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Abstract 

Background  The rapid development of intensive layer breeding has intensified odor pollution that must be paid 
attention to for the green transformation of the industry. This study used Jingfen No.6 laying hens as the model 
to systematically evaluate the regulatory effect of compound microalgal powder (Chlorella vulgaris:Spirulina 
platensis:Haematococcus pluvialis = 3:1:1, 1:3:1, 1:1:3) on ammonia (NH3) emissions from laying hen manure.

Results  Through analysis of the static NH3 production in manure, it was found that the NH3 emissions within 24 h 
in the experimental group with 0.50% compound microalgal powder added were reduced to 6.27–16.84 mg (vs. 
control: 28.29 mg), achieving a 40.47%–77.84% reduction. GC/MS and 16S rRNA sequencing analyses indicated 
that the compound microalgal powder intervened in the remodeling of the microbial community and nitrogen 
metabolism network in manure, driving the transformation from inorganic nitrogen to organic nitrogen, mitigated 
the proliferation of NH3-producing bacteria (such as Escherichia coli, Klebsiella pneumoniae, Kurthia, and Proteus), 
and increased the abundance of acid-producing bacteria (such as Leuconostocaceae and Lactobacillaceae). The 
Spirulina platensis powder group had the best emission reduction effect (reduced by 77.84%), and its mechanism 
was closely related to the mitigation of Gram-negative bacteria activity by phycocyanin and increased synthesis 
of aromatic compounds, such as 2,3,5-trimethyl-6-ethylpyrazine.

Conclusions  This study revealed the mechanism by which the compound microalgal powder reduces NH3 emissions 
by regulating the proliferation of acid-producing bacteria, reshaping the nitrogen metabolism network, and mitigat-
ing the activity of NH3-producing bacteria, while providing theoretical and data support for the development of envi-
ronmentally friendly feed.

Highlights 

•	 Dietary supplemental microalgal powder reduces NH3 emissions from laying hen manure.
•	 Nitrogen deposition and transformation in manure regulate NH3 production.
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•	 Mitigation of NH3-producing bacterial proliferation was the primary mechanism.
•	 Kurthia and Proteus were identified as principal NH3-producing bacteria.
•	 Lactobacillaceae and Leuconostocaceae mitigates the NH3 emissions.
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Graphical Abstract

Introduction
The rapid development of intensive layer breeding has 
made the odor pollution of poultry houses a key bottle-
neck restricting the green transformation of the industry 
[1]. Notably, the health hazards posed by malodorous 
gases to livestock exhibit a pronounced dose- and time-
dependent relationship, with prolonged exposure to 
threshold ammonia (NH3) environments inducing sys-
temic harm to poultry [2–4]. As the primary odor com-
ponent of poultry houses, NH3 not only directly irritate 
poultry eyes and reduces their feed intake, but also weak-
ens immune defences during low concentration chronic 
exposure, leading to frequent respiratory diseases and 
compromising respiratory health [5–7]. Ammonia emis-
sions from hen operations constitute the predominant 
source within China’s livestock sector, accounting for 
29.0% of its emissions [8]. These emissions contribute 
14.5% of China’s total ammonia emissions, given that 
agricultural activities represent 88.0% of the national 
total, with livestock farming comprising 56.7% of agri-
cultural sources [9]. Emitted NH3 undergoes complex 
atmospheric transformations: it is readily converted to 
ammonium nitrogen and combined with particulates to 

form PM2.5 (such as secondary aerosols), intensifying 
the greenhouse effect by combining with the ozone layer 
and forming acidic compounds through nitrogen deposi-
tion, leading to acid rain phenomenon, eventually caus-
ing chain ecological risks such as soil acidification and 
water pollution [10, 11].

The NH3 emission in laying hens is mainly composed of 
three interfaces: blood ammonia metabolism, intestinal 
microbial nitrogen transformation and manure ammonia 
degradation. The production of NH3 mainly occurs in 
the manure management stage [12–14]. At present, most 
intensive layer farms adopt mechanized track manure 
cleaning technology, which leads to the manure that has 
not been cleaned in time often staying in the house for 
up to 12–48 h [15]. Nitrogen-containing organic matter 
in feces is gradually decomposed into uric acid, urea, and 
ammonium nitrogen under the action of urease, and then 
converted into volatile NH3 under alkaline conditions 
[16, 17]. This process is regulated by the structure of gut 
microbiota, the physicochemical properties of manure, 
and environmental parameters [18, 19]. It is worth 
noting that the production of NH3 is the inevitable 
result of protein decomposition, and the essence of its 
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production is the process of nitrogen mineralization, in 
which microorganisms play an important and key role. 
Dominant NH3-producing bacteria catabolize nitrogen-
containing substrates to obtain nitrogen sources for 
further synthesis of microbial proteins, and in this 
process, NH3 is produced as a by-product of the nitrogen 
cycle [20, 21]. Common NH3-producing bacteria are 
mainly Gram-negative bacteria, such as Escherichia, 
Klebsiella, Proteus and Pseudomonas [22, 23].

The current NH3 emission reduction technology 
focuses on two directions: nutritional optimization 
and environmental control. The application of dietary 
protein precision and fermented feed has a certain effect 
on NH3 reduction [24, 25]. Reducing crude protein level 
without affecting poultry performance can reduce NH3 
emission [26]. Replacing soybean meal with fermented 
cottonseed meal also has a certain potential to reduce 
NH3 emission [27], but such nutritional strategies face 
problems such as amino acid balance and palatability 
limitations. In contrast, microalgal additives exhibit 
multi-pathway regulatory advantages due to their 
unique bioactive components and nitrogen metabolism 
regulation functions [28, 29]. Microalgal additives are 
rich in proteins, vitamins, minerals and antioxidant 
substances [30], and have shown great potential in 
enhancing poultry immunity, regulating intestinal 
microecology and improving nitrogen metabolism 
[31]. The cell wall polysaccharides of microalgae 
can immobilize ammonium ions through molecular 
adsorption [32, 33]. Their rich phenolic substances can 
mitigate urease activity [34], and their high content of 
chlorophyll derivatives can directly participate in the 
electron transport chain of the nitrogen cycle [35]. The 
differences in microalgae varieties endow them with 
different functions. For instance, Chlorella vulgaris 
is rich in proteins, polysaccharides, and chlorophyll, 
and can regulate the intestinal microbial community 
to lower the pH value of the manure of laying hens, 
thereby mitigating urease activity and reducing ammonia 
emissions [36]. Spirulina platensis contains abundant 
phycocyanin, chlorophyll, and polyphenolic compounds, 
and exhibits significant antioxidant and antibacterial 
effects, promoting the growth of acid-producing 
beneficial microorganisms and reducing the pH value of 
the manure of laying hens, thereby decreasing ammonia 
production [37]. Haematococcus pluvialis is rich in 
astaxanthin and can enhance the host’s antioxidant and 
immune capabilities, regulate the microbial community 
structure, mitigate the proliferation of harmful bacteria 
in chicken manure, and reduce ammonia emissions 
[38]. The functions of single algal powder are relatively 
limited. However, a composite algal powder additive 
formulated from multiple algal powders may compensate 

for the functionalities of various microalgae. Chlorella 
vulgaris and Spirulina platensis mitigate urease activity 
and directly reduce ammonia emissions by regulating the 
intestinal environment; Haematococcus pluvialis reduces 
ammonia production indirectly by improving the enteric 
antioxidant and immune capabilities. Combination of 
these three algal species may exert a synergistic effect, 
reducing ammonia emissions through multiple pathways. 
Currently, in the agricultural field, research and 
application of composite additives are advancing towards 
efficiency, environmental-friendliness, and multi-
functionality [39–41]. However, research on composite 
microalgae additives is limited, particularly regarding 
its impact on laying hen production. Feeding microalgal 
additives may achieve the whole chain regulation of 
microorganisms through the “gut-manure” pathway. 
Feeding microalgae to laying hens directly affects the 
microbial composition of laying hen manure by affecting 
the intestinal microbial colonies of laying hens. The 
changes in microbial structure of laying hen manure 
are necessary to mediate the law of NH3 production. 
However, the research exploring the potential of 
microalgal additives for reducing NH3 emissions in laying 
hens remains relatively limited.

In order to systematically evaluate the NH3 reduc-
tion efficiency of microalgal additives, Jingfen No.6 lay-
ing hens were used as the model in this study. Common 
microalgal additives (Chlorella vulgaris, Spirulina plat-
ensis and Haematococcus pluvialis) were mixed in differ-
ent proportions to prepare composite microalgal powder 
and fed to the laying hens at 0.50% addition ratio. The 
key nitrogen metabolites were identified by flavor omics, 
and the key microorganisms were identified by amplicon 
sequencing and culturable bacteria isolation to reveal the 
“microbial-metabolism-NH3” interaction network. Our 
study has established a multi-algal synergistic model, and 
is attempting to identify the optimal composite algae-
flour additive formulation to provide theoretical data 
for the development of eco-friendly feed. The results of 
this study will help achieve the goal of nitrogen emission 
reduction in animal husbandry and provide methodology 
for pollution control of livestock and poultry breeding.

Materials and methods
Feeding experiment and manure collection
According to previous studies [42], the microalgae 
species commonly used as microalgal powder additives 
in the Chinese market include Chlorella vulgaris 
(C. vulgaris), Spirulina platensis (S. platensis), and 
Haematococcus pluvialis (H. pluvialis). In this study, 
these three microalgal additives were blended at different 
ratios (w/w) to prepare three compound microalgal 
powders: C. vulgaris:S. platensis:H. pluvialis = 3:1:1 



Page 4 of 20Yu et al. Journal of Animal Science and Biotechnology          (2025) 16:140 

(Group C), 1:3:1 (Group S), and 1:1:3 (Group H) [43–45]. 
The compound microalgal powders were supplemented 
in laying hen diets at 0.50% (w/w) and fed to 500-day-
old Jingfen No.6 laying hens (a Chinese indigenous 
breed currently under commercial promotion [46]) 
for 8  weeks. A blank control group (Group Control, 
without microalgal supplementation) was included. 
Each treatment consisted of 6 replicates with 24 laying 
hens per replicate. Hens were housed in 6 cages per 
replicate (cage dimensions: 45  cm × 60  cm × 42  cm), 
distributed equally across upper, middle, and lower tiers 
(2 cages per tier). Stocking density was maintained at 4 
hens per cage. Prior to experimental commencement, 
body weights were standardized across groups to 
minimize inter-individual variation. All laying hens 
were maintained in an automated layer facility under 
controlled environmental conditions (20–25  °C; 55%–
65% relative humidity; 16-h photoperiod (05:00–21:00)) 
with ad  libitum access to feed and water. Microalgae 
powder (nutrient composition detailed in Supplementary 
Table S1) was supplemented to basal diets (composition 
in Supplementary Table S2).

Static NH3 production experiment
After the feeding experiment, fresh hen manure was col-
lected and placed into a static NH3 production system. 
Through the principle of negative pressure suction, the 
NH3 naturally produced by the manure was absorbed 
by sulfuric acid absorption solution (0.01  mol/L). The 
absorption solution was replaced every 4  h, and the 
NH3 concentration was measured to calculate the total 
absorbed NH3. The static NH3 production test lasted 
24 h, with the airflow rate maintained at 100 mL/min. A 
schematic of the system is provided in Fig.  1a. Manure 
samples from each treatment group were collected at 0 
and 24 h. A subset of samples was flash-frozen in liquid 
nitrogen and stored at −80 °C for physicochemical and 
biological analyses. The remaining samples were mixed 
with 50% glycerol (v/v) and stored at −80 °C for subse-
quent culturable bacterial isolation and identification.

Determination of physicochemical properties
The NH3 concentration in the sulfuric acid absorption 
solution was determined by the Nessler reagent method, 
and the total NH3 production was calculated based on 
the measured concentration. Ammonium nitrogen and 
nitrate nitrogen contents in the manure samples were 
quantified using commercial assay kits (Soil Ammonium 
Nitrogen Content Assay Kit, Solarbio, UK; Soil Nitrate 
Nitrogen Content Assay Kit, Solarbio, UK), following the 
manufacturer’s protocols.

Metabolite quantification based on flavor omics
The hen manure samples (n = 48) were analyzed by 
gas chromatography-mass spectrometry (GC-MS). 
Metabolite extraction: A single headspace sampling bottle 
was used separately, and 10 μL (50  mg/L) of n-alkanes 
mixed standard was added to each bottle. GC-MS 
analysis: In the SPME cycle of the PAL rail system, the 
incubate ion temperature was 60 °C; preheating time was 
15 min; incubation time was 30 min; and desorption time 
was 4  min. The GC-MS analysis was performed using 
an Agilent 7890B gas chromatograph interfaced with a 
5977B mass spectrometer. The system utilized a DB-Wax. 
Samples were injected in Splitless Mode. Helium was 
used as the carrier gas; the front inlet purge flow was 
3 mL/min; and the gas flow rate through the column was 
1 mL/min. The initial temperature was kept at 40 °C for 
4  min; then raised to 245  °C at a rate of 5  °C/min; and 
maintained for 5  min. The injection, transfer line, ion 
source, and quad temperatures were 250, 250, 230, and 
150  °C, respectively. The energy was −70 eV in electron 
impact mode. The mass spectrometry data were acquired 
in scan mode with an m/z range of 20–400 and solvent 
delay of 2.37  min. Raw data processing (including peak 
extraction, baseline filtering/calibration, peak alignment, 
deconvolution analysis, peak identification, integration, 
and spectral matching of peak areas) was conducted with 
LECO ChromaTOF 4.3X software and the NIST 20 mass 
spectral database.

Amplicon sequencing and quantitative PCR analysis
The hen manure genomic DNA (n = 48) was extracted 
using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek). 
The extracted DNA was stored at −80 °C until amplicon 
sequencing and quantitative polymerase chain reaction 
(qPCR) analysis. Firstly, the extracted DNA samples 
underwent bacterial 16S rRNA gene sequencing analysis, 
targeting the V4–V5 region with specific barcoded 
primers 515F/926R. After the library was successfully 
constructed and quality control, sequencing was 
performed on an Illumina MiSeq/Novaseq platform to 
obtain paired-end reads. The bioinformatics process 
included quality control of paired-end reads, denoising 
and other optimization strategies to generate amplicon 
sequence variants (ASVs). Subsequent analyses were 
conducted based on ASVs representative sequence and 
quantified abundance data. Secondly, the extracted 
DNA samples were used for qPCR quantification of 4 
NH3-producing bacteria (Escherichia coli, Klebsiella 
pneumoniae, Kurthia, and Proteus).  The selection of 
these bacteria was based on culturable bacterial isolation 
and identification results. Total bacterial abundance was 
quantified using 16S rRNA gene amplification. Specific 
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primer information was shown in Supplementary 
Table S3. Quantification was performed by qPCR using a 
Bio-Rad CFX96 system (Bio-Rad, USA).

Expression quantification of nitrogen cycle‑related genes
Expression of nitrogen cycle-related genes in hen 
manure samples was quantified, we analyzed 8 nitrogen 
cycling-related genes (amoA, amoB, narG, nirS, nirK, 
norB, nosZ, and NifH). Primer sequences are provided in 
Supplementary Table S4. Total RNA was extracted from 
hen manure (n = 48) using the Quick-RNA™ Fecal/Soil 
Microbe MicroPrep Kit (ZYMO, USA). Subsequently, 
transcripts of nitrogen cycling-related genes (n = 8) 
were quantified by quantitative reverse transcription 
polymerase chain reaction (qRT-PCR) using the Bio-Rad 
CFX96 system. Relative expression was calculated using 
the 2−ΔΔCt method.

Isolation and identification of NH3‑producing bacteria
The hen manure samples were homogenized in sterile 
water at a 1:9 (w/w) ratio and vortexed for 20 min. The 
suspension was serially diluted in sterile phosphate-
buffered saline (pH = 6.8) and spread onto Urea Agar 
Base agar plates supplemented with 2% urea. Plates were 

incubated at 37 °C until red colonies appeared. Individual 
colonies were purified and subcultured for further 
analysis. Bacterial identification was performed by PCR 
with universal primers 27 F and 1492R. Qualified PCR 
products were subjected to Sanger sequencing (Sangon 
Biotech, Shanghai, China). The obtained 16S rRNA gene 
sequences were aligned using MAFFT v7.0, filtered with 
TrimAl v1.4 to remove low-quality regions, and trimmed 
to retain conserved regions. A maximum-likelihood 
phylogenetic tree was constructed with FastTree v2.1 and 
visualized with tvBOT.

Statistical analysis
Statistical analyses were performed using SPSS 22.0 
(IBM Corp, USA) and Prism 8.0.1 (GraphPad Inc., USA). 
Mean separation among treatments were determined by 
one-way ANOVA. Spearman’s correlation coefficients 
between normalized bacterial abundances and target 
metabolites were computed in R 4.3.0. Network plots 
illustrating the abundance relationships between target 
metabolites and bacterial communities were generated 
with Gephi 0.9.2 software. The heatmap was created in R 
4.3.0 software.

Fig. 1  NH3 emission data from treatment groups. a Schematic of the experimental design. Manure from hens fed compound microalgal 
powder was placed in a static NH3 production system for 24 h NH3 detection. Formulations: Chlorella vulgaris:Spirulina platensis:Haematococcus 
pluvialis = 3:1:1 (Group C), 1:3:1 (Group S), and 1:1:3 (Group H); the control group received a normal diet. b The generation pattern of NH3 within 24 h. 
c Total 24-h NH3 emissions. Significant differences determined by Tukey’s test (P < 0.05)
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Results
Compound microalgal powder supplementation reduces 
NH3 emissions
To evaluate the potential of compound microalgal 
powder to reduce NH3 emissions from laying hen 
manure, we collected manure and quantified total 24-h 
NH3 emissions using a static system (Fig. 1a). Following 
supplementation with compound microalgal powder, 
treatment groups showed significantly lower per-unit-
time NH3 emissions than the control group (P < 0.05). 
Cumulative 24-h emissions were 6.27–16.84  mg 
in experimental groups versus 28.29 ± 2.30  mg in 
controls, representing a 40.47%–77.84% reduction. 
Despite a temporal increase in emissions across all 
groups (Fig.  1b), the 24-h cumulative NH3 remained 
significantly lower in treatment groups (Fig.  1c), 
demonstrating the efficacy of microalgal powder in 
reducing manure NH3 emissions.

Microalgal powder alters inorganic nitrogen dynamics 
and nitrogen cycling gene expression
To elucidate the mechanism behind reduced NH3 
emissions, we analyzed inorganic nitrogen changes in 
manure. The rate of change (24  h/0  h) in ammonium 
nitrogen (NH4

+-N) content decreased significantly in 
all treatment groups (Fig.  2a), with similar reductions 
in nitrate nitrogen (NO3

−-N) change rates (P < 0.05; 
Fig. 2b). This indicates greater inorganic nitrogen con-
sumption in treatment groups without proportional 
NH3 production. We further examined expression of 
nitrogen-cycling genes (Fig.  2c and Supplementary 
Fig. S1), such as amoA, amoB, narG, nirS, nirK, norB, 
nosZ, and NifH, hoping to explain the whereabouts of 
nitrogen from the perspective of nitrous oxide (N2O) 
emissions. Change rates (relative to d 0) for NifH, 
amoB and narG are shown (Fig.  2d–f ). The expres-
sion level of NifH increased in control group, while it 
showed a decreasing trend in the experimental group 
(Fig.  2d). The expression level of amoB in the control 
group changed little, but a decreasing trend was shown 
in all treatment groups (Fig. 2e). While the expression 
level of narG was upregulated across all treatment 
groups, but the upregulation ratio in the experimental 
group was significantly lower than that in control group 
(P < 0.05; Fig. 2d). These results suggest that compound 
algal powder increases the consumption of inorganic 
nitrogen without enhancing nitrogen flux toward N2O.

GC‑MS revealed the changes of key nitrogen‑containing 
metabolites
Based on the above results, we speculate that feeding 
laying hens with compound microalgal powder causes 

the inorganic nitrogen in their manure to deposit as 
organic nitrogen during the static process, resulting in 
a reduction in NH3 emissions (Fig. 2c).

Based on GC/MS, we conducted flavor omics analy-
sis on the manure of laying hens and identified 65 
nitrogen-containing metabolites (Fig. 3a). Based on the 
differences in nitrogen-containing metabolites in lay-
ing hen feces before and after static NH3 production, 
we marked the metabolites (Top 10) with significant 
changes in content in each treatment group (Fig.  3b), 
and presented the content change rates of 17 metabo-
lites with relatively high abundances among them in the 
form of a heat map (Fig. 3c). Among them, we defined 
12 metabolites as synthetic metabolites and 5 metabo-
lites as consumable metabolites. The results of the heat 
map indicated that the change rates of most key nitro-
gen-containing metabolites (12/17) showed significant 
differences among the treatment groups (P < 0.05). 
After the intervention of compound microalgal powder, 
among the 5 consumptive metabolites in manure, the 
consumption of 3 metabolites decreased (No.31, 33 and 
39), the consumption of 2 metabolites increased (No.38 
and 58), and among the other 12 synthetic metabolites, 
the synthesis of 4 metabolites increased (No. 44, 46, 54 
and 61) and that of 1 metabolites decreased (No. 29).
The synthesis of metabolite No. 26 (Trideca-1,7,11-
triene-1,1-dicarbonitrile, 4,8,12-trimethyl-) increased 
in group C and decreased in group S (P < 0.05). The dif-
ferences in the change rates of these nitrogen-contain-
ing metabolites among the treatment groups may be 
the main cause of NH3 emissions.

Metabolites related to NH3 emission reduction mediated 
by microalgal powder
We attempted to conduct a correlation analysis between 
the variation amounts of these 17 metabolites and the 
variation amounts of ammonia emissions and inorganic 
nitrogen, and screen out the types of metabolites closely 
related to the flow of nitrogen elements (Fig. 4).

The analysis results of the bubble heat map show 
that the changes of nitrogen-containing metabolites 
are closely related to the NH3 emissions. From the 
perspective of inorganic nitrogen, although only 
metabolite No. 29 was found to have a significant positive 
correlation with the change in NO3

−-N at the overall 
level (P < 0.05), in the control group, we found more 
key metabolites, such as metabolites No. 27, No. 54 and 
No. 61, and all the above metabolites were synthetic 
metabolites. Combined with the analysis of Fig.  3c 
results, under the intervention of compound microalgal 
powder, the accumulation of the synthesis of metabolites 
54 and 61 and the reduction of the synthesis of metabolite 
29 were the reasons for the decrease in NO3

−-N content 
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and the reduction in NH3 emissions. In other words, the 
intervention of compound microalgal powder may cause 
NO3

−-N and metabolite 29 to flow towards metabolites 
54 and 61.

The correlation between the changes of NH4
+-N and 

its metabolites is relatively less. Since NH4
+-N was 

directly related to NH3 emissions, we are more inclined 
to analyze the correlation between NH3 emissions and 
metabolites. We analyzed the data from the perspective 
of NH3 emissions. At the overall level, we found that 
the changes in the 4 metabolites were significantly 
correlated with NH3 emissions (P < 0.05). Among 
them, the metabolite with a positive correlation was 

metabolite No. 20, and the metabolites with a negative 
correlation were metabolites No. 31, 54, and 61. Among 
the above metabolites, only metabolite No. 31 was a 
consumable metabolite. This means that the synthesis 
of metabolites 54 and 61 increases, the synthesis of 
metabolite 20 decreases, and the consumption of 
metabolite 31 is less, which will realize the potential for 
NH3 emission reduction. As shown in Fig. 3c, we found 
that the dynamic changes of the above metabolites after 
the intervention of compound microalgal powder were 
closely related to NH3 emissions. We further explored 
the correlation between metabolites and NH3 emissions 
among each treatment group. We did not observe the 

Fig. 2  Inorganic nitrogen dynamics and nitrogen-cycling gene expression. a The rate of NH4
+-N variation (%) between 0 and 24 h. b The rate 

of NO3
−-N variation (%) between 0 and 24 h. c Schematic of nitrogen flow. d–f Change in NifH, amoB, and narG expression levels between 0 

and 24 h. Values are presented as mean ± SD. Different lowercase letters indicate significant differences among groups (P < 0.05, Tukey’s test)
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Fig. 3  Nitrogen-containing metabolites in manure based on GC/MS. a The 65 nitrogen-containing metabolite landscapes obtained. b Volcano map 
depicts the types of different metabolites in each treatment group. A red bubble means P < 0.05 and VIP > 1.0. c Distribution of change rates of 17 
key differential metabolites. An asterisk means P < 0.05
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significant correlation between metabolites No. 31, 54 
and 61 and NH3 emissions in each treatment group, 
except that metabolite No. 20 maintained a significant 
and strong correlation (r = 0.9168, P = 0.0101) with NH3 
emissions in group S. It is worth noting that although 
metabolite No. 35 was moderately correlated with 
emissions at the overall level (r = 0.3577, P = 0.0862), 
it remained significantly highly correlated (r = 0.9332, 
P = 0.0065), and the metabolite No. 61 was highly 
negatively correlated (r = −0.7924, P = 0.0602) with 
NH3 emissions in Group S. Combined with the analysis 
of Fig. 3c results, the above results provide data support 
for S. platensis compound microalgal powder (Group 
S) to reduce NH3 emissions by increasing the synthesis 
of metabolite 61 while reducing the synthesis of 
metabolites 20 and 35. We analyzed the key metabolites 
in the other two experimental groups. In group C, 3 
metabolites were found to be closely related to NH3 
emissions, namely metabolites No. 26 (r = −0.8895, 
P = 0.0176), No. 39 (r = 0.8602, P = 0.0279) and No. 48 
(r = −0.8344, P = 0.0388). Among them, metabolite No. 
39 was a consumable metabolite, while in group H, only 
metabolite No. 58 (r = 0.8301, P = 0.0409) was found 
to be the key consumable metabolite. Combined with 
the analysis of Fig. 3c results, the above results provide 

data support for the reduction of NH3 emissions by C. 
vulgaris compound microalgal powder (Group C) and 
H. pluvialis compound microalgal powder (Group H) 
respectively by increasing the synthesis of metabolite 
No. 26 and the consumption of metabolite No. 39, as 
well as the consumption of metabolite No. 58.

Microalgal powder alters the changing trend of manure 
microbiota
The changes in the manure microbiota were one of the 
main reasons affecting the transformation and flow of 
metabolites. Through amplicon sequencing, we found 
that the species diversity of fecal bacteria showed an 
increasing trend within 24 h, while the bacterial α diver-
sity (Shannon index) decreased after the intervention of 
compound microalgal powder (Fig.  5a). We conducted 
cluster analysis on samples distributed at different times 
and found that the diversity of bacterial communities 
changed significantly over time (P < 0.05). We investi-
gated the impact of natural changes during static storage 
on the manure microbiome (Fig.  5b). The two principal 
coordinates account for 29.23% and 48.31% of the total 
variation respectively. At the initial stage (0  h), there 
was no significant difference in the bacterial community 
diversity among the samples of each experimental group 
(Fig.  5c), but after 24  h, the samples of the microalgal 

Fig. 4  Correlation between the key metabolites, NH3 emissions, and inorganic nitrogen. An asterisk means P < 0.05 and the “#” indicates P < 0.10
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powder intervention group gradually distinguished from 
those of the control group (Fig.  5d). The two principal 
coordinates account for 27.51% and 47.34% of the total 
variation respectively.

Therefore, we further explored the distribution of 
bacteria at the family level. Through cluster analysis, we 
reached a conclusion consistent with the previous one, 
that is, samples from different time periods were clustered 
separately (Fig. 5e). As shown in Fig. 5e, Lactobacillaceae, 
Erysipelotrichaceae, Peptostreptococcaceae, Bacillaceae, 
Ruminococcaceae and Lachnospiraceae dominated in 
the initial stage among the various treatment groups. The 
abundances all showed a downward trend after 24 h. On 
the contrary, the abundance of Planococcaceae shows 
an upward trend. Furthermore, after the intervention 
of compound microalgal powder, the abundances of 
Leuconostocaceae and norank_o_Chloroplast in manure 
were significantly higher than those in the control group 
after 24 h of static NH3 production, while the abundance 
of Moraxellaceae showed a downward trend compared 
with the control group (P < 0.05).

As shown in Fig. 4f, we present the abundance change 
ratio of the highly abundant family horizontal bacteria 
(n = 22) during the static NH3 production stage and 
conduct a significant difference analysis compared 
with the control group. Overall, we found that under 
the intervention of compound microalgal powder, the 
abundances of the 4 family-level bacteria showed a 
significant increase within 24 h. Among them, the change 
rates of norank_o_Chloroplast and Leuconostocaceae 
were significantly higher than those in the control group 
(P < 0.05). For Corynebacteriaceae and Planococcaceae, 
only the change rates of groups C and H were significantly 
higher than that of the control group (P < 0.05), while the 
change rate of group S was higher than that of the control 
group but not significant. On the other hand, after the 
intervention of compound microalgal powder, the rates 
of change of Erysipelotrichaceae and unclassified_c_
Clostridia decreased significantly within 24  h (P < 0.05). 
In addition, the rates of change of Oscillospiraceae 
and unclassified_p_Firmicutes in groups C and S were 
significantly lower than those in the control group 
(P < 0.05), and similarly, the rate of change of norank_p_
WPS-2 in groups C and H was significantly lower than 
that in the control group (P < 0.05). The above results 
indicate that the compound microalgal powder alters 
the bacterial community structure in manure, and the 
abundance of dominant bacteria (Corynebacteriaceae, 
Planococcaceae, Leuconostocaceae and norank_o_
Chloroplast) significantly increases (P < 0.05).

Key bacteria mediating changes in key metabolites related 
to NH3 emissions
We also attempted to conduct a correlation analysis 
between the variations of these 22 family-level bacteria 
and the variations of NH3 emissions and inorganic nitro-
gen, and screened out the bacterial species closely related 
to the flow of nitrogen elements (Fig. 6a).

Similar to the results of GC/MS detection, most of the 
concerned bacterial species (13/22) were closely related 
to NH3 emissions. From the perspective of inorganic 
nitrogen, although it was found that the change in 
bacterial abundance was more closely related to NH3 
emissions at the overall level, when compared among 
various treatment groups, we found that the change in 
NO3

−-N content was more obvious. Among different 
types of compounds microalgal powder treatment 
groups, the bacterial species closely related to the 
changes in nitrate nitrogen content were not completely 
the same. In group C, the changes in the abundances 
of Corynebacteriaceae and Planococcaceae were 
significantly positively correlated with nitrate nitrogen 
(P < 0.05). Combined with the results of Fig. 5f, it means 
that the increase in the abundance of the above 2 bacteria 
mediated by the compound microalgal powder will limit 
the consumption of nitrate nitrogen. Combined with 
the overall level, the change in Corynebacteriaceae was 
positively correlated with NH3 emissions (P = 0.06542). 
It was speculated that the main pathways through 
which Corynebacteriaceae and Planococcaceae mediate 
the increase in NH3 emissions were to limit the 
consumption of NO3

−-N and mitigate the accumulation 
of organic nitrogen. However, norank_o_Chloroplast 
and Lactobacillaceae were significantly negatively 
correlated with the change in NO3

−-N and NH3 
emissions (overall perspective) (P < 0.05). It is speculated 
that this bacterium has the function of mitigating NH3 
production with the increase in the abundance of this 
bacterium, it promotes the conversion of NO3

−-N to 
organic nitrogen and thereby reduces NH3 production. 
The Erysipelotrichaceae in group S was significantly 
positively correlated with the change in NO3

−-N and 
NH3 emissions (overall perspective) (P < 0.05). It was 
speculated that this bacterium was an NH3-producing 
bacterium. With the intervention of compound 
microalgal powder, the abundance of this bacterium 
decreased significantly more in each experimental group 
than in the control group (Fig. 5f ), thereby reducing NH3 
emissions. Among the indicators of NH4

+-N and NH3 
emissions, we found that more significant correlations 
occurred in group S, which was related to the best NH3 
emission reduction effect in Group S (P < 0.05). We 
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Fig. 5  Microbial dynamic landscape. a Shannon index. b–d Principal component analysis (PCoA) plots based on the content of bacteria 
at the family level in manure with colors representing treatments. e Top 20 bacteria abundance at 0 h and 24 h. f Abundance change rates of 22 key 
bacteria between 0 and 24 h. An asterisk means P < 0.05
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Fig. 6  Microbiome-NH3 associations. a Correlation between the key bacteria, NH3 emissions, and inorganic nitrogen. An asterisk means P < 0.05 
and the “#” indicates P < 0.10. b The association between bacteria and metabolites closely related to NH3 emissions. An asterisk means P < 0.05. c 
Proposed mechanism: Bacteria regulate nitrogen-containing metabolites to affect NH3 emissions. Green circles: synthetic metabolites; blue circles: 
consumable metabolites. Dark red arrows: increased synthesis/consumption; blue arrows: decreased synthesis/consumption
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found that Oscillospiraceae was significantly positively 
correlated with NH3 emissions, but significantly 
negatively correlated with changes in NH4

+-N content, 
indicating that Oscillospiraceae were NH3-producing 
bacteria. Combined with the results of Fig.  5f, the 
abundance of this bacterium significantly decreased 
under the intervention of microalgal powder, promoting 
a reduction in NH3 emissions (P < 0.05). Similarly, a 
decrease in the abundance of unclassified_p_Firmicutes, 
unclassified_c_Clostridiaand, and Bacillaceae, and an 
increase in the abundance of Leuconostocaceae (Fig. 5f ), 
the key bacteria that mitigate NH3 production, were 
also associated with reduced NH3 emissions. It mainly 
reduces NH3 emissions by promoting the deposition of 
NH4

+-N into organic nitrogen.
We conducted a correlation analysis on the changes in 

the key family-level bacteria and metabolites discovered 
above, and the results were shown in Fig.  6b. Although 
metabolite No. 58 was previously defined as a key con-
sumable metabolite in Fig. 4 (mainly found in group H), 
no significant correlation between it and key bacteria was 
found during the overall analysis (even when the cor-
relation threshold was set at 0.3000). Similarly, we did 
not find any association between Erysipelotrichaceae 
and any key metabolites. We combined the heat map 
data with the previous definition of metabolites to draw 
a relationship graph between key microorganisms and 
the dynamic changes of metabolites (on the right side of 
the heat map). We found that Lactobacillaceae, Leucon-
ostocaceae and norank_o_Chloroplast play important 
roles in regulating the dynamics of manure metabolism. 
As shown in Fig.  6c, after the intervention of the com-
pound microalgal powder, the abundances of these 3 
types of bacteria increased, and the associated consump-
tion of metabolite 31 decreased while the synthesis of 
metabolites 20, 29, and 35 decreased. At this point, the 
consumption of metabolite 38 increased while the syn-
thesis of metabolites 26, 54, and 61 increased, ultimately 
leading to a reduction in NH3 emissions. In addition, 
the reduced abundance of unclassified_c_Clostridia and 
Oscillospiraceae led to a decrease in the consumption of 
metabolites 31 and 39, while the consumption of metabo-
lite 38 increased. The abundance of norank_p_WPS-2 
and unclassified_p_Firmicutes decreased the consump-
tion of metabolite 31 and the synthesis of metabolite 20, 
while increasing the consumption of metabolite 38 and 
the synthesis of metabolite 54. The functions of these 2 
types of bacteria were similar to those of Leuconosto-
caceae. Although the abundance of Planococcaceae and 
Corynebacteriaceae increased significantly, it only pro-
moted the synthesis of metabolites 26 and 29 (P < 0.05).

Distribution characteristics of culturable NH3‑producing 
bacteria
We further isolated and identified the types of cul-
turable NH3-producing bacteria in manure samples. 
A total of 114 culturable bacteria were obtained and 
a phylogenetic tree was constructed (Fig.  7a). These 
bacteria mainly belong to Enterobacteriaceae and 
Planococcaceae. In addition, we also obtained 3 other 
family-level bacteria, namely Bacillaceae, Staphylococ-
caceae and Pseudomonadaceae. The 114 culturable 
NH3-producing bacteria belong to 10 genera respec-
tively, among these bacteria mainly were Escherichia-
Shigella (n = 61), Kurthia (n = 17) and Proteus (n = 14). 
We found that among NH3-producing bacteria, Escher-
ichia coli (n = 50) was the dominant strain, followed by 
Kurthia gibsonii (n = 15) and Proteus mirabilis (n = 12).

Next, we quantified the abundance of 4 culturable 
NH3-producing bacteria at the species level and 
genus level (Fig.  7b–e). The quantitative results 
indicated that after the intervention of the compound 
microalgal powder, the abundance of Escherichia coli 
and Klebsiella pneumoniae showed a downward trend 
after 24 h of static NH3 production stage. Among them, 
the abundance change rate (24 h vs. 0 h) of Escherichia 
coli in group H was significantly lower than that in 
the control group (P < 0.05; Fig.  7b). Meanwhile, the 
abundance of Klebsiella pneumoniae in all experimental 
groups at 24  h was significantly lower than that in 
the initial state, and the change rate was significantly 
lower than that in the control group (P < 0.05; Fig. 7c). 
It is also worth noting that after a 24  h static NH3 
production stage, there was no significant difference 
in the abundance of Escherichia coli and Klebsiella 
pneumoniae in the control group. Although Escherichia 
coli is the main contributing bacteria among culturable 
NH3-producing bacteria, the differences among various 
treatment groups were not very common. Therefore, we 
supplemented the abundance change data of Klebsiella 
pneumoniae, which had the lowest proportion, and 
found very significant differences. The NH3 emission 
from manure may not be determined by the number 
of culturable NH3-producing bacteria. The subsequent 
quantitative results of the abundance of Kurthia 
and Proteus also confirmed this speculation (Fig.  7d 
and e). In the control group, the abundances of these 
NH3-producing bacteria significantly increased within 
24  h, with the increase ratios reaching as high as 6.75 
and 38.24 times respectively (P < 0.05). The increase 
in the abundances of these NH3-producing bacteria 
might be the main cause of NH3 emissions. After 
the intervention of compound microalgal powder, 
the abundances of these 2 bacteria in group C still 
increased significantly (P < 0.05), but there were no 
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Fig. 7  Identification and quantification of culturable bacteria. a Phylogenetic tree of isolates. b–e qPCR quantification of Escherichia coli, Klebsiella 
pneumoniae, Kurthia, and Proteus. Values are presented as mean ± SD. Different lowercase letters indicate significant differences among groups (P < 
0.05, Tukey’s test). *P < 0.05
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obvious changes in the other experimental groups. 
Meanwhile, the increase ratio of Proteus in each 
treatment group was significantly lower than that in the 
control group (P < 0.05; Fig. 7e). The above results were 
consistent with the previous finding that the addition 
of Chlorella compound microalgal powder had the 
poorest mitigatory effect on NH3 emissions (Fig. 1b and 
c). In conclusion, the compound microalgal powder 
achieves the effect of reducing NH3 emissions by 
mitigating the proliferation of NH3-producing bacteria 
or directly lowering their abundance.

Discussion
Microalgal powder reduces NH3 emissions by promoting 
the accumulation of organic nitrogen in manures
Studies have shown that the addition of microalgal 
powder to diets can effectively reduce the odor 
emissions from animal manure [37], but its mechanism 
of action is not yet clear. Whether the reduced NH3 
is converted into NH4

+-N, NO3
−-N and N2O through 

the nitrogen cycle remains to be clarified. This study 
was the first to systematically explore the effects of the 
compound microalgal powder on NH3 emissions and 
nitrogen forms in laying hen manure. Although studies 
have shown that NH3 can be easily converted into 
NH4

+-N and then into NO3
−-N through nitrification 

to enter the nitrogen cycle [47], this study found that 
the inorganic nitrogen in the manure of the compound 
microalgal powder group was net consumed, which 
had no direct correlation with the reduction of NH3 
emissions. It is worth noting that NO3

−-N in the 
nitrogen cycle is transformed into greenhouse gas 
N2O under denitrification [48], but this study found 
that compound microalgal powder intervention 
significantly downregulated the expression of key genes 
for N2O generation, indicating that the traditional 
denitrification pathway is not the main cause of NH3 
emission reduction (P < 0.05).

Nitrogen can not only be interconverted among 
inorganic nitrogen, but also be transformed into 
organic nitrogen through biological assimilation [49]. 
Through GC/MS analysis in this study, it was found 
that the intervention of compound microalgal powder 
promoted changes in the content of metabolites. After 
24  h, nitrogen-containing organic matter in manure 
showed specific accumulation or consumption. 
The results of the correlation analysis show that 
compound microalgal powder achieves NH3 reduction 
by reshaping the nitrogen metabolism network and 
driving the dynamic transformation between inorganic 
nitrogen and organic nitrogen. The traditional NH3 
emission reduction mechanisms mainly rely on 
chemical absorption and catalytic decomposition, 

such as NH3 decomposition through acidification 
absorption or photocatalysis [50, 51]. Feeding dietary 
supplements such as Chlorella and Spirulina can 
promote the chemical fixation of NH3 by reducing 
the pH value of manure [52]. This study found that 
feeding compound microalgal powder can regulate 
the nitrogen metabolism pathway in the manure of 
laying hens and achieve NH3 reduction by enhancing 
the bioconversion of inorganic nitrogen to organic 
nitrogen. This discovery provides a new mechanism 
analysis framework for microalgae emission reduction 
technology.

Manure microbiota remodeling mediates the accumulation 
of organic nitrogen
Previous studies have shown that feeding microalgal 
powder can regulate the intestinal microecology of 
animals and affect the changes in the intestinal flora 
[53], which is related to the function of its own special 
functional substances that affect bacterial activity, such 
as the mitigation of Escherichia coli [54]. This study also 
reached a similar conclusion: under the intervention 
of compound microalgal powder (H. pluvialis), the 
abundance of Escherichia coli in manure decreased. The 
changes in manure microbiota are closely related to the 
intestinal microecology [55]. Feeding microalgal powder 
may regulate NH3 emissions by reshaping the manure 
microbiota.

This study discovered the pH regulation mediated by 
the proliferation of acid-producing bacterial communi-
ties. Amplification sequencing showed that compound 
microalgal powder intervention significantly increased 
the abundance of Corynebacteriaceae, Planococcaceae, 
Leuconostocaceae and norank_o_Chloroplast. These 
bacterial communities produce acidic substances such 
as glutamic acid, short-chain fatty acids (acetic acid and 
propionic acid), and lactic acid through metabolism [56–
58], resulting in a decrease in manure pH and creating an 
acidic environment that is unfavorable for the emission 
of NH3 (P < 0.05). It is worth noting that Planococcaceae 
and Corynebacteriaceae have defects in NO3

−-N metabo-
lism capacity [59, 60], which may be the reason why they 
limit the consumption of NO3

−-N and mitigate the accu-
mulation of organic nitrogen. Their emission reduction 
effect is mainly attributed to the acid production mecha-
nism rather than the transformation of nitrogen forms.

The Lactobacillaceae and Leuconostocaceae may be 
the main contributors mediating the remodeling of 
nitrogen metabolism. The increase in the abundances 
of these bacteria was significantly correlated with the 
dynamics of key metabolites in this study (P < 0.05). 
The Lactobacillaceae and Leuconostocaceae may 
promote the retention of organic nitrogen by altering 
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the accumulation direction of organic nitrogen, such as 
reducing the synthesis of 3-Pentenenitrile, Quinoline, 
and 2H-1,2-Oxazine, then instead synthesizing Trideca-
1,7,11-triene-1,1-dicarbonitrile, 2,3,5-Trimethyl-6-
ethylpyrazine and 1,2,4-Triazolo[4,3-b]pyridazine. It may 
also influence the fate of NH3 emissions by changing the 
consumption pattern of nitrogen-containing substrates, 
such as reducing the consumption of 1H-Pyrrole-2,5-
dione and instead utilizing hexanenitrile. Metabolite 
54 is commonly found in fermentation products and 
microbial fermentation products. It is a compound with 
a special aroma produced by microorganisms during 
nitrogen metabolism [61]. The above process is related 
to the synergistic effect of characteristics such as nitrite 
reductase and lactein [62], such as creating an acidic 
environment to mitigate the activity of NH3-producing 
bacteria, enhancing the accumulation of organic nitrogen 
and promoting the interaction of bacterial communities 
to accelerate the transformation and accumulation of 
organic nitrogen [63].

Fed compound microalgal powder may have an miti-
gatory effect on NH3-producing bacterial communities. 
This study found that the intervention of compound 
microalgal powder significantly reduced the abundance 
of Erysipelotrichaceae and Oscillospiraceae (P < 0.05). 
Previous studies have shown that an increase in ammo-
nia emissions is often accompanied by an up-regulation 
of the abundances of Erysipelotrichaceae and Oscillo-
spiraceae [64, 65]. This study also found that these bac-
teria have a significant positive correlation with NH3 
emissions. At the same time, with a decrease in their 
abundances, the consumption of 1H-Pyrrole-2,5-dione 
and 1H-Pyrazole decreases. The decrease in its abun-
dance directly weakens the ammonification process and 
forms a dual mitigatory network with the aforemen-
tioned acid-producing bacterial community.

The NH3 emission reduction mechanism mediated 
by microalgal
Although this study found that all the compound algal 
powder treatment groups had the potential for NH3 
emission reduction, there were differences among all 
the treatment groups. The complex algal powder mainly 
composed of S. platensis showed a stronger potential for 
NH3 emission reduction. Through amplicon sequencing 
analysis in this study, it was found that S. platensis 
intervention specifically increased the abundance 
of Leuconostocaceae and simultaneously mitigated 
the proliferation of Oscillospiraceae in laying hen 
manure. This result forms a cross-species verification 
with the related studies on broilers and Holstein–
Friesian dairy cattle [37, 66], and the phenomenon of 
NH3 emission reduction caused by the addition of S. 

platensis is universal. The increase in the synthesis 
of nitrogen-containing aromatic compounds was 
significantly positively correlated with the abundance 
of Leuconostocaceae (r = 0.4884, P < 0.001), and 
this metabolite directly reduced the NH3 emission 
by enhancing the biological retention efficiency of 
organic nitrogen. It has been reported in studies that 
phycocyanin, a characteristic component of S. platensis, 
has antibacterial effects and shows dose-dependent 
mitigation on Gram-negative bacteria, such as Proteus, 
Escherichia coli, and Klebsiella pneumoniae [67, 68]. 
Similar results were obtained in this study: after feeding S. 
platensis compound microalgal powder, the proliferation 
of Escherichia coli and Klebsiella pneumoniae was 
mitigated. Its mechanism of action may be related to the 
activity of synthase in the cell wall [69, 70].

The C. vulgaris lacks the unique antibacterial 
components such as phycocyanin in S. platensis and 
has a weak mitigatory ability against NH3-producing 
bacteria (such as Oscillospiraceae). Currently, the 
functional research on C. vulgaris mainly focuses on 
wastewater purification [71]. Although astaxanthin 
specifically synthesized by H. pluvialis has antioxidant 
effects, which can reduce oxidative stress in animals 
and thereby improve intestinal health and shape a stable 
microecological environment [38], there are currently 
not many studies indicating that the improvement 
of antioxidant capacity is directly related to NH3 
emissions. While C. vulgaris and H. pluvialis exhibit 
NH3 emission reduction potential similar to S. platensis, 
current evidence suggests their mechanisms remain 
comparatively limited, primarily through nitrogen 
assimilation and antioxidant activity. This study 
demonstrates that combinatorial supplementation of 
these functional microalgae species effectively reduces 
NH3 emissions in laying hen manure (P < 0.05), with 
all tested microalgal formulations showing significant 
mitigation effects. These findings highlight the necessity 
for deeper mechanistic exploration of interspecific 
microalgal synergies while providing strategic insights 
for developing multifunctional microalgae-based feed 
formulations.

Limitation and future scope
This study utilized technologies such as GC/MS and 
amplicon sequencing to reveal the potential mechanism 
of compound microalgal powder regulating NH3 
emissions from laying hen manure. However, its 
practical application still faces the following challenges: 
Firstly, although the short-term (24  h) assessment 
based on the static NH3 production system shows a 
significant emission reduction effect, it does not simulate 
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the influence of dynamic ventilation and seasonal 
fluctuations in industrial chicken houses on NH3 
volatilization, which may overestimate the long-term 
efficacy of microalgal powder. Secondly, the screening of 
key functional microbiota relies on statistical inference. 
While culturable bacterial data provide preliminary 
support, the absence of direct validation via microbial 
colonization assays may introduce biases in the 
screening of certain key microbial taxa. Furthermore, the 
biosafety and economic viability of microalgal powder 
additives remain ill-defined. They may also precipitate 
management challenges in downstream processes, such 
as the potential risks of antibiotic resistance gene (ARG) 
transmission, or the presence of fertilizer efficiency 
advantages in the manure derived from laying hens fed 
with microalgal powder.

Based on the above limitations, future research should 
focus on the following directions: Firstly, focus on the in-
depth analysis of the mechanism: integrate multiple omics 
(metagenomics, transcriptomics, targeted metabolomics, 
etc.), construct a complete regulatory network for the 
compound microalgal powder to regulate the bacterial 
flora and affect the flow of metabolites, thereby achiev-
ing NH3 emission reduction, and use machine learn-
ing to establish a prediction model between the content 
of metabolites and the emission reduction efficiency to 
optimize the dosage of microalgal powder and clarify the 
critical threshold of the emission reduction efficiency. 
Then, focus on the assessment of biosafety: by monitoring 
the microbial adaptability (nitrogen metabolism adapt-
ability) and biosafety risks (transmission of ARG) under 
the long-term intervention of microalgal powder, evalu-
ate the ecological domestication effect. Next, considering 
the circular economy and cross-species universality: fur-
ther explore the utilization of aquaculture wastewater for 
microalgae breeding to achieve feed utilization, promote 
the recycling of nitrogen resources, and verify the univer-
sality of microalgal powder in cross-species such as rumi-
nants. Finally, quantify the comprehensive benefits: carry 
out the full life cycle analysis to quantify the reduction of 
nitrogen footprint and environmental economic benefits 
throughout the entire chain from aquaculture wastewa-
ter to microalgae breeding, algae powder feeding to lay-
ing hens, and laying hen manure returning to the field for 
utilization, and build a sustainable agricultural framework 
for nitrogen reduction and resource recycling.

Conclusion
This study found that the compound algal powder 
composed of Chlorella vulgaris, Spirulina platensis and 
Haematococcus pluvialis, when fed to laying hens, all 
had the potential to reduce ammonia emissions in their 

manure, with a reduction of 40.47%–77.84%. Compound 
microalgal powder alters the evolution pattern of manure 
bacterial communities, proliferates acid-producing 
bacteria, reduces the abundance of NH3-producing 
bacteria, promotes the conversion of inorganic 
nitrogen to organic nitrogen and regulates the manure 
nitrogen metabolism network, thereby increasing the 
synthesis of non-ammonia volatile substances (such as 
2,3,5-trimethyl-6-ethylpyrazine). This study provides 
a new analytical framework for the NH3 emission 
reduction mechanism of microalgae feed and offers a 
theoretical basis for the development of environmentally 
friendly feed.
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