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Abstract

This study selected the typical eutrophication associated algae species Chlorella pyrenoidosa
and Microcystis aeruginosa, from which alginate-like expolymers (ALEs) were extracted.
Their composition, structural characteristics, and potential as biofertilizers were systemati-
cally analyzed. Results indicate that both C. pyrenoidosa-ALE (Cp-ALE) and M. aeruginosa-
ALE (Ma-ALE) primarily comprise proteins and polysaccharides as functional components.
Cp-ALE exhibited higher extraction yields (35.34 & 4.32 mg-g~! VSS, volatile suspended
solids) and richer growth-promoting constituents such as tryptophan, while Ma-ALE
demonstrated higher aromaticity in its structure. Pot experiments further demonstrated
that both ALEs exhibited a “low-concentration promotion, high-concentration inhibition”
effect on ryegrass growth: at the optimal concentration (1:10,000), Cp-ALE and Ma-ALE
increased ryegrass dry weight by 61.2% and 59.8%, respectively, with no significant differ-
ence compared to the algal whole-cell fertilizer (CF). This study has established a simple,
environmentally friendly pathway for resource utilization of microalgal waste. Extracting
ALE:s effectively preserves plant-promoting components within microalgae, providing not
only a sustainable solution for high-value utilization of eutrophication associated algae,
but also a viable pathway for green agriculture and circular economic development.

Keywords: microalgae; alginate-like expolymers (ALEs); microalgae-derived fertilizer;
circular economy; waste valorization; sustainable agriculture; concentration effect

1. Introduction

With the development of global industry and agriculture, nutrients such as nitrogen
and phosphorus are constantly introduced into water bodies, accelerating the process of
eutrophication and inducing explosive proliferation of microalgae and algal blooms. This
issue has posed a severe challenge to global ecological sustainability [1,2]. If algal biomass
is improperly managed after harvesting or natural decay, it will release nutrients such
as nitrogen and phosphorus during decomposition, resulting in a vicious circle of water
pollution. Furthermore, toxic substances such as algal toxins produced by certain species
(such as Microcystis aeruginosa) pose an additional threat to aquatic ecosystems and public
health [3,4]. The current algae treatment technology faces obvious limitations: chemical
methods relying on reagents such as hydrogen peroxide and copper sulfate may cause
algal toxin release and secondary pollution [5]; physical methods generally have problems
of high energy consumption and membrane pollution [6]; and biological methods carry
ecological risks due to introducing exogenous microorganisms. These factors limit the
environmental friendliness and sustainability of existing technologies, together.
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Therefore, finding a technical way to realize the harmless treatment of microalgal
solid waste and efficient recovery of internal resources at the same time has become
a cutting-edge hotspot in the intersection of environmental science and waste management.
In terms of the utilization of microalgae resources, the current research mainly focuses on
specific conversion pathways, such as anaerobic digestion for biogas production, transester-
ification for biodiesel, and the extraction of high-value compounds, including 3-carotene,
phycocyanin, and polyunsaturated fatty acids (PUFAs) [7]. Although these methods have
certain technical feasibility, they usually face challenges such as complex process, high
energy consumption, or potential environmental risks [7,8]. Taking biodiesel as an example,
its production process involves high-energy-consuming links such as dehydration of algae
cells, cell wall destruction, esterification reaction, etc. The overall energy output and market
competitiveness need to be improved. Simultaneously, in this process, the comprehensive
use of ingredients such as protein and carbohydrates is often ignored [9]. In fact, microal-
gal cells are rich in nutrients available to plants, such as proteins and polysaccharides,
which have the potential to directly or indirectly promote plant growth and enhance re-
sistance [10,11]. Against this background, it is a key challenge to realize the utilization
of high-value resources by efficiently and selectively recovering and concentrating core
bioactive ingredients from the biomass of microalgae, while systematically verifying their
agricultural efficacy.

In recent years, a new kind of biopolymers called alginate-like exopolymers (ALEs)
has shown considerable prospects in resource recycling application. This is due to their
structural and functional characteristics being very similar to those of commercially sodium
alginate (SA). Unlike SA, which can be commercially extracted from brown algae, ALEs
can be efficiently extracted from aerobic granular sludge, a byproduct of wastewater
treatment. Its commercial product “Kaumera” has shown application potential in sectors
such as forestry and construction (https://kaumera.com). As the major component of
extracellular polymers (EPSs), ALEs are rich in bioactive constituents such as proteins and
polysaccharides [12], potentially serving as a biostimulant or soil conditioner. However,
current agricultural application research remains almost exclusively focused on sludge
systems: while sludge EPSs have demonstrated plant-promoting potential [13,14], their
liquid form poses practical challenges for storage and transportation. Further extraction of
sludge-derived ALEs improves physical properties but still fails to fully mitigate residual
risks from contaminants like heavy metals in the sludge. Therefore, exploring cleaner and
more controllable sources of ALEs is crucial for advancing their agricultural applications.

Given the lack of research on the agricultural applications of microalgal-derived ALEs
and their advantages of widespread distribution and controllable cultivation, this study
selected C. pyrenoidosa and M. aeruginosa, two widely distributed microalgae in eutrophic
water bodies, aiming to preliminarily evaluate the structural composition of microalgal-
derived ALEs and their potential correlation with plant growth. The ALEs from both
microalgae were first extracted using a Na,CO3 extraction—acid precipitation method under
heating conditions, with its yield and basic chemical composition evaluated. Subsequently,
Fourier transform infrared spectroscopy (FI-IR), ultraviolet-visible spectroscopy (UV-
Vis), and three-dimensional electron emission microscopy (3D-EEM) were employed to
elucidate their functional group composition, chromophore characteristics, and fluorescent
component structures at the molecular level, thereby revealing their potential material
basis as plant growth promoters. Finally, through pot experiments with ryegrass, we
evaluate the promoting effects and concentration influences of different concentrations of
microalgal source ALEs on the growth characteristics and related physiological indicators
(e.g., chlorophyll, soluble protein, and polysaccharide) of ryegrass.
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2. Materials and Methods

2.1. Experimental Materials
2.1.1. Microalgae Sources and Cultivation

C. pyrenoidosa and M. aeruginosa were obtained from the Freshwater Algae Species
Bank of the Institute of Aquatic Biology, Chinese Academy of Sciences, Wuhan, Hubei
Province, China. To achieve ALE yields comparable to natural blooms, the experiment
first expanded algal cells to maximum density. These species were cultured in modified
Basal medium (supplemented with 0.5 g/L glucose as carbon source) and modified BG-11
medium (supplemented with 0.3 g/L glucose as carbon source) at 25 °C, under a light
intensity of 3000 Ix, and a light: dark cycle of 12 h:12 h [15]. The maximum algal cell
density during the stationary phase was measured using a hemocytometer, yielding values
of 83.1 x 10° cells - mL~! for C. pyrenoidosa and 138.1 x 10° cells - mL~! for M. aeruginosa.
All measurements were repeated 3 times.

2.1.2. Extraction of Alginate-like Exopolymers

Volatile suspended solids (VSSs) were measured using the standard method as shown
in Equation (1). Quantitative filter paper was dried in a 105 °C oven (DHG-9140A, Shanghai
Yiheng Scientific Instruments, Shanghai, China) to constant weight, weighed, and recorded
as my. We took 5 g of microalgae (recorded as m), added deionized water (DI water),
centrifuged, filtered the precipitate onto filter paper, dried to constant weight to obtain my,
and dried the crucible to constant weight to obtain m,. Then, we placed the filter paper
and precipitate into the crucible and incinerated it in a muffle furnace (KT-E30, Xiamen
Kelie Precision Instruments Co., Ltd., Xiamen, China) at 600 °C for 60 min. After that, it
was cooled and weighed to obtain m3. All measurements were repeated 3 times.

my + mp — m3
m

VSS = (1)

Referring to the ALE extraction process [16] with appropriate modifications, C. pyrenoi-
dosa and M. aeruginosa were centrifuged at 4 °C and 4000 r/min for 20 min, and then we
collected the pellets and resuspended them. Then, we mixed the pellets with deionized
water (DI water) to maintain the ratio of algal suspension and DI water ratio of 6 g: 100 mL.
Then, we added 0.5% (w/v) NayCOj3 (Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China). The mixture was stirred in a water bath at 80 °C for 30 min to disrupt cell structures
and elute ALEs. The mixture was centrifuged at 4 °C and 4000 r/min for 20 min, and
the supernatant was collected. We dialyzed the supernatant for 24 h using a dialysis bag
with a molecular weight cut-off of 8000-14,000 Da to remove small-molecule impurities.
After dialysis, we adjusted the pH of the dialysate to 2.2 &= 0.05 using 1 mol/L HCI (China
National Chemical Reagent Co., Ltd., Shanghai, China) to precipitate ALEs. The precipitate
was collected by centrifugation again. The pH of the precipitate was adjusted to 8.5 using
0.5 mol/L NaOH (China National Pharmaceutical Group Chemical Reagent Co., Ltd.,
Shanghai, China) to redissolve and stabilize ALEs. The solution was then diluted to 100 mL
with deionized water, and, finally, freeze-dried for 24 h to obtain solid ALEs.

2.1.3. Characterization of Alginate-like Exopolymers

Ultraviolet-visible (UV-Vis) absorbance measurements were performed using a spec-
trophotometer (DR 5000, HACH, Loveland, CO, USA). Samples were prepared in 2 g/L DI
water and analyzed in 1.0 cm quartz cuvettes after instrument calibration with potassium
dichromate standard solution. Absorbance spectra were collected over the 200-800 nm
range at 1.0 nm resolution, with baseline correction via DI water blank subtraction. Sub-
sequently, key parameters for dissolved organic matter characterization, including the

https://doi.org/10.3390/su18041786


https://doi.org/10.3390/su18041786

Sustainability 2026, 18, 1786

40f 15

absorbance ratios E; /E3 (A2s0/Ases) and Es/Eg (Asgs5/ Ages), as well as the specific ultravi-
olet absorbance at 254 nm (SUVAjs54) and 260 nm (SUVA ), were calculated according to
Equation (2).

A
SUVA, = CDgC x L x 100 )

where A, represents the corrected absorbance at wavelength A (254 nm or 260 nm). Cpoc
represents dissolved organic carbon concentration (mg/L), and L indicates optical path
length (1.0 cm). Data processing and visualization were conducted in Origin 2021.

The major functional groups in microalgae-derived ALEs were identified by FT-IR
(Nicolet IS50, Thermo Scientific, Waltham, MA, USA). First, 2 mg of freeze-dried ALE
powder were mixed with 98 mg of KBr, then ground and pressed into a pellet. Spectra were
scanned in the wavenumber range of 400-4000 cm~! at a resolution of 4 cm~!. Spectral data
were acquired and processed using OMNIC 9.2 software and exported to Origin 2021 for
plotting. Prior to testing, baseline correction was performed by subtracting the background
spectrum of pure KBr pellets to eliminate matrix interference.

Fluorescent compounds in ALEs were identified using 3D excitation-emission matrix
(EEM) fluorescence spectroscopy (Fluoro Max-4, Horiba, Kyoto, Japan). ALE samples
were diluted to 2 g/L with DI water and measured in 1.0 cm quartz cuvettes. Spectra
were acquired with excitation (Ex) 200-500 nm, emission (Ep) 220-550 nm, scan rate
1200 nm/min, and slit width 5 nm, following quinine sulfate calibration and blank subtrac-
tion. Fluorescence peaks were qualitatively identified against a standard database. The
EEM spectrum was divided into five characteristic regions [16,17] for integral calculation.
Data visualization was performed using Origin 2021.

2.1.4. Model Plants and Culture Substrates

Lolium perenne L. (hereinafter referred to as ryegrass), obtained from Lvguan Grass
Industry Co., Ltd., Beijing, China, was chosen as the model plant. The cultivation substrate
comprised native sand sourced from the Tengger Desert (37.6425° N, 103.1675° E), which
represents a typical northwest sandy degraded substrate in northwestern China. Prior to
use, the sand was passed through a 20-mesh sieve to eliminate gravel.

2.2. Microalgae-Derived Fertilizer Cultivation Experiment
2.2.1. Experimental Design

Four microalgae-derived fertilizers were used: C. pyrenoidosa whole-cell fertilizer
(Cp-CF), C. pyrenoidosa ALE fertilizer (Cp-ALE), M. aeruginosa whole-cell fertilizer (Ma-
CF), and M. aeruginosa ALE fertilizer (Ma-ALE). The fertilizers were applied at dry
weight ratios to the sandy substrate of 1:10,000, 1:5000, and 1:2000, with a control
group (no fertilizer). The centrifuged algal pellets and freeze-dried ALEs were each
dissolved in 100 mL DI water and mixed into a sandy substrate. Ryegrass was planted
in the prepared substrates (initial nutrient contents in Table 1) under controlled condi-
tions: light intensity (300-350 wmol-m~2-s~!), monitored using an illuminance meter (ST-
85, Beijing Normal University Photoelectric Technology Co., Ltd., Beijing, China) with
a2l +4°Cday/16 £ 2 °C night, and 45-60% relative humidity. Daily watering was main-
tained at 20 mL, and each treatment was replicated 3 times for 30 d.

2.2.2. Determination of Plant Physicochemical Indicators

Growth characteristics: 30 days after planting, five plants were randomly selected from
each pot, and the plant height and root length were determined by straightedge (accuracy
0.1 cm); the fresh weight was determined by electronic balance (BSA224S, Sartorius Group,
Gottingen, Germany); and the dry weight was determined by killing in an oven at 105 °C
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(DHG-9140A, Shanghai YIHEONG Scientific Instrument, Shanghai, China) for 30 min and
drying at 75 °C until constant weight.

Table 1. Initial nutrient composition of sandy planting substrate in different treatment groups.

- Available Nitrogen Available Phosphorus Available Potassium
Fertilizer Treatment
(mg/kg) (mg/kg) (mg/kg)

Control 13.75 +£ 0.08 2.37 £0.04 52.67 £1.28

Cp-CF 1:10,000 179.36 +1.23 41.37 £0.48 197.31 £ 2.17

P 1:5000 271.93 £0.53 5291 +0.23 21045 £ 1.17

1:2000 259.37 £1.14 68.39 + 0.73 263.72 £ 2.03

1:10,000 159.21 +1.17 3241 £0.27 176.72 + 0.41

Cp-ALE 1:5000 93.43 £1.27 41.73 £1.05 229.85 £2.23

1:2000 236.84 £2.11 52.03 £0.93 230.45 £ 2.37

Control 13.75 £ 0.08 2.37 +0.04 52.67 +1.28

Ma-CF 1:10,000 104.68 £ 2.07 2347 £ 043 134.72 £ 3.12

a 1:5000 167.38 + 1.37 34.57 £1.02 184.85 £ 1.72

1:2000 204.68 £ 2.07 56.38 £ 1.27 237.68 £2.13

1:10,000 9741 £0.34 19.54 +0.12 126.82 +1.23

Ma-ALE 1:5000 127.98 +1.37 36.77 £0.73 175.64 + 0.97

1:2000 176.51 = 1.45 51.92 £ 0.81 213.25 £ 1.08

Main nutrients: soluble protein (PN) content was determined by the Lorry method,
the reagent was purchased from Shanghai Sangong (No. C504021), the absorbance was
measured at 500 nm by an ultraviolet spectrophotometer (N4S, Shanghai Yidian, Shang-
hai, China), and bovine serum albumin was used as a standard; polysaccharide (PS)
content was determined by the phenol-sulfuric acid method, 5% phenol was mixed
with 98% concentrated sulfuric acid at a rate of 1:5, and absorbance was measured at
490 nm. The polysaccharide (PS) content was determined by the phenol-sulfuric acid
method, 5% phenol mixed with 98% concentrated sulfuric acid at 1:5, the absorbance was
measured at 490 nm, and glucose was used as the standard; the chlorophyll content was
determined by the ethanol extraction method, 0.1 g of fresh leaves was extracted with
80% ethanol and kept away from the light for 24 h, and the absorbance was measured
at 663 and 645 nm; and the chlorophylls a and b and the total chlorophyll content were
calculated by Arnon formula. The data were organized using Excel 2021; one-way analysis
of variance (ANOVA) was performed using SPSS 26.0 and the significance of the differences
was tested using Duncan’s multiple comparisons (p < 0.05), and the graphs were plotted
using Origin 2021.

3. Results and Discussion

3.1. ALE Components and Spectral Characteristics
3.1.1. ALE Component Properties Analysis

Component analysis revealed that both microalgal-derived ALEs possess a distinct
material basis for functioning as biofertilizers (Table 2). Studies have confirmed that
the composition and proportion of ALE components are the key factors that determine
its functional characteristics [18]. Among them, protein (PN) and polysaccharide (PS)
are important nutrient precursors and signal molecules necessary for plant growth, and
their content is directly related to the promoting effect of ALEs on plants. This study
found that PN is the core functional component in both ALEs, among which the PN
and PS content of Cp-ALE is significantly higher than that of Ma-ALE. This is of great
significance: as a natural biological stimulant, protein hydrolysates play a crucial role
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in inducing defensive compounds (such as peptides, amino acids, and hormones) in
plants [19]; polysaccharides in the fertilizer might improve substrate water retention [20],
which supports sustained nutrient availability for plants. The synergy between these
two components constitutes the core mechanism of ALE’s growth function.

Table 2. Yield and composition of ALEs from different sources.

Source Productivity/(mg-g—1 VSS) PN/(mg-g~—1) PS/(mg-g~1) PN/PS
Chlorella pyrenoidosa 35.34 +4.32 213.20 +13.12 53.41 £2.11 4.02
Microcystis aeruginosa 24.89 £1.23 140.21 £ 7.21 32.93 £ 3.62 4.26

0.8

g
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Absorbance (a.u.)
<
=

e
o

0.0

On this basis, this study uses the PN/PS ratio to further evaluate their fertilizer
potential. The PN/PS values of Cp-ALE and Ma-ALE are 4.02 and 4.26, respectively, the
extracellular protein components (especially Ma-ALE) are richer, and the best balance of
“promoting activity—structural stability” is achieved. This provides strong evidence of their
efficacy as a high-performance plant growth promoter. The yield of Cp-ALE is significantly
higher than that of Ma-ALE, indicating that C. pyrenoidosa has a greater advantage in ALE
enrichment and high-value fertilization. These compositional characteristics lay a solid
foundation for subsequent molecular structure analysis.

3.1.2. Ultraviolet-Visible Spectroscopy (UV-Vis) Analysis

UV-Vis spectroscopy analysis provides molecular-level evidence for the fertilizer func-
tional properties of ALEs (Figure 1). The results show that strong absorption at 200-210 nm
indicates the presence of carboxyl or ester functional groups in ALEs, which helps to
enhance their binding ability with soil nutrients [21,22], which are theoretically associated
with metal-binding and nutrient interaction capacities. Absorption peaks in the range of
240-290 nm suggest the presence of aromatic proteins and humic-acid-like components.

e Cp-ALE 1.4
Ma-ALE == Cp-ALE
1.2 Ma-ALE
e— SA _ —_— A
=
~ 1.0
N |
gos
5
= 0.6
i
2
= 0.4 B
<
0.2}
M M i 0.0 -
225 250 275 300 200 250 300 350 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 1. UV-Vis spectra of microalgae ALE: (a) 210-300 nm range; (b) 200-700 nm range.

Further spectral index analysis [23] (Table 3) revealed that Ma-ALE exhibited signif-
icantly lower Ey/E3, E4/Eg, and E; /E4 values compared to Cp-ALE, indicating a higher
proportion of aromatic components and greater molecular weight in its structure. Con-
versely, the spectral profile of Cp-ALE suggests a more aliphatic character, which could be
linked to higher biodegradability.
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Table 3. UV-Vis spectral indices of ALE derived from microalgae.
Index SUVA254 SUVA260 Ez/Eg E4/E6 Ez/E4
Cp-ALE 0.77 0.70 14.62 3.02 15.06

Ma-ALE 1.31 1.23 5.33 1.49 6.23

Based on these structural distinctions and supported by previous studies on similar
substances, we hypothesize that Ma-ALE and Cp-ALE may exhibit divergent behaviors in
agricultural settings. These structural differences suggest distinct functional properties for
agricultural applications. Ma-ALE’s high aromaticity and molecular weight may enhance
its persistence in soil, while Cp-ALE’s greater aliphatic nature could promote rapid nutrient
release. This result conducted a preliminary exploration of the potential of microalgae-
derived ALEs as fertilizers and initially clarified their structural basis, providing a basis for
subsequent in-depth characterization and practical application verification.

3.1.3. Fourier Transform Infrared (FI-IR) Spectroscopy Analysis

FT-IR spectral analysis revealed the growth-promoting potential of microalgal-derived
ALE at the molecular level. Figure 2 shows the characteristic absorption peaks of key wave
numbers closely related to the nutritional function of ALEs derived from two microalgae:
1657 cm~! (protein amide I band, C=0 stretching vibration) and 1535 cm~! (protein amide
II band, N-H bending/C-N stretching), confirming that there are protein components in
ALEs that are easily absorbed by plants. The absorption peak near 1074 cm~! corresponds to
the C-O-C/C-N bond vibrations of the polysaccharides, indicating that the polysaccharide
has the effect of plant biostimulant.

SA = Cp-ALE Ma-ALE

1401 880
2923 1657 1239
1535 1074

3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)

Figure 2. FT-IR spectra of ALEs from different sources (SA: commercially available alginate; Cp-ALE:
Chlorella pyrenoidosa ALE; Ma-ALE: Microcystis aeruginosa ALE).

The above spectral characteristics jointly confirm that microalgae-sourced ALE is
a functional organic mixture composed of proteins, polysaccharides, and other components,
and its biomolecular composition is similar to that of ALEs extracted from previously
reported active sludge [24,25]. In terms of growth-promoting mechanism, active amino
acids released through protein water interpretation may play a direct role in regulating
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the synthesis of plant hormones [26]; polysaccharides indirectly improve the efficiency of
nutrient absorption by improving the inter-root microenvironment (such as optimizing
soil structure and regulating microbial communities). This synergy provides important
structural evidence for the agricultural application of microalgae-derived ALEs.

3.1.4. Three-Dimensional Fluorescence Spectroscopy (3D-EEM) Analysis

We used 3D-EEM technology to evaluate the fertilizer potential of ALEs derived from
microalgae, with the results shown in Figure 3. I denotes aromatic protein I, II denotes
aromatic protein II, IIl denotes furan-containing compounds, IV denotes soluble microbial
products, and V denotes humic compounds. Both ALEs showed characteristic fluorescence
peaks in protein-like fluorescence regions. Preliminary analysis based on peak distribution
patterns indicates that Peak A in Region Il may belong to tryptophan-containing proteins,
which have been confirmed as precursors for auxin synthesis [27], potentially directly
promoting plant root development and cell division. Peak B in region IV is presumed
to be associated with soluble microbial metabolites (e.g., proteinaceous substances rich
in tryptophan and tyrosine). These substances may enhance plant stress resistance by
participating in the synthesis pathways of key photosystem enzymes while regulating plant
growth [28].

2000 2000

1600 1600
1200 1200
800.0

800.0

400.0 400.0

VAT S 0.000 200
300 350 400 450 280 300 320 340 360 380 400 420 440

Em (nm) Em (nm)
(a) (b)

Figure 3. Fluorescence component identification in ALEs from different sources by 3D-EEM:
(a) Cp-ALE; (b) Ma-ALE.

0.000

It is noteworthy that the fluorescence intensity of Cp-ALE in Region IV is significantly
higher than in Ma-ALE. This result provides preliminary molecular evidence for the
fertilizer potential of Cp-ALE and lays the foundation for systematic evaluation of the
fertilizer value of ALEs from different microalgal species.

3.2. Regulatory Effect and Mechanism of Microalgae-Derived Fertilizers on Ryegrass
3.2.1. Effect of Microalgae-Derived Fertilizers on Growth Characteristics of Ryegrass

The effects of four microalgae-derived fertilizers (Cp-CF, Cp-ALE, Ma-CF, Ma-ALE)
on ryegrass biomass exhibited a significant “low-promoting and high-suppressing” effect,
as shown in Figure 4 and Table 4. This phenomenon aligns with the concentration response
patterns of microalgae fertilizers in plant growth regulation [10,29]. At the optimal concen-
tration of 1:10,000, dry weight in all treatment groups significantly exceeded that of the
control group. Specifically, Cp-CF and Cp-ALE increased dry weight by 64.4% and 61.2%,
respectively, while Ma-CF and Ma-ALE increased it by 64.3% and 59.8%.
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Figure 4. Harvest phenotypes of ryegrass under different concentrations of microalgae-derived

Control

1:10,000 1:5000

1:2000

Control 1:10,000

1:2000

1:5000

fertilizer treatments: (a) Cp-CF; (b) Cp-ALE; (c) Ma-CF; (d) Ma-ALE.

Table 4. Effects of different sources of derived fertilizers on growth characteristics of ryegrass.

Fertilizer Treatment Plant Height (cm) Root Length (cm)  Fresh Weight (g)  Dry Weight (g)
Control 16.80 £ 0.14 ¢ 17.56 + 0.47 bc 098 £0.02c¢ 013 £0.01b
Cp-CF 1:10,000 20.54 + 0.66 a 2035+ 1.20a 133 £0.15a 0.21+£0.01a
P 1:5000 1871 £0.71b 1794 £1.34b 1.17 £ 0.05 ab 0.13+0.01b
1:2000 14.86 +0.48 d 1544 £ 0.16 e 0.85 4+ 0.02 cd 0.08 £ 0.01e
1:10,000 20.65 £ 049 a 2125+ 1.06 a 1.36 + 0.06 a 022+0.02a
Cp-ALE 1:5000 17.72 £ 0.71 be 1590+ 0.1cd 1.01 £+ 0.14 be 0.11£0.01d
1:2000 15.21 £0.64d 15.06 £ 0.23 e 0.79 £ 0.008 d 0.08£0.01e
Control 16.80 £0.14b 17.56 £ 0.47 b 0.98 £ 0.02b 0.13+0.01b
Ma-CF 1:10,000 2121 £2.82a 22.60 £+ 0.67 a 121 £0.02a 021+001a
a 1:5000 15.04 £ 0.67 bc 1512 £0.12b 0.90 £ 0.05 bc 0.11+0.01c
1:2000 13.06 +£1.33 ¢ 11.62 +0.59 d 0.71£0.03d 0.06 £0.01d
1:10,000 20.65£092a 21.65+2.23a 1.36 £ 0.09 a 019+0.02a
Ma-ALE 1:5000 15.41 £0.72 bc 14.51 £0.53 b 0.89 £0.04 c 0.10 £0.01c¢
1:2000 1322 +£141c 11.94 £0.08 d 0.71 £0.02d 0.06 £ 0.003 d

Note: Different lower case letters after the data in the same column indicate significant differences between
treatment concentrations of the same algal species (p < 0.05, Duncan’s multiple comparison).

This growth-promoting effect shows a potential correlation with prior component anal-
ysis results: 3D-EEM revealed higher fluorescence intensity corresponding to tryptophan-
derived components (Peak B) in Cp-ALE. These components may serve as precursors
for indole-3-acetic acid (IAA) synthesis, potentially promoting auxin production, thereby
enhancing plant cell division and biomass accumulation. Meanwhile, in the UV-Vis spec-
trum, the high ratio of E;/E3 and E4/E¢ suggests that ALEs may indirectly promote plant
growth by relatively enriching degradable polysaccharides to improve the rhizosphere
microenvironment and enhance nutrient absorption efficiency [30].
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It is worth noting that there is no significant difference in the growth promotion effect
of ALE fertilizer and CF under the same algae source at all concentrations (p > 0.05). At the
best concentration of 1:10,000, the dry weight increase in Cp-ALE (61.2%) is close to that of
Cp-CF (64.4%), and the dry weight increase in Ma-ALE (59.8%) is comparable to that of
Ma-CF (64.3%). These results indicate that ALEs obtained through the simple extraction
process employed can achieve growth-promoting effects comparable to CF for ryegrass,
providing a feasible foundation for the efficient utilization and high-value conversion of
microalgal biomass.

When the fertilizer concentration was increased to 1:2000, all treatment groups in-
hibited ryegrass growth. The M. aeruginosa group exhibited stronger inhibition, with dry
weight inhibition rates of 52.3-54.7% and root length inhibition rates of 31.2-33.8%. The
C. pyrenoidosa group showed weaker inhibition, with corresponding inhibition rates of
38.5-40.1% and 12.07-14.23%. This inhibitory effect may be related to osmotic stress caused
by elevated levels of readily available nitrogen, phosphorus, and potassium resulting from
high-concentration fertilization. Furthermore, the inhibition effect in the M. aeruginosa
group was significantly stronger than in the C. pyrenoidosa group. This difference may be
associated with the microcystin-LR (MC-LR) potentially produced by M. aeruginosa to plant
roots [31].

3.2.2. Effect of Microalgae-Derived Fertilizer on Physiological Indices of Ryegrass

The concentrations of chlorophyll, soluble protein, and soluble polysaccharides serve
as crucial physiological indicators of plants” photosynthetic capacity, nitrogen metabolism
intensity, and carbon storage status. This study found that microalgae-derived fertilizers
significantly enhanced soluble protein content while promoting chlorophyll accumulation,
with this effect exhibiting a marked concentration dependence (Figures 5 and 6). However,
no significant impact was observed on the content of soluble polysaccharides. These
findings suggest that microalgae-derived fertilizers may exert their effects by preferentially
regulating nitrogen assimilation and photosynthetic apparatus development rather than
the conversion of carbon skeletons into polysaccharides, demonstrating their potential for
selective modulation of plant metabolic pathways.
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=
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Figure 5. Effect of microalgae-derived fertilizer on chlorophyll content in ryegrass: (a) Chlorella
pyrenoidosa; (b) Microcystis aeruginosa. Note: Different lower case letters after the data in the same
column indicate significant differences between treatment concentrations of the same algal species
(p < 0.05, Duncan’s multiple comparison).
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Figure 6. Effects of microalgae-derived fertilizers on the synthesis in ryegrass: (a) soluble proteins;
(b) soluble polysaccharides. Note: Different lower case letters after the data in the same column
indicate significant differences between treatment concentrations of the same algal species (p < 0.05,
Duncan’s multiple comparison).

In terms of chlorophyll synthesis, when the optimal concentration was 1:10,000,
all treatments significantly increased the chlorophyll content (p < 0.05), among which
the effect of CF and ALE treatment was comparable: the chlorophyll a, b, and total
chlorophyll content of the Cp-CF and Cp-ALE groups increased by 70.5%, 25.9%, and
67.3%, respectively, compared with the control, while the Ma-CF and Ma-ALE groups
showed a consistent and significant upward trend. This result aligns with Gao et al.’s [32]
observation that “microalgal fertilizers can influence plant chlorophyll synthesis”. It is
hypothesized that such microalgal-derived ALEs may enhance photosynthetic efficiency
by increasing chlorophyll (chlorophyll a and b) content, thereby helping to maintain or
elevate photosynthetic activity.

However, when the concentration was increased to 1:2000, both microalgal-derived
fertilizers strongly inhibited chlorophyll a and b, and the inhibition of chlorophyll b was
more obvious. Among them, the decrease in chlorophyll a in the Ma-ALE treatment group
(71.5%) was significantly greater than that in the Cp-ALE treatment group (50.3%), and the
decrease in chlorophyll b reached 82.1%, which was significantly higher than that in the Cp-
ALE treatment group (57.9%). This difference may be related to the complex composition
of Ma-ALE. UV-Vis spectral analysis shows that its extract contains a certain amount
of aromatic substances, but the relationship between such substances and chlorophyll
synthesis inhibition is not clear. It is worth noting that the reduction in chlorophyl b in
this study is significantly higher than that of chlorophyl a, which is consistent with the
existing research conclusions that chlorophyl b is more sensitive to abiotic coercion as the
main pigment of the light capture complex (LHC) [33].

At a concentration of 1:10,000, Cp-ALE treatment significantly increased soluble pro-
tein content by 35.2% compared to the control group, exceeding the increase observed
in the Ma-ALE treatment group (27.8%). FI-IR spectral analysis revealed characteristic
absorption peaks at 1657 cm~! (amide I band, C=0 stretching vibration) and 1535 cm ™!
(amide II band, N-H bending vibration), indicating the presence of protein components
in both ALEs. Furthermore, the Cp-ALE group exhibited higher E, /E3 and E4/Eg ratios,
suggesting that its protein structure may be more readily absorbed by roots or degraded
into small molecule amino acids, thereby demonstrating greater potential for promoting ni-
trogen assimilation and protein accumulation. When the concentration increased to 1:2000,
soluble protein content significantly decreased in all treatment groups, with reductions of
18.2% in the M. aeruginosa group and 19.5% in the C. pyrenoidosa group. This decline aligns
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with classical theories suggesting that excess nitrogen sources disrupt carbon—nitrogen
balance, thereby inhibiting protein synthesis [34].

The FT-IR spectrum detected the characteristic absorption peak of the polysaccharide
component in the microalgae-derived ALE at 1074 cm ™! (corresponding to the C-O-C
stretching vibration), indicating that it contains polysaccharide substances. However, after
the application of microalgae-derived fertilizer, there was no significant difference in the
content of soluble polysaccharides in ryegrass between each treatment group and the
control group (p < 0.05). This indicates that the promoting effect of microalgae-derived
fertilizers on plant growth in this study is more likely to be related to nitrogen metabolism,
including providing nitrogen sources and protein synthesis precursors, while the impact
on carbohydrate synthesis and accumulation is relatively limited.

3.3. Economic Benefits

Current mainstream microalgal biorefinery pathways, including the production of
biodiesel and the extraction of high-value products such as 3-carotene, phycocyanin, astax-
anthin, and polyunsaturated fatty acids (PUFAs), still face numerous practical challenges,
including process complexity, high energy consumption, and significant environmental
risks. These processes typically involve multiple steps, including cell destruction, solvent
extraction, esterification, and multi-stage purification, requiring the use of various organic
solvents such as methanol, ethyl acetate, and petroleum ether, along with corresponding
catalysts. These operations generate alcohol-containing wastewater and organic residues
with high chemical oxygen demand (COD) and salinity, posing potential threat to the
ecological environment. From an economic perspective, although the market price of
some algae pigments is very high (USD 46.5-3608.5/kg) [35-37], the price of microalgae-
derived biodiesel is still relatively low, at about USD 1.9-2.2/L [38]. Coupled with the
high process treatment costs and additional economic pressures from subsequent pollutant
disposal, the overall economic viability and environmental sustainability of such microalgal
refining pathways face significant challenges.

In contrast, extracting ALEs from microalgae has significant comprehensive advan-
tages. The method is mainly based on acid coagulation, which simplifies the process and
only requires conventional acid and alkali reagents, avoiding the use of most toxic organic
solvents and, thus, reducing environmental risks and processing costs from the source.
Moreover, the intermediate product EPSs extracted in this process have considerable poten-
tial for resource recovery [39-42]. The final ALE product is obtained in solid form, which
greatly improves the convenience of storage and transportation and provides favorable
conditions for large-scale agricultural applications.

Furthermore, the feasibility of this technology has been proven in the pilot project of
Zutphen and Epet in the Netherlands. The ALE product “Kaumera” comes from sludge,
and the price is about USD 2.20/kg (https://www.aquatechtrade.com). Considering the
comparable moisture content of microalgae and sludge, as well as the uniformity of extrac-
tion reagents and processes, we have reason to infer that ALEs from microalgae have similar
market competitiveness, and the preliminary estimate is very close to Kaumera'’s results.

4. Conclusions

This study proposed a resource utilization method for ALE extraction of algae
waste using C. pyrenoidosa and M. aeruginosa. The results show that the two sources
of ALEs mainly contain protein and polysaccharide. Cp-ALE has a high extraction
rate (35.34 & 4.32 mg-g ! VSS) rich levels of protein, polysaccharides, and tryptophan.
In the ryegrass experiments, all algae-derived fertilizers showed the effect of “low concen-
tration promotion and high concentration inhibition”. At a concentration of 1:10,000, the
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dry matter quality of rye grass increased by 64.4%. There is no significant difference in
the effect of ALE fertilizer and CF fertilizer of the same species, indicating that microalgae
effectively retain growth-promoting biomass. Its mechanism involves regulating nitrogen
metabolism and increasing the content of chlorophyll a and soluble protein. However, at
high concentrations (1:2000), all fertilizers inhibited growth, and the M. aeruginosa group
showed stronger inhibition, which may be due to algae toxins (MC-LR). Nevertheless, this
method offers a novel approach for the resource recovery of algal waste, providing both
environmental and economic benefits. Given the potential risks at high concentrations,
the field applicability of Ma-ALE and the environmental fate of its toxins require further
evaluation. Future research should focus on root microbiome regulation, field application
validation, nutrient dynamics, and long-term safety. Concurrently, parallel factor analysis
(PARAFAC) should be adopted to conduct precise qualitative and quantitative analysis of
the key components of ALEs to clarify their potential mechanisms.
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