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Abstract

Integration of biological activities of the algal and bacterial communities enhances the
bioremediation potency of aquaculture systems. The effects of nitrogen removal mediated
by Ulva lactuca on the bacterial community structure and the abundance of nitrogen cycle
functional genes were investigated using an integrated multi-trophic aquaculture (IMTA)
system mainly composed of sea cucumber (Stichopus japonicus), shrimp (Penaeus japoni-
cus), and crab (Portunus trituberculatus). The experimental treatments were separated into
two groups: control group (C: without U. lactuca) and algae treatment (A: with U. lac-
tuca). Microbial diversity and abundance indexes, including the Sobs, Shannon, Ace, and
Chaol indexes, were higher in the U. lactuca treatment group in both water and sediment.
Flavobacteriaceae and Rhodobacteraceae were the dominant families in both the U. lactuca
and control treatment groups in October and November, respectively. In sediment, Bacil-
laceae was the dominant family in the U. lactuca treatment group throughout the experi-
mental period, whereas Desulfocapsaceae was the dominant family in the control group in
October and November. Moreover, the nitrogen cycle functional genes nifH, amoA, nxrB,
norB, and nrfA were more abundant in the U. lactuca treatment group than in the control
group. Results of water quality and its correlation with bacterial community were compre-
hensively investigated, revealing that U. lactuca influenced the bacterial community struc-
ture and nitrogen cycle by increasing DO in the IMTA system. In conclusion, U. lactuca
co-cultured in an IMTA system could represent a novel approach for enhancing nitrogen
removal, based on the interaction between the algal and bacterial communities.

Keywords Bioremediation - Nitrogen removal - Integrated multi-trophic aquaculture
(IMTA) - Ulva lactuca - Nitrogen cycle functional genes - Bacterial-algal interaction

Handling Editor: Ronan Sulpice

Extended author information available on the last page of the article

Published online: 02 July 2024 &\ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10499-024-01598-x&domain=pdf

Aquaculture International

Introduction

Coastal eutrophication caused by shrimp and fish aquaculture has been an increasingly
serious concern in recent years. The integrated multi-trophic aquaculture (IMTA) is an
eco-friendly and sustainable system (Browdy et al. 2012; Troell et al. 2009) which capital-
izes on the synergistic interactions among aquatic species to cultivate some species that
occupy different trophic levels, provides complementary ecosystem functions in a way
(Abreu et al. 2009; Neori et al. 2004), and reduces the amount of required nutrients and
organic waste outputs (Neori et al. 2004; Samocha et al. 2015). For instance, sea cucum-
bers with market economic value need not require special diet, which can utilize suspended
organic particles to support their growth, such as shrimp uneaten feed, feces, and plank-
ton (Lander et al. 2013), and limit the proliferation of anaerobic bacteria by bioturbation
in shrimp polyculture systems (Martinez-Porchas et al. 2010; Uthicke 1999). Additionally,
algae can be used for water remediation (Agarwal et al. 2020; Bonanno et al. 2020) through
assimilating dissolved inorganic nutrients including ammonia and phosphate and convert-
ing these into valuable biomass (Neori et al. 2004; Yang et al. 2015). The genus Ulva as
green macroalgae with fast growth rate and high carbohydrate content are well known for
their excellent capacity to absorb, utilize, and remove nutrients (nitrogen and phosphorus)
and productivity (Cunha et al. 2019; Gao et al. 2020; Shahar and Guttman 2021), com-
monly used for IMTA system and aquaculture wastewater treatment, playing an important
ecological role in marine ecosystems (Massocato et al. 2022). Ulva can absorb both ammo-
nia and nitrate nitrogen; however, its absorption of ammonia nitrogen is much higher than
nitrate nitrogen (Hadley et al. 2014; Naldi and Wheeler 2002), for example, in IMTA sys-
tems, the efficiency of ammonia removal by Ulva lactuca may exceed 80% (Al-Hafedh
et al. 2015; Macchiavello and Bulboa 2014). In addition, in the IMTA system, Ulva sp.
as primary producers due to providing a food source for other organisms (Guerreiro et al.
2018; Santizo-Taan et al. 2019) are usually co-cultured with other aquatic organisms (e.g.,
shrimp, shellfish, and fish), not only reducing the effluent nutrient loads released into the
marine environment but also reducing the demand for commercial feed, thus mitigating the
detrimental effects of aquaculture, increasing the economic value of aquatic products, and
enhancing aquaculture development sustainability (Bolton et al. 2008; Cruz-Suérez et al.
2010; Shpigel et al. 2018).

In aquatic ecosystems, algae can provide grazing and habitat for a variety of species.
In addition, algae transform dissolved inorganic carbon into organic matter that can be
directly utilized by heterotrophic bacteria via photosynthesis, and release oxygen, in addi-
tion to releasing metabolites to surrounding environment, which affect the reproduction
and respiratory metabolism of heterotrophic bacteria (Hollants et al. 2013; Zhang et al.
2015). In contrast, heterotrophic bacteria can also degrade organic compounds to produce
carbon dioxide, nutrients, vitamins, and growth-promoting factors for supporting algal
growth (Hollants et al. 2013). Thus, the interaction between heterotrophic bacteria and
algae is mutualistic (Ramanan et al. 2016); in other words, algal blooms are associated
with increasing activity of heterotrophic bacteria (Ramanan et al. 2016; Sigman and Hain
2012). However, algae can absorb inorganic nutrients (nitrogen, phosphorus, etc.) that are
competitively utilized by bacteria (D’Silva and Kyndt 2020; Liu et al. 2019; Urakawa et al.
2019).

Higher dissolved oxygen (DO) concentrations and higher pH value result from algae’s
photosynthesis (Areco et al. 2021; Li et al. 2021, 2019). DO plays an important role in
the bioremediation of aquaculture wastewater in IMTA systems, especially in nitrogen
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transformation, because it is involved in many biological processes such as photosynthesis,
nitrification, and respiration (Devi et al. 2012; Fang et al. 2018; Lananan et al. 2014). Gen-
erally, pH can substantially affect aquatic organism and bacterial communities (Giordani
et al. 2019) but may also be altered by bacteria, algae, or both (Garcia-de-la-Fuente et al.
2011; Giordani et al. 2019). Most bacteria participate in the nitrogen cycle by stimulat-
ing nitrification and denitrification (Banks et al. 2013), in both water and sediment (Ma
et al. 2015). In aquaculture ecosystems, microorganisms utilize nitrogen and phosphorus as
energy sources (Jasmina et al. 2020), assimilating these elements as proteins and polyphos-
phates used for cell growth and metabolism (Lananan et al. 2014; Rawat et al. 2011).
Growth performance of bacteria reflects their adaptation, assimilation, and survival in the
surrounding environment, while the regulation of external factors, such as pH, temperature,
and DO, closely related to microorganism growth performance (Lananan et al. 2014).

Algal cultivation in IMTA system is a promising approach to enhance water quality.
Some studies have demonstrated that algal-bacterial interactions, such as those occurring
in algae-bacteria-based aquaponics systems, can improve productivity, nitrogen utiliza-
tion efficiency, and water quality. This study aimed to investigate the effect of U. lactuca
algae cultivation on nitrogen removal and microbiota composition in water and sediment of
IMTA system, to provide a novel practical approach of co-cultured U. lactuca algae which
presented a high nitrogen bioremediation ability in IMTA system.

Materials and methods
Experimental design

This experiment samples were collected from an integrated multi-trophic aquaculture
(IMTA) system that included Stichopus japonicus (sea cucumber), Penaeus japonicus
(shrimp), Portunus trituberculatus (crab), and U. lactuca (algae) in Qingdao Ruizi Co.,
Ltd. which is located (35°6474"N; 119°84"22"E) in Langya town, Qingdao city, Shandong
province, along the Yellow Sea. The aquaculture pond had a surface area of 40,255 m? and
a depth of more than 2 m. The experimental treatments were separated into two groups:
control group (C: without U. lactuca) and algae treatment (A: with U. lactuca), which are
shown in Fig. 1b. There were three parallel ponds in each treatment. A total of 300,000 S.
Jjaponicus (mean weight ~ 1.7 g, stocking density ~ 7.5 m>~") were added in the pond on
April 11. A total of 120,000 Penaeus japonicus (mean length ~ 1 cm, stocking density ~
3 m?~!) were cultured in the pond on May 1. A total of 240,000 U. lactuca (mean length
~ 1 cm, mean weight ~ 17 g, stocking density ~ 6 m*~") were added in the pond on May
4, cultured in cages, as shown in Fig. 1b (Aalgae treatment). On May 15, 1500 seeds of P.
trituberculatus (0.05 g.crab™!, stocking density ~ 0.04 m>~!) were added in pond. During
the experimental period, we feed 200-kg ice fresh fish bait (0.019-g organic nitrogen.g™")
per pond every day. The oxygen was supplied by an aeration system through nanotubules
at the pond’s bottom. According to the water quality, the exchange of water was carried out
through the sea tide and water level difference for IMTA system.

Sample collection

The experimental samples were collected from the control group (C) and the algae
treatment (A). Control group and algae treatment consist of three ponds, respectively.

@ Springer



Aquaculture International

— Input
[— — Output

Photosynthesis

Shrimp
P. japonicus

Crab
P trituberculatus

Sea cucumber
S. japonicus

residual feeds \
AEEEEEER
NENNEEEE acces

assa facces

i a
Sediment
e T e
'
' Control Algae :
: "
'
' e e e A A A e e e e e '
1
: B e e e e e e e e e e '
: Ulva lactuca 4
i Water waer 1
: WY stimp (2 japonicus) e N WY stimp 2 jponicus) tolt g
| "
:
: Q Q Crab (P, ituberculatus) Q Q Crab (P trituberculatus) '
]
'
| Waer g Rl Sca cucumber (5. japonicus) Water H g Sea cucumber (5. japonicus) !
1
: Outlet Outlet "
| Utva lactuca !
: e e e e e e Ne W "
|
1 B e B e e e B e e B e b H
: "
: "
'

Fig.1 Experimental design of the IMTA system. a Pattern diagram of “shrimp-sea cucumber-crab-algae”
IMTA system. b Experimental treatments

Three random samples were obtained monthly from the area without algae of each
pond in September, October, and November, completely mixed as a repeat sample,
where the samples were acquired from water and sediment. A 1000-mL volume of
water was collected using a plexiglass water collector. A total of 200 mL of water
was filtered through a 0.22-pm acetate fiber membrane, and the residues on the mem-
branes were used to analyze the microbial community. The remaining 800 mL of water
was filtered through a 0.45-pm microporous membrane and utilized to determine the
chemical indexes of the water. Sediment samples were gathered at 0—8 cm below the
sediment’s surface with a plexiglass mud picker. The sediment sample size for DNA
extraction was 5 g. The filter membranes and sediment samples were flash-frozen and
kept at — 80 °C until they were analyzed.

Water quality

Water quality indicators were measured each time water samples were collected. The
YSI incorporated device (Yellow Springs, OH, USA) was used to detect water temper-
ature, dissolved oxygen (DO), salinity, and pH value. The ammonia nitrogen content
was measured using indophenol blue spectrophotometry (Pai et al. 2001). Spectropho-
tometry was used to measure nitrite nitrogen (Aydin et al. 2005). The UV spectropho-
tometric approach was used to detect nitrate nitrogen (Miles et al. 1998). The potas-
sium persulfate oxidation was used to detect total nitrogen and total phosphorus (Zhou
et al. 2007).
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High-throughput sequencing of bacteria and bioinformatic analysis

The FastDNA® Spin Kit for Soil (MP Biomedicals, USA) was used to extract the total
DNA from all water and sediment samples. Agarose gel electrophoresis was used to
confirm the integrity of the DNA. We used a NanoDrop spectrophotometer (Thermo
Scientific, USA) to determine the concentration of bacterial DNA. The V3-V4 region
of the 16STRNA gene was conserved as a bacterial DNA-specific sequence area using
the primers 338F (5-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5'-GGACTA
CHVGGGTWTCTAAT-3") (Xu et al. 2016). The 16StTRNA gene was then amplified
via polymerase chain reaction (PCR) on a MyCycler™ thermal cycler (Bio-Rad, USA).
Majorbio then purified and sequenced the bacterial DNA using Illumina MiSeq. The
raw reads were submitted to the NCBI Sequence Read Archive (SRA) database (Gen-
Bank accession: PRINA948567).

Quantitative PCR of functional genes of nitrogen cycle

PCR was performed with primers for the nifH (nitrogenase), amoA (ammonia monooxy-
genase), Amx (anaerobic ammonia oxidase), nxrB (nitrite oxidase), nirK (nitrite reduc-
tase), norB (nitric oxide reductase), nosZ (nitrous oxide reductase), and nrfA (nitrite
reductase, dissimilatory nitrite reduction to ammonium [DNRA]) genes as depicted
in Table 1 using 2 X Phanta® Max Master Mix (Vazyme, Nanjing, China). Table S1
(supplementary information) shows the specifics of the PCR conditions. The products
were purified with a FastPure® Gel DNA Extraction Mini Kit (Vazyme), subcloned
into a 5-min TA/Blunt-Zero Cloning Vector (Vazyme), propagated in Fast-T1 DH5«
(Vazyme), and sequenced using an ABI3700 sequencer (USA). FastPure® Plasmid
Mini Kit (Vazyme) was used to extract the corrected plasmids for subsequent qPCR.
Standards were created by serial dilution of plasmids containing the target gene and
measured with an Agilent 220 TapeStation System (Agilent Technologies, Santa Clara,
CA, USA). We conducted qPCR assays for the nitrogen cycling genes nifH, amoA,
Amx, nxrB, nirK, norB, nosZ, and nrfA (Fig. 1), using ChamQ Universal SYBR qPCR
Master Mix (Vazyme) and an Applied Biosystems 7500 Fast Real-Time PCR System
(Thermo Fisher Scientific, Waltham, MA, USA). The reaction system is shown in Table
S2(supplementary information). The reaction conditions for qPCR are listed in Table
S3 (supplementary information).

Data analysis

FLASH program spliced paired-end (PE) reads based on the overlap relationship
(Magoc€ and Salzberg 2011). For quality inspection and filtration of original sequencing
sequences, Fastp software was employed (Chen et al. 2018). After data optimization, we
utilized UPARSE software (Edgar 2013) for operational taxonomic units (OTU) clus-
tering and statistical analysis of biological information for the sequence, which had a
97% similarity (Edgar 2013; Stackebrandt, Goebel 1994). Before the data analysis, gene
sequences from each sample have been normalized according to the minimum number
of sample sequences, removing chloroplasts and mitochondria. For each sequence, the
RDP classifier software (Wang et al. 2007) was utilized for species classification analy-
sis. Statistical analysis was used to determine the community structure of the samples
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at various classification levels based on the results of taxonomic analysis. MOTHUR
(Schloss et al. 2009) was used to calculate alpha diversity. LEfSe (https://huttenhower.
sph.harvard.edu/lefse/) was used to perform linear discriminant analysis (LDA) on sam-
ples with varying treatments. QIIME was used to compute weighted UniFrac distances
for principal coordinate analysis (PCoA) (Lawley and Tannock 2017) and ANOSIM
analysis. The vegan package in R (http://www.r-project.org) was used for redundancy
analysis (RDA). The SPSS Statistics 22 software was utilized for statistical analysis
of water quality differences and bacterial community differences through 7-test, with
value of p<0.05 deemed significant and p <0.01 regarded extremely significant (Liu
et al. 2018). Function prediction analysis of bacterial community under control group
and algae treatment were examined with the Prokaryotic Taxa Annotation Database
(FAPROTAX) using python software (Louca et al. 2016).

Results
Organisms’ production

Table 2 shows the final average weight and total production of all organisms at the end
of the aquaculture period. The final average weight and total production of S. japonicus
(sea cucumber), P. japonicus (shrimp), P. trituberculatus (crab) in the algae treatment were
more than those in the control group. Simultaneously, the algae treatment significantly
increased the final average weight of crab.

Water quality

The results of water quality indexes with each treatment in the IMTA system (C: control
group; A: with U. lactuca) are shown in Table 3. During the experimental period, the
salinity, DO, and pH value showed an increasing trend, whereas the temperature showed
a decreasing trend. At the same sampling time, the temperature and salinity in the algae
treatment group were slightly lower compared to those in the control group (p > 0.05). The
DO and pH value were higher in the algae treatment group than in the control group. More-
over, the DO at the three sampling times were significantly different between the algae
treatment and control groups (p <0.05).

The results of nutrient contents in water in the control and algae treatment groups over
time (September, October, and November) are shown in Fig. 2. During the experiment, the

Table 2 Organisms’ final average weight and total production

Species Weight (g) Total production (kg)
Control group Algae treatment Control group  Algae treatment
S. japonicus (sea cucumber) 20.42+2.45 21.8+1.94 4900.8 5232
P. japonicus (shrimp) 39.21+5.17 42.9+5.29 2870.17 3140.28
P. trituberculatus (crab) 340.57+41.75 350.97 £51.02* 378.03 389.58
U. lactuca (algae) —_— 45.65+3.10 —_— 10,517.76

“The asterisk means that the value is significantly different (p <0.05)
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Table 3 Water quality parameters

Time Experimental groups Temperature Dissolved oxygen Salinity pH
September Control group 26.1+0.13 4.8+0.24 27.7+0.17 7.9+0.02
Algae treatment 25.9+0.12 5.3+0.33* 27.6+0.44 8.1+0.05
October Control group 25.7+0.08 6.7+0.02 29.4+0.17 8.7+0.01
Algae treatment 25.4+0.12 8.4+0.43% 29.1+0.03 8.7+0.15
November Control group 17.3+0.21 8.8+0.01 29.4+0.09 9.1+0.01
Algae treatment 17.1+0.22 9.3+0.19* 29.2+0.14 9.1+0.05

Samples from different groups were analyzed for significant differences at each time (September, October,
November). *The asterisk means that the value is significantly different (p <0.05)
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Fig.2 Nutrients including ammonia nitrogen, nitrite nitrogen, nitrate nitrogen, total nitrogen, and total
phosphorus in water in three experimental groups (C: control group; A: with U. lactuca) at September,
October, and November. Samples from different locations were analyzed for significant differences only
among the same time. *The asterisk means that the value is significantly different (p <0.05)
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concentrations of ammonia-N (Fig. 2a), nitrite-N (Fig. 2b), nitrate-N (Fig. 2c), total nitro-
gen (Fig. 2d), and total phosphorus (Fig. 2e) were decreased with an extended sampling
time in both the algae treatment and control groups. The ammonia-N in the algae treatment
group was lower than that in the control group, with significant differences in September
and October (p <0.05). In the algae treatment groups, nitrite-N and nitrate-N concentra-
tions were lower than those in the control group. During the experiment, total nitrogen
in the algae treatment group was lower than that in the control group, with a significant
difference in October and November (p <0.05). Total phosphorus in the algae treatment
group was higher than that in the control group, with a significant difference in September
(p<0.05). All concentrations of nutrients in the aquaculture system conform to the fishery
water quality standard.

Composition and diversity of bacteria in water and sediment

In this study, 45,763-219,748 effective sequences, with an average of 131,195, were
detected in water samples, and these clustered into 645-1437 OTUs, with an average of
1041. The microbial compositions of the control and algae treatment groups were simi-
lar, but the proportions differed with the sampling time. The dominant bacteria on fam-
ily level in the water samples included Cyanobiaceae (0.17-32.78%), Rhodobacteraceae
(12.93-20.72%), Flavobacteriaceae (10.82-20.09%), Microbacteriaceae (2.33-11.82%),
SARI116_clade (1.64-5.93%), and Cryomorphaceae (2.71-5.50%), which accounted for
approximately 66.09% of the total bacteria (Fig. 3a). The dominant bacteria on genus level
in the water samples included HIMBI11 (9.11-13.27%), NS5_marine_group (6.16-12.15%),
Synechococcus_CC9902 (0.12-12.01%), Cyanobium_PCC-6307 (0.05-23.11%), Candi-
datus_Aquiluna (2.19-11.48%), and norank_f__Cryomorphaceae (2.55-5.29%), which
accounted for approximately 57.77% of the total bacteria (Fig. 3b). Alpha-diversity indexes
are shown in Table 4. The Sobs, Shannon, Ace, and Chaol indexes of the algae treatment
group were higher than those of the control group. According to the Sobs, Ace, and Chaol
indexes, there were significant differences between the algae treatment and control groups
in September and October (p < 0.05). The alpha-diversity results showed that algae culture
could increase the diversity and abundance of the bacterial community in water, especially
significantly increasing abundances.

Moreover, 49,090-204,192 effective sequences, with an average of 127,681, were
detected in sediment samples, which clustered into 2457-3638 OTUs, with an average
of 2952. The dominant bacteria on family level in the sediment samples included Bacil-
laceae (6.05-16.26%), Desulfocapsaceae (4.38—14.72%), Rhodobacteraceae (1.21-9.40%),
Flavobacteriaceae (3.42-7.61%), and Woeseiaceae (1.83-5.63%), which accounted for
approximately 38.2% of the total bacteria (Fig. 4a). The dominant bacteria on genus level
in the sediment samples included Bacillus (5.66-15.72%), norank_f__Desulfocapsaceae
(3.82-12.93%), Woeseia (1.83-5.63%), norank_f__unclassified (2.29-4.76%), Actibacter
(1.70-4.17%), norank_f__Desulfobulbaceae (0.51-3.74%), Ilumatobacter (1.43-3.54%),
Halioglobus (1.42-2.32%), and Filomicrobium (1.05-1.84%), which accounted for approx-
imately 39.89% of the total bacteria (Fig. 4b). In the algae treatment group, Bacillaceae
and Bacillus were the dominant bacteria at the three sampling times (September, October,
and November). These results indicated that U. lactuca cultivation had a marked influence
on the dominant bacteria in the sediment samples. Alpha-diversity indexes of the sediment
samples are shown in Table 5. During all sampling times, the Sobs, Shannon, Ace, and
Chaol indexes of the algae treatment group were higher than those of the control group. In
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Fig.3 Microbiota composition in water at family (a) and genus (b) levels. A: group with U. lactuca; C:
control group

October and November, the Shannon, Ace, and Chaol indexes in the algae treatment group
were significantly higher than those in the control group (p <0.05). The results of alpha
diversity showed that U. lactuca culture could increase the diversity and abundance of the
bacterial community in sediment, especially significantly increasing abundances.

PCoA (Fig. 5), utilizing weighted UniFrac distances, was used to analyze the bacte-
rial community compositions of all water (Fig. 5a) and sediment (Fig. 5b) samples in the
control and algae treatment groups. The first axis of Fig. 5b shows that the bacterial com-
munities of the sediment samples differed between the control and algae treatment groups.
Meanwhile, the analysis of similarity (ANOSIM) statistical dissimilarities revealed a sig-
nificant difference in bacterial communities in sediment between the control and algae
treatment groups (p =0.04) (Fig. 5b).
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Table 4 Alpha diversity of water samples on OTU level at different sampling times

Time Treatment Sobs Shannon Ace Chaol
September Control group 646+ 67 3.7+0.17 13824175 1061 +115
Algae treatment 778 £72% 4.1£0.11 1653 +116* 1352 +139*
October Control group 1101 +113 45+0.23 2378+216 1722+122
Algae treatment 1435+ 167* 4.6+0.17 3368 +327* 2542 +185%
November Control group 1090+ 174 44+0.13 2318+216 1792+ 175
Algae treatment 1122 +173 44+0.19 2449+ 174 1805+ 158

Samples from different experimental groups including control group, and algae treatment was analyzed for
significant differences only among the same time. *The asterisk means that the value is significantly differ-
ent (p<0.05)
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Fig.4 The composition of bacteria in sediment at family (a) and genus (b) levels. A: group with U. lactuca;
C: control group
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Table 5 Alpha diversity of sediment samples on OTU level with sampling time

Time Treatment Sobs Shannon Ace Chaol
September Control group 2458 +245 5.6+0.13 4875+370 3906+416
Algae treatment 2796 +210 5.840.12 5172+493 4273 +439
October Control group 2572 +211 5.6+0.15 4757 +433 3930+374
Algae treatment 3440+281* 6.1+0.18%* 6627 +622%* 5280+527*
November Control group 2733+233 5.6+0.10 3964 +391 3906 +394
Algae treatment 2868 +302 6.0+0.24* 6128 +570* 4859 +512%

Samples from different locations were analyzed for significant differences only among the same time. *The
asterisk means that the value is significantly different (p <0.05)

R=-0.0864, P=0.977000 R=0.1800, P=0.040000
T @ Algae o. @ Algae
@ Control ) Control

PC2 (12.59%)
PC2 (16.17%)

02
02 03 04 0s 03 025 02 015 -0

0 0.1 1 -0.05 0 0.05 0.1 0.15 0.2 025
PCI (51.93%) a PCI (51.63%) b

Fig.5 Beta-diversity of water (a) and sediment (b) samples in algae treatment and control group analyzed
by PCoA utilizing weighted UniFrac distances on OTU level. The points in different colors represent differ-
ent samples, and closer points indicate more similar species composition among samples

Correlation analysis between environmental factor levels and bacterial community
abundances

As shown in Fig. 6, correlations between environmental parameters and the bacterial com-
munity structure of water (Fig. 6a) and sediment (Fig. 6b) samples were determined using
redundancy analysis. Temperature (r2=0.8491, p=0.001), DO (r2=0.6192, p=0.001), pH
(*=0.7081, p=0.001), salinity (+>=0.5189, p=0.007), nitrate—N (*>=0.4071, p=0.015),
and nitrite-N (+>=0.4281, p=0.036) were found to be the significant environmental deter-
minants of the bacterial community in water samples. Moreover, temperature (r>=0.524,
p=0.002), total nitrogen (r2 =0.623, p=0.002), pH (r2 =0.4574, p=0.007), ammonia-N
(r*=0.4986, p=0.009), DO (*=0.4063, p=0.011), and nitrate-N (+*=0.4089, p=0.013)
were the significant environmental determinants of the bacterial community in sediment
samples. Considering the effect of sampling time on the results, correlations between
environmental parameters and the bacterial community structure of each water and sedi-
ment samples collected from September to November were determined using redundancy
analysis (Fig. S2 are given in supplementary information). DO (*=0.9591, p=0.0194)
(Fig. S2bl) was the significant environmental determinants of the bacterial community
in sediment in September, and total nitrogen (=0.8767, p=0.0389) (Fig. S2b3) was
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Fig.6 Redundancy analysis (RDA) to show correlation between environmental parameters and bacterial
community structure of water and sediment samples in control group and algae treatment. a Water sam-
ples. b Sediment samples. The quantitative environmental factors were represented by the red arrow, whose
length can represent the degree of impact of environmental factors on samples. Positive and negative cor-
relation are represented by the angle between the arrows of environmental factors (acute angle, positive cor-
relation; obtuse angle, negative correlation; right angle, no connection)

the significant environmental determinants of the bacterial community in sediment in
November.

Microbial biomarkers in water and sediment between control and algae treatment
group

The LEfSe algorithm detected 7 and 13 differentially abundant taxonomic clades as active
biomarkers and identified divergence between the control and algae treatment group,
respectively, in water (Fig. Slal) and sediment (Fig. S1b1l) samples (Fig. S1 is given in
supplementary information). The representative differentially abundant bacterial taxa
included f__Moraxellaceae (p=0.002), g__ CI-B045 (p=0.03), f__Planococcaceae
(»=0.007), g__Planococcus (p=0.037), o__Bacillales (p=0.024), and g__Portibacter
(p=0.04), which were enriched in the water samples of the algae treatment group. Further,
f__Woeseiaceae (p=0.031), g_ Woeseia (p=0.031), o__Steroidobacterales (p=0.031),
p__Campylobacterota (p =0.004), o__Campylobacterales (p =0.004), c__Campylobacteria
(»=0.004), g__Sulfurovum (p=0.004), and f__Sulfurovaceae (p=0.004) were enriched
in the sediment samples of the algae treatment group. Biomarkers had high LDA scores
in water (Fig. Sla2; LDA>2) and sediment (Fig. S1b2; LDA>3.6), indicating statisti-
cally and biologically significant variations in abundance among the observed microbial
communities.

Functional predictions in water and sediment under control and algae treatments

The results of functional predictions of bacterial communities in water (Fig. 7a) showed
that high abundance of nitrate_reduction was significantly higher in the algae treatment
group than in the control group in November. Low abundances of nitrite_ammonification,
nitrate_ammonification, nitrate_denitrification, denitrification, and nitrous_oxide_deni-
trification in water were higher in the algae treatment group than in the control group in
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Fig.7 Function prediction analysis of bacterial community in water (a) and sediment (b) under control
group and algae treatment examined using FAPROTAX
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September and October. The results of functional prediction of bacterial communities in
sediment (Fig. 7b) showed that high abundances of nitrate_reduction, nitrite_ammonifica-
tion, and nitrate_ammonification were higher in the algae treatment group than in the con-
trol group at all sample times. Low abundance of nitrogen_fixation in sediment was higher
in the algae treatment group than in the control group in October.

Abundances of nitrogen cycle functional genes

Data presented in Fig. 8 pertain to the nitrogen cycle functional genes that were detected
via real-time PCR (q-PCR), including nifH, amoA, Amx, nxrB, nirK, norB, nosZ, and nrfA.
The nifH gene (1.4x 10*-1.6x 10® copies/mL) is a biological nitrogen fixation-associated
gene. The amoA (1.9%x10°— 2.4x10® copies/mL) and nxrB (1.9x10%-1.1x10% copies/
mL) genes are the key genes in nitrification. Further, the Amx gene (6.1x10°-3.7x 108
copies/mL) is an anammox-related gene, and nirK (3.6 X 10>-1.3x 107 copies/mL), norB
(24x10°-1.7x107 copies/mL), and nosZ (6.5X% 10°-2.5%x10° copies/mL) are the main
genes involved in the denitrification process; meanwhile, the nrfA gene (7.5x 10*-1.1x 10°
copies/mL) is the key gene involved in the DNRA process.

Many Amx, nosZ, nxrB, and nrfA genes were simultaneously detected in water and sedi-
ment. The nifH, amoA, nxrB, and nirK genes in water and sediment were determined to be
more prevalent in the algae treatment group than in the control group. In both water and

i %

Fig.8 Abundances of nitrogen cycling functional genes in water (/ml) and sediment (/g) in control group
and algae treatment (C: control group; A: with U. lactuca) at different sampling times (September, October,
November). a, b nifH (nitrogenase). ¢, d amoA (ammonia monooxygenase). e, f Amx (anaerobic ammonia
oxidase). g, h nxrB (nitrite oxidase). i, j nirK (nitrite reductase). k, 1 norB (nitric oxide reductase). m, n

nosZ (nitrous oxide reductase). o, p nrfA (nitrite reductase, dissimilatory nitrite reduction to ammonium
[DNRA])
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sediment, the abundances of the amoA gene in September to November, the nxrB gene
in September and October, and the nirK gene in September, were significantly higher in
the algae treatment group (p <0.05) than in the control group. The abundance of the nifH
gene in September to November in sediment and that in October in water was significantly
higher in the algae treatment group (p <0.05) than in the control group. Further, the abun-
dances of the nrfA gene in September to November and the norB gene in September and
October were significantly higher in the algae treatment group (p <0.05) than in the control
group but only in sediment. However, the abundances of the Amx gene in September, the
norB gene in November, and the nosZ gene in October and November were significantly
lower in the algae treatment (p < 0.05) than in the control group, in water and sediment.

Discussion

High ammonia level is harmful to the cultured shrimp and can lead to death by includ-
ing a sharp decline in DO in water, leading to the production of harmful gases, destruc-
tion of the stability of the aquatic environment, and promotion of the invasion of various
pathogens, which they are not conducive to shrimp culture. In this study, cultivation of
U. lactuca significantly increased the concentration of dissolved oxygen and significantly
decreased the concentrations of ammonia nitrogen and total nitrogen in aquaculture water
environment. Studies have shown that macroalgae (e.g., U. lactuca) in IMTA systems can
absorb dissolved inorganic nutrients for their own growth (Neori et al. 2004) and release
oxygen through photosynthesis process, resulting in an increase in the DO concentration
(Areco et al. 2021; Li et al. 2021), and promoting the growth of ammonia-oxidizing bac-
teria. Additionally, algae can increase the relative abundance of denitrifying bacteria and
significantly improve the removal efficiency of total nitrogen (Zhou et al. 2022), which is
consistent with the results of this study. In addition, it is worth noting that U. lactuca culti-
vation increased the final average weight and total production of all organisms; particularly,
a significant increase of the final average weight of P. trituberculatus (crab) was observed
in this study. The reason may be that macroalgae can contribute to the primary production
of global habitat formation, increasing bioactive substances that improve the health status
and production performance of aquaculture organisms (Michalak et al. 2022).

Aside from absorbing nutrients, algae can improve water quality collaboratively with
surrounding microorganisms for bioremediation in IMTA systems. Macroalgae (Ulva lac-
tuca) surfaces harbor various epiphytic bacterial communities with functions related to
algal life and water quality, mainly including Rhodobacteraceae (Proteobacteria) and Fla-
vobacteriaceae (Bacteroidetes) (Comba Gonzalez et al. 2021; Hmani et al. 2023). In this
study, Rhodobacteraceae and Flavobacteriaceae as prominent bacteria in water samples
were identical to the epiphytic bacteria on U. lactuca’s surface; however, both have no sig-
nificant difference in proportion between the control and algae treatments in either water
and sediment. Therefore, epiphytic bacteria on U. lactuca’s surface have little effect on
the bacterial communities in water and sediment environments. In this study, ammonia-N
levels were substantially lower in the algae treatment group than in the control group, indi-
cating that algae treatment can stimulate the proliferation of ammonia-oxidizing bacteria
and expedite ammonia oxidation. Most of the major families in the algae treatment group
were belonged to Proteobacteria and Bacteroidetes, which comprise important microorgan-
isms in the nitrogen cycle (Rurangwa and Verdegem 2014) and contain ammonia-oxidizing
bacteria with a highly stable deamination capacity (Zhao et al. 2013). In sediments, U.
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lactuca can increase the abundance of Bacillaceae, including ammonia oxidizers under low
DO conditions, as well as heterotrophic nitrobacteria, aerobic-denitrifying bacteria, and
non-isolated anammox strains (Dos Santos et al. 2021). Among these, members have het-
erotrophic nitrification and aerobic denitrification capacity (Zhang et al. 2012), removing
dissolved ammonia and nitrite and restoring water quality.

In our IMTA system, temperature, DO, pH value, and nitrate-N were found to be sig-
nificantly important environmental factors influencing bacterial communities in water and
sediments in our study. In particular, the effects of DO and total nitrogen on sediment bac-
terial communities were significant. However, the cultivation of U. lactuca significantly
increased the concentration of DO, which is required for various biological processes,
including photosynthesis, nitrification, and respiration (Devi et al. 2012; Fang et al. 2018;
Lananan et al. 2014), playing important roles in the bioremediation of aquaculture waste-
water, especially in promoting nitrogen conversion. In addition to increasing dissolved
oxygen content, algae also absorb nutrients including nitrogen and phosphorus required
for bacterial growth, thereby affecting bacterial communities. Moreover, compared to the
control group, U. lactuca cultivation can decrease the water temperature, but there is no
significant difference, due to providing increased shading, which reduces the amount of
sunlight that can penetrate deeper into the water (Ahonen et al. 2023). Additionally, algal
photosynthesis consumes CO, (Zhang et al. 2022), decreasing its availability in the sur-
rounding area, which can suppress the absorption of infrared radiation by CO, molecules
(Elahi et al. 2020) and lead to a decrease in the water temperature.

Modern molecular biological techniques for functional gene detection have enabled us
to explore the relationship between bacterial communities and nitrogen cycles in aqua-
culture systems and study the characteristics and regulation of the nitrogen cycle. In this
study, the abundances of nifH, amoA, nxrB, norB, and nrfA genes in the algae treatment
group were higher than those in control group, in both water and sediment environments.
As a highly conserved gene for biological nitrogen fixation, nifH is the most commonly
used molecular marker in studies on nitrogen-fixing microorganisms (Zehr et al. 2003).
Generally, nifH gene abundance is negatively correlated with DO and positively correlated
with temperature because nitrogen fixation is an anaerobic process. However, our results
showed that nifH gene abundance was higher in the algae treatment group, which showed
a lower temperature and higher DO content compared to control group. Some reports have
shown that in deep-sea samples, the nifH gene originates from two sources, the anaero-
bic high-temperature seabed and cold oxygen-rich deep waters (Mehta et al. 2003). This
could explain the high nifH gene abundance in the algae treatment group under low-tem-
perature and oxygen-rich conditions. Some members of Bacillaceae, the dominant bacteria
in the algae treatment group, are nitrogen-fixing bacteria (Han et al. 2019). Additionally,
more Vibrionaceae species were detected in the algae treatment group (6.82%) in water in
November; some members of this family are pathogenic and cause severe economic losses
in aquaculture (Banchi et al. 2022; Costa et al. 2022), whereas others are marine nitrogen-
fixing bacteria that show nitrogenase activity (Rubio-Portillo et al. 2016). These findings
validate the increased nifH gene abundance in the algae treatment group.

The increased abundance of amoA and nxrB genes in sediment and water after algal
treatment also validated the conclusion, and that algae treatment can stimulate the prolif-
eration of ammonia-oxidizing bacteria and expedite ammonia oxidation. The amoA gene,
which is highly conserved, encodes ammonia monooxygenase, a specific enzyme harbored
by ammoxidation bacteria that can catalyze the oxidation of ammonia to hydroxylamine
(McTavish et al. 1993). Oxygen is a key environmental factor involved in ammoxidation.
In this study, the increased abundance of amoA in the algae treatment group was likely due
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to the higher DO content. The abundance of amoA in sediment was highest in October and
lowest in November, which could be due to the produced ammonia by microorganisms as a
result of accumulation of organic matter during the aquaculture process, thereby promoting
the peak growth of ammonia-oxidizing bacteria in October, whereas harvesting occurred
in November, resulting in a decrease in organic matter and the availability of ammonia
for ammonia-oxidizing bacteria. The nxrB gene, encoding the nitrite oxidase subunit, is a
specific functional marker for the oxidation of nitrite to nitrate (Liicker et al. 2010). Nitrite-
oxidizing bacteria were mainly detected in the sediment and water of the algae treatment
group, and these included Nitrospina and Nitrospira. Typically, the entire nitrification pro-
cess needs to be carried out under aerobic conditions; however, nitrite-oxidizing bacteria
require more oxygen than ammonia-oxidizing bacteria (Blackburne et al. 2007). There-
fore, the cultivation of U. lactuca increased the abundance of nitrite-oxidizing bacteria by
increasing the DO content.

Lower levels of ammonia nitrogen, nitrite, nitrate, and total nitrogen were observed
in the algae treatment group compared to control group. From September to November,
nitrite-N and nitrate—N concentrations decreased, with ammonia-N decreasing first and
then remaining stable, indicating the activation of nitrogen cycle pathways related to both
denitrification and DNRA gene expression. This inference could be confirmed by func-
tion predictions, including the terms nitrate_reduction and nitrite/nitrate_ammonification
of bacterial communities in water and sediment, as well as functional genes related to the
nitrogen cycle, including nirK, norB, and nrfA, in sediment. The norB gene, encoding NO
reductase (Andrea et al. 2002), was more abundant in the algae treatment group than in the
control group. Expression of this gene is associated with the rapidly catalyzed reduction
of NO (which is highly toxic to cells) to N,O, and it has been detected in some aerobic-
denitrifying bacteria (Yang et al. 2020). Common denitrification processes facilitate the
gradual conversion of nitrate into N,, which eventually escapes from the aquaculture sys-
tem, resulting in nitrogen loss. However, the DNRA process can ultimately result in the
reduction of nitrate to ammonia under conditions of sufficient carbon, which is conducive
to nitrogen retention (Li et al. 2022). The nrfA gene, which encodes an enzyme catalyzing
the DNRA process, was more abundant in the algae treatment group than in the control
group, especially in sediment. Many environmental factors affect the abundance of the nrfA
gene, including nitrate, ammonia, nitrite, organic carbon, and sulfide contents (Robertson
et al. 2016; Yin et al. 2017). However, according to the reaction kinetic principles, ammo-
nia, which is the final product of the DNRA process, is an important driving factor. In this
study, U. lactuca promoted nitrification process which was in line with literature (Wang
et al. 2019) to further provide a substrate for the DNRA process, which could explain the
increase in nrfA gene abundance.

Nutrient availability, light intensity, temperature, dietary composition (Pereira et al.
2015), and aquatic organisms determine the bacterial community structure in IMTA sys-
tems. The cultivation of U. lactuca can increase the diversity and abundance of bacteria in
water and sediment. Temperature, DO, pH value, and nitrate nitrogen were discovered to
be environmental elements closely associated with the abundance of the bacterial commu-
nity in this study, with DO being the decisive factor in how U. lactuca cultivation affected
the bacterial community. U. lactuca can produce oxygen, through photosynthesis, and pro-
mote microbial metabolism (Dame 1996), ultimately affecting the bacterial community
structure, especially increasing the abundance of aerobic bacteria in water and sediment
owing to increases in the DO concentrations. Moreover, metabolites released by U. lactuca
are related to bacterial community (especially heterotrophic bacteria), contributing to the
change in bacterial diversity and community structure; however, the exact reason for this
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is yet to be studied. Additionally, we should consider the limitations of predicting bacterial
functions based on representative gene sequencing and common nitrogen cycling function
genes in research results, while more precise analysis of the function of bacterial communi-
ties through metagenomes is further work for our study.

Conclusion

A comprehensive analysis of nitrogen cycle gene abundance and bacterial composition has
shown that U. lactuca cultivation is beneficial for a productive aquaculture environment.
The cultivation of U. lactuca influenced the bacterial community structure by increasing
DO in the IMTA system. Further, U. lactuca increased the abundances of functional genes
of the nitrogen cycle, including the nifH gene, required for nitrogen fixation; amoA and
nxrB genes, for nitrification; and nirK, norB, and nrfA genes, for denitrification, to promote
nitrogen conversion. This study has elucidated the interactions between U. lactuca and bac-
terial communities and their effect with respect to maximizing nitrogen cycle efficiency
and sustainability in IMTA systems.
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