 ×  104 cells/mL (KH_4) respectively by artificial 
addition, and that without microalgal addition was set as the control. First, it was found that 
Picochlorum sp. addition was effective to reduce the total ammonia nitrogen (TAN), nitrite, 
phosphate, and chemical oxygen demand (COD) in culture water, and the water quality of 
KH_4 was the best among various groups after a 30-day culture, with reduction of 89.85% 
TAN, 78.17% nitrite, 50.00% phosphate, and 63.28% COD in comparison with the control. 
Second, addition of Picochlorum sp. had a significant impact on the microalgae commu-
nity structure of shrimp culture system, and it has become the absolute dominant genus in 
KH_1, KH_2, and KH_4 group, with relative abundances of 86.57%, 95.48%, and 99.01% 
respectively, whereas Chaetoceros (51.05%) dominate in the control. Moreover, the growth 
performance of shrimp in KH_2 and KH_4 groups were better than those in the control 
(P < 0.05), and the superoxide dismutase (SOD) and lysozyme (LZM) activity in hepato-
pancreas increased by 31.73–78.05% and 16.93–73.74% for the Litopenaeus vannamei in 
KH_2 and KH_4. The results of this study indicated that artificial addition of Picochlorum 
sp. could be effective to improve the water quality and shrimp growth, and be a feasible 
environmental regulation method in shrimp aquaculture.

Keywords Picochlorum sp. · Litopenaeus vannamei · Water quality · Microalgae 
community · Enzyme activity

Introduction

Litopenaeus vannamei, a tropical shrimp species highly adaptable to temperature and 
salinity, is a major farmed species with total production of 4.966 million tonnes, account-
ing for 52.9% of crustacean production in the world in 2018 (Chen et  al. 2020). Along 

Handling Editor: Xugan Wu

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s10499-024-01655-5&domain=pdf
http://orcid.org/0000-0002-4204-076X
http://orcid.org/0000-0003-2202-1702
http://orcid.org/0000-0003-2527-7623


 Aquaculture International

with increasing of shrimp production, eutrophication due to the wastewater discharging in 
shrimp aquaculture has raised much concerns, and then limits the sustainable development 
of shrimp aquaculture (Huang et al. 2022; Zhang et al. 2020).

Microalga are effective to absorb nitrogen, phosphorus, and many other harmful sub-
stances in wastewater through photosynthesis (Ekasari et  al. 2021; Marinho et  al. 2017; 
Pakravan et al. 2018; Wang et al. 2020), and they have already been well used to regulate 
water quality in aquaculture as well (Marquez et al. 2019; Sandeep et al. 2021, 2023). Chen 
et al. (2020) discovered that the inclusion of microalgae effectively maintains pH stability 
and reduces ammonia nitrogen and nitrite levels in aquaculture ponds. Ekasari et al. (2021) 
demonstrated that supplementing aquaculture water with microalgae not only stimulates 
the growth of Macrobrachium rosenbergii but also provides a significant amount of essen-
tial fatty acids for their development. As a common microalgae in shrimp aquaculture sys-
tems, Picochlorum sp. is also a potentially dominant taxon (Krishnan et al. 2021; Dinesh 
et al. 2016).

Although microalgae play a significant role in regulation of water environment in aqua-
culture, their optimal concentration in artificial regulation is still not clear and few studies 
have been reported. The regulatory effect of microalgae is not obvious if their concentra-
tion is too low in culture water (Le et al. 2022; Lukwambe et al. 2019). On the other hand, 
excessive microalgae addition will reduce the microbial diversity of aquaculture water, 
leading to the instability of the aquaculture system and destroying the balance of bacteria 
and algae (Shetty & Gulimane 2023; Wang et al. 2023, 2020). Therefore, there is an urgent 
need to assess the optimal concentration of microalgae and to investigate the appropriate 
level of microalgae addition in aquaculture system.

In the present study, we investigated the effects of inoculation of Picochlorum sp. at dif-
ferent concentrations on various physicochemical indexes of aquaculture water, the growth 
characteristics of shrimp, and related enzyme activities. The results of the study could pro-
vide a scientific basis for the application of Picochlorum sp. in shrimp farming.

Materials and methods

Shrimp and micoalga

Specific pathogen-free postlarvae (PL10) of L. vannamei, sourced from China, were kindly 
provided by the Charoen Pokphand (CP) group. The PL were raised in a nursery tank 
(6 × 6 × 1.5 m) at a stocking density of 2000 PL/m3 for a 7-day acclimation.

Microalga Picochlorum sp. was obtained from the Shanghai Whisper Biotechnology 
Co. The fresh microalga were inoculated into a sterilized BG-11 liquid medium at salinity 
of 30 and temperature of 28 ± 2℃, and cultivation was conducted under a 12:12-light–dark 
cycle with a light intensity of 3000 Lux. The composition of BG-11 medium was as fol-
lows: sterile seawater (1 L), sodium nitrate (80  mg), potassium dihydrogen phosphate 
(5  mg), ferric ammonium citrate (0.5  mg), sodium silicate (6  mg), manganese chloride 
(0.02 mg), vitamin B12 (0.1 μg), vitamin B1 (25 μg), D-biotin (1.0 μg).

Experimental design

The experiment was conducted using 12 tanks with a capacity of 150 L for each. All tanks 
were filled with 100 L of sterilized seawater and the aeration were provided by air stone. 
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Water temperature maintained at 29.3 ± 0.11  °C, salinity at 30.26 ± 0.09, and dissolved 
oxygen (DO) at 7.68 ± 0.06 mg/L, and 20% of tank water were replaced every day. Tanks 
were randomly allotted into four groups, labeled as KH_1, KH_2, KH_4, and in the control 
respectively, with three replicates for each group. Picochlorum sp. was artificially added 
into the tanks of KH groups every 3 days to adjust the concentration of Picochlorum sp. at 
low (1 ×  104 cells/mL for KH_1), medium (2 ×  104 cells/mL for KH_2), and high (4 ×  104 
cells/mL for KH_4) level, respectively. The tanks without microalgae addition were set as 
the control. The concentration of microalgal cells were counted using a hemocytometer. 
After acclimation, 40 healthy and uniformly sized shrimp were transferred and raised in 
each tank, they were fed five times a day (6:00, 10:00, 14:00, 18:00, and 22:00) with a 
commercial pellet feed (41% protein), and the initial feeding rate was set at 4%, and adjust-
ments were made based on the growth and feeding behavior of the shrimp. The experimen-
tal period is 30 days.

Water quality monitoring

Water samples were systematically collected and then measured for every 3  days. Dis-
solved oxygen (DO), pH, temperature, and salinity of water sample were measured with 
a handheld digital water quality meter (Aqua TROLL 400; In-situ, USA). Total ammonia 
nitrogen (TAN), nitrite  (NO2

−-N), orthophosphate  (PO4
3-P), and chemical oxygen demand 

(COD) were measured following the method reported in the reference (Rice et al. 2012).

Shrimp growth performance

Shrimp in each group were weighed at the beginning and end of the experiment. The 
growth performance of shrimp was calculated as follows:

Specific growth rate (SGR, %/ day) = 100 × (Ln (final weight) − Ln (initial weight))/cul-
ture days.

Survival rate (%) = 100 × final number of shrimps/initial number of shrimps.
Relative growth rate (ADG, %) = 100% × (final weight – initial weight)/ initial weight.

Measurement of enzyme activity

At the end of experiment, ten shrimp were randomly collect in each culture tank, and their 
hepatopancreas were separated and then pooled as one sample stored at − 80 °C for meas-
urement of enzyme activity. After homogenization with 0.9% saline (volume ratio of 1:9 for 
SOD or 1:19 for LZM) and centrifugation at 3000 rpm for 10 min. Activity of superoxide 
dismutase (SOD) or lysozyme (LZM) in the supernatant were measured using a commercial 
kit purchased from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

Microalgae community analysis

Sample collection

At the end of experiment, a 500-mL water sample was collected and passed through a 0.22-
μm sterile microporous membrane, and the membranes were stored at − 80℃ until the anal-
ysis for microalgae communities.
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DNA extraction and PCR amplification

DNA in the membranes were extracted using the E.Z.N.A.® soil DNA kit (Omega Bio-tek, 
Norcross, GA, USA). The primers p23SrVF. (5′-GGA CAG AAA GAC CCT ATG AA-3′) and 
p23SrVR. (5′-TCA GCC TGT TAT CCC TAG AG-3′) were employed for PCR amplification of 23S 
rRNA gene in sample, and the products underwent detection through 2% agarose gel electropho-
resis. The retrieved products were purified using the AxyPrep DNA Gel Extraction Kit (Axygen 
Biosciences, Union City, CA, USA). Detection and quantification of the purified PCR products 
were conducted using the Quantus™ Fluorometer (Promega, USA), and the sequenced products 
were sent to Meggie Sequencing for PE300 sequencing on the Illumina Miseq platform.

Processing of sequencing data

The raw 23S rRNA gene sequencing reads were demultiplexed, quality-filtered by fastp 
version 0.20.0 (Chen et  al. 2018) and merged by FLASH version 1.2.7 (Magoč & Salz-
berg 2011) with the following criteria: (i) 300-bp reads were truncated at any site receiv-
ing an average quality score of < 20 over a 50-bp sliding window, and the truncated reads 
shorter than 50 bp were discarded, and reads containing ambiguous characters were also 
discarded; (ii) only overlapping sequences longer than 10  bp were assembled according 
to their overlapped sequence. The maximum mismatch ratio of the overlap region is 0.2. 
Reads that could not be assembled were discarded; (iii) samples were distinguished accord-
ing to the barcode and primers, and the sequence direction was adjusted, exact barcode 
matching, two nucleotide mismatches in primer matching.

Following the application of default parameters, optimized sequences underwent QC 
splicing and noise reduction using the DADA2 (Callahan et  al. 2016; Yoon et  al. 2016) 
plugin. The resulting sequences, known as ASVs (amplicon sequence variants), were 
exclude sequences or ASVS annotated with chloroplast and mitochondrial sequences. Fur-
thermore, to mitigate the impact of sequencing depth on subsequent alpha diversity and 
beta diversity analysis, the counts of all sample sequences were normalized.

The species annotation database was nt_v20230830, and the species annotation method 
was BLAST best hit. A genus was considered absolutely dominant if it constituted more 
than 50% of the total relative abundance in the samples.

Statistical analysis

The richness and diversity of microbial communities in the samples were assessed using the 
alpha diversity index, and the statistical t-test was applied to test for significance. The simi-
larity or difference in the composition of the sample communities was investigated using the 
PCoA analytical method, and the test of difference between groups was performed by Adonis, 
with the Bray–Curtis distance algorithm. The samples were analyzed using LEfSe software 
based on taxonomic composition, and different grouping conditions were subjected to linear 
discriminant analysis (LDA) to identify the communities or species that had a significant dif-
ferential effect on the division of the samples. The following software was used for statisti-
cal analysis and mapping: mothur 1.30, R language (version 3.3.1), and LEfSe. Results were 
expressed as mean ± standard deviation (mean ± SD). One-way ANOVA was performed using 
the SPSS 19.0 for comparative analysis, with a significance threshold set at P < 0.05.

The data from this study have been submitted to the NCBI SRA database under BioPro-
ject accession number PRJNA1130669 and will be publicly available on August 31, 2025.
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Results

Water quality

The common water quality parameters, including temperature, salinity, pH, and DO, in 
L. vannamei aquaculture system are shown in Table 1. All parameters except pH in each 
group maintained stable throughout the experiment, and the pH values in KH_2 and KH_4 
were slightly higher than that of the control.

TAN concentration in the control accumulated gradually before day 18, and maintained 
around a level of 7.70 ± 0.30 mg/L thereafter, whereas the TAN concentrations in KH_1, 
KH_2, and KH_4 group increased during the early period, and then declined after reach-
ing a peak value of 5.48 ± 0.33  mg/L, 5.16 ± 0.15  mg/L, and 4.41 ± 0.20  mg/L, respec-
tively (Fig. 1a) at day 12. At the end of experiment, TAN concentrations in the control, 
KH_1, KH_2, and KH_4, were 7.39 ± 0.20 mg/L, 3.30 ± 0.21 mg/L, 2.19 ± 0.02 mg/L, and 
0.75 ± 0.18 mg/L, respectively (Fig. 1a). It reduced by 55.35%, 70.37%, and 89.85% in the 
KH_1, KH_2, and KH_4, respectively, in comparison with the control.

NO2
−-N accumulated steadily in all groups, with the control having the fastest accumu-

lation speed while KH_4 having the slowest. At the end of experiment, the  NO2
−-N con-

centration in KH_1, KH_2, and KH_4 group were 3.82 ± 0.11 mg/L, 3.30 ± 0.20 mg/L and 
1.41 ± 0.02 mg/L, respectively (Fig. 1b), equal to 59.13%, 51.08%, and 21.83% of the control 
(6.46 ± 0.24 mg/L).

The results on  PO4
3-P concentrations in the experiment showed a similar trend to that 

of  NO2
−-N. At the end of the experiment, the  PO4

3-P concentrations in KH_1, KH_2, 
and KH_4 were 0.94 ± 0.02  mg/L, 0.78 ± 0.05  mg/L, and 0.76 ± 0.03  mg/L, respectively 
(Fig. 1c), equal to 61.84%, 51.32%, and 50.00% of the control (1.52 ± 0.02 mg/L).

During the initial 18  days of experiment, COD concentration in all groups increased 
gradually. It maintained stable. At the end of the experiment, the COD concentra-
tions in KH_1, KH_2, and KH_4 were 10.6 ± 0.35  mg/L, 8.4 ± 0.20  mg/L, and 
8.2 ± 0.20 mg/L, respectively (Fig. 1d), equal to 47.47%, 37.62%, and 36.72% of the con-
trol (22.33 ± 0.42 mg/L). Detailed data are presented in Annex I.

Production performance of shrimp

The average body weight of L. vannamei in KH_1, KH_2 and KH_4 treatment groups 
were 1.18, 1.37, and 1.36 times of that in the control at the end of experiment. Mean 
body weight of shrimp in KH_2 and KH_4 was significantly higher than that in the 
control (P < 0.05). The highest shrimp relative growth rate and specific growth rate were 
found in the KH_2, and the highest survival rate was found in KH_4 (Table 2).

Enzyme activity

LZM activity

The hepatopancreas LZM activity of L. vannamei was presented in Fig. 2a. The mean 
LZM activity in each group was as follows: KH_1 (34.47 ± 2.84 U/mg prot), KH_2 
(47.17 ± 3.13 U/mg prot), KH_4 (51.22 ± 4.06 U/mg prot), control (29.48 ± 4.45 U/
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mg prot). The KH_2 and KH_4 groups exhibited a significant increase by 60.01% and 
73.74%, respectively, (P < 0.05) relative to the control.

SOD activity

The hepatopancreas SOD activity of L. vannamei was presented in Fig.  2b. The mean 
SOD activity in each group was as follows: KH_1 (116.58 ± 10.31 U/mg prot), KH_2 
(157.57 ± 11.33 U/mg prot), KH_4 (152.23 ± 8.08 U/mg prot), control (88.50 ± 5.46 U/
mg prot). The KH_1, KH_2, and KH_4 groups exhibited a significant increase by 31.73%, 
78.05%, and 72.01%, respectively, (P < 0.05) relative to the control.
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Fig. 1  Changes of the specific water quality parameters in L. vannamei aquaculture system. A single aster-
isk (⁎) indicates a significant difference among the four groups (P < 0.05)

Table 2  Production performance of L. vannamei 

Data were presented as mean ± SD (n = 3), and that with different superscripts in the same column indicates 
significant difference among groups (P < 0.05)

Groups Initial weight/(g) End weight/(g) Relative growth rate/(%) Specific 
growth rate/
(%·d−1)

Survival rate/(%)

KH_1 0.92 ± 0.06a 4.98 ± 0.64ab 440.50 ± 70.24ab 5.60 ± 0.45ab 90.00 ± 5.00a

KH_2 0.91 ± 0.04a 5.78 ± 0.09b 539.71 ± 46.61b 6.18 ± 0.24b 93.33 ± 7.64a

KH_4 0.92 ± 0.05a 5.76 ± 0.42b 529.24 ± 83.45b 6.11 ± 0.43b 96.67 ± 5.77a

Control 0.91 ± 0.05a 4.22 ± 0.09a 362.99 ± 35.81a 5.10 ± 0.25a 86.67 ± 7.64a
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Microalgal community composition and diversity

Alpha diversity

A total of 787,630 sequences were obtained from 12 samples, averaging 65,636 sequences 
per sample, with an average sequence length of 369 bp. The Shannon and Simpson indices 
indicate that the microalgal diversity of KH_1 is significantly higher than that of KH_4 
(P < 0.05). As shown by sobs, ACE, and chao indices, the richness index of KH_1 is higher 
than that of in the control, but there is no significant difference (P > 0.05) (Table 3).

Beta diversity

The results of PCoA analysis were shown in Fig. 3. The PCoA analysis plots demonstrated 
the distribution of microalgae community structure at the ASV level for the control and 
different concentrations of microalgae treatment groups (KH_1, KH_2, KH_4). The first 
principal coordinate (PC1) and the second principal coordinate (PC2) explained 64.47% 
and 16.00% of the total variation, respectively. The community structure of KH_1, KH_2, 
and KH_4 deviated from that of the control, especially KH_4, indicating that the microal-
gal community structure of the cultured water body changed significantly after the addition 
of different concentrations of Picochlorum sp. This result reveals the significant regulatory 
effect of microalgae concentration on the diversity and structure of microbial communities 
in the culture environment (P < 0.05).
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Fig. 2  Changes in LZM and SOD activities in the hepatopancreas of L. vannamei. Data with the same set of 
letters indicate that the difference is not significant (P > 0.05)

Table 3  Characteristics of species richness and diversity indices at the ASV level among groups

Data were presented as mean ± SD (n = 3), and that with different superscripts in the same column indicates 
significant difference among groups (P < 0.05)

Groups Sobs Shannon Simpson Ace Chao Coverage

KH_1 83.3 ± 24.83b 1.36 ± 0.07b 0.41 ± 0.11a 122.56 ± 43.41a 105.82 ± 34.33a 99.95%
KH_2 48.0 ± 18.52ab 0.95 ± 0.36b 0.57 ± 0.18ab 88.70 ± 60.22a 85.60 ± 37.25a 99.97%
KH_4 37.0 ± 8.89a 0.42 ± 0.13a 0.84 ± 0.06b 53.92 ± 24.46a 58.96 ± 34.95a 99.98%
Control 45.0 ± 3.46ab 0.98 ± 0.22b 0.56 ± 0.12ab 61.86 ± 13.06a 55.54 ± 4.51a 99.98%
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Microalgae communities’ composition

Microalgal community composition in the KH_1, KH_2, and KH_4 exhibit substan-
tial commonality at the genus level, and their absolute dominant genus were Pico-
chlorum sp., with relative abundances of 86.57%, 95.48%, and 99.01%, respectively 
(Fig.  4). The absolute dominant genus in the control was Chaetoceros (51.05%). Both 
unclassified_d__unclassified and unclassified_d__Eukaryota shown in the figure belong to 
the Isochrysidaceae.

One-way ANOVA was performed for the top three species abundance to test signifi-
cant differences among groups. Picochlorum sp. exhibited a significant difference between 
the groups (Fig. 5a). Compared to the control, the relative abundance of Picochlorum sp. 
in KH_1 was highly significant (P < 0.01), the relative abundances in KH_2 and KH_4 
were extremely significant (P < 0.001). No significant differences (P ≥ 0.1) were observed 
between the relative abundances in KH_1, KH_2, and KH_4 (Fig. 5b).

LEfSe analyses revealed significant differences in microalgal community structure 
between the KH_4 and the control at all taxonomic levels. The addition of high concentra-
tions of Picochlorum sp. significantly increased the abundance of the phylum Trebouxi-
ophyceae, the class Chlorophyceae, and the order Isochrysidales in the KH_4 group (LDA 
score > 4), whereas in the control, the phylum Haptophyta, the class Bacillariophyceae, the 
order Chaetocerotales, and the order Bacillariales prevailed (LDA score > 4). At the family 
and genus levels, the abundance of the family Isochrysidaceae and the genus Picochlorum 
was significantly higher in the KH_4 (LDA score > 4, P < 0.05), whereas in the control, 
the families Chaetocerotaceae and Bacillariaceae, and the genera Chaetoceros, Isochry-
sis, Nitzschia, and Tisochrysis were significantly increased in abundance (LDA score > 4, 
P < 0.05). These results indicate that the addition of high concentrations of Picochlorum 
sp. profoundly affected the structure of microalgal communities, increasing the abundance 
of specific microalgal communities while suppressing others, thus revealing the key role of 
microalgae in regulating microalgal diversity and ecological balance (Fig. 6).

Fig. 3  ASV-level β-diversity 
analysis of the four groups
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Fig. 4  Species abundance at the genus level in various groups

Fig. 5  a Histogram of tests of species differences, b comparison between Picochlorum sp. groups. Differ-
ences were examined in abundance of the top three species in abundance across the four groups in panel 
a, and it was also examined between the proportion of a Picochlorum sp. (genus level) in each group. 
*0.01 ≤ P ≤ 0.05, **0.001 ≤ P ≤ 0.01, ***P ≤ 0.001
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Discussion

Water quality control is critical in L. vannamei farming, and it has become pivotal for the 
success or failure of shrimp farming (Abreu et al. 2009; Santhana Kumar et al. 2018). Pre-
vious studies have shown that addition of Picochlorum sp. is effective to remove nitrogen, 
phosphorus, and many other nutrient salts; to purify the water; and to improve shrimp sur-
vival rate. It was common that N and P accumulate in the aquaculture water during the 
early stages, and the Picochlorum sp. maintains their own growth through absorbing vari-
ous nitrogen and carbon chemicals, and COD in water could be degraded in this process 
(Lee et al. 2017; Angela et al. 2021; Dong et al. 2022; Huang et al. 2022; Lu et al. 2021). 
Also, ammonia concentrations in water supplemented with Haematococcus pluvialis has 
been found significantly lower than those in water without H. pluvialis (Wang et al. 2022), 
and the addition of microalgae Nannochloropsis oculata and Thalassiosira sp. exhibited a 
superior water purification effect (Zhang et al. 2022). Our present study using Picochlorum 
sp. showed a positive purification effect on water quality as well, which is consistent with 
previous study.

It has been found that inoculation of beneficial algae such as Picochlorum sp., Chae-
toceros calcitrans, and Phaeodactylum tricornutum Bohlin in culture systems for L. 
vannamei can significantly enhance shrimp immunity and improve shrimp production 
(Ekasari et al. 2021; Huang et al. 2022; Marinho et al. 2017). In addition, some of the 
algae attached to the barrel walls were found to be ingested by the prawns. Addition of 
Chlorella growth factor to the L. vannamei feed was effective to improve the shrimp 
survival and growth performance (Pakravan et al. 2018). In the present study, addition 
of microalgae Picochlorum sp. could also significantly increase shrimp survival and 
production, and improve the antioxidant and immunity enzyme activity. More signifi-
cant positive effects may be supposed if Picochlorum sp. concentration increase or algal 
species change (Abreu et al. 2019; Huang et al. 2022; Marinho et al. 2017).

Microalgae community structure serves as an important indicator of environmental 
stability of a water body for shrimp farming. In this study, high-throughput sequencing 
revealed that the number of ASVs in KH_1 was higher than that in the control, whereas 

Fig. 6  LEfSe analysis between KH_4 and the control
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KH_2 and KH_4 had lower numbers of ASVs compared to the control. Additionally, there 
was a decreasing trend in the numbers of ASVs across KH_1, KH_2, and KH_4, indicating 
that as the concentration of Picochlorum sp. increased, the number of ASVs in the aqua-
culture water body gradually decreased. It may be due to the fact that appropriate addition 
of Picochlorum sp. can increase species diversity to a certain extent, but the addition of 
alga into the culture water at too high concentration will inhibit species diversity (Zhang 
et al. 2020). Based on species diversity indices (Shannon index, Simpson index) and rich-
ness indices (Sobs index, Ace index, Chao index), the KH_1 group had the highest species 
diversity and species richness of the four treatment groups, and the KH_4 group had the 
lowest species diversity and species richness. This indicates that in the KH_4 group, where 
Picochlorum sp. densities are highest, Picochlorum sp. exhibits a greater interspecific com-
petitive advantage, and growing dominance is formed, which can affect other microorgan-
isms in the water environment. This is consistent with the findings of Lu et  al. (2021), 
that different Picochlorum sp. densities have varying effects on the microbial community 
structure of cultured waters. The absolute dominant population in the control group was 
Chaetoceros (51.05%). As previously reported, Chaetoceros is also an effective water qual-
ity regulator and is one of the most commonly used bait microalgae. As can be seen from 
Fig. 4, the relative abundance of Chaetoceros in the treatment group with Picochlorum sp. 
added was significantly lower than the control (P < 0.05). Therefore, synergistic symbiosis 
with other beneficial algae should be considered in subsequent experiments related to the 
regulation of microalgae. The artificially added Picochlorum sp. in the KH_1, KH_2, and 
KH_4 groups all became overwhelmingly dominant populations. This indicates that the 
growth of harmful algae, such as Cyanobacteria, can be suppressed by artificially control-
ling the direction of the dominant population in the culture water, allowing beneficial algae 
to become the dominant population. This provides security for the growth of shrimps.

The addition of high concentrations of Picochlorum sp. significantly improved the pro-
duction performance of L. vannamei. The study found that L. vannamei in the KH_4 group 
exhibited higher growth rates and survival, likely due to the nutritional contribution of Pic-
ochlorum sp. in the feed and its role as a natural bait. Additionally, microalgae indirectly 
contributed to the growth and health of L. vannamei by improving water quality. Changes 
in microalgal community structure may also positively impact the immune system of L. 
vannamei, thereby enhancing its disease resistance.

Water quality is critical to the health and growth of L. vannamei. In this study, the addi-
tion of high concentrations of Picochlorum sp. significantly improved water quality indica-
tors such as dissolved DO, TAN, and  NO2

−-N levels. The improved water quality provided 
a superior growth environment for L. vannamei. The increase in DO may have enhanced 
the metabolic efficiency of L. vannamei, while the decrease in TAN and  NO2

−-N reduced 
its toxic stress. These findings suggest that improved water quality is a key mechanism by 
which microalgae addition enhances the production performance of L. vannamei.

The effect of water quality on microalgal community structure was also significant. 
The abundance of Trebouxiophyceae and Chlorophyta increased significantly in the KH_4 
group, suggesting that the addition of high concentrations of Picochlorum sp. significantly 
altered the microalgal community structure in the water column. The improved water qual-
ity may have provided more favorable conditions for the growth of certain microalgal spe-
cies, and the ability of different microalgal species to compete for and utilize nutrients may 
have also led to changes in community structure. Additionally, changes in microalgal com-
munity structure may further affect water quality by influencing light and nutrient levels in 
the water column.
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In conclusion, this study revealed the complex and interrelated relationships among 
shrimp–microalgae, shrimp–water, and water–microalgae. The addition of high concentra-
tions of microalgae not only directly affected microalgal community structure and water 
quality but also indirectly promoted the growth and health of shrimp by improving envi-
ronmental conditions. Although it is not yet possible to quantitatively assess the specific 
contributions of differences in microalgal community structure to water quality and shrimp 
production, our study highlights the critical role of integrating these relationships in opti-
mizing shrimp aquaculture environments and improving production.

Conclusion

Artificial addition of Picochlorum sp. in intensive aquaculture water for L. vannamei 
could effectively stabilize water quality and reduce the accumulation of ammonia nitrogen, 
nitrite, phosphate, and COD in the culture water. The breeding effect of L. vannamei was 
best when the concentration of Picochlorum sp. in the water reached 4 ×  104 cells/mL. Arti-
ficial addition of Picochlorum sp. is a feasible environmental regulation method in shrimp 
farming.
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