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Abstract
Microalgae are an effective soil biostimulant. However, pathways for the enhancement of plant growth are still unclear. In 
this study, the effects of Chlorella vulgaris (C. vulgaris) on wheat growth promotion and its direct and indirect mechanisms 
were investigated under hydroponic experiment condition in pots in a constant temperature indoor laboratory. Living C. 
vulgaris showed significant promoting effect on wheat growth in terms of root length (52.41%), shoot length (44.44%) and 
dry weight (13.86%). Besides the function of supplying inorganic nutrient, the organic molecules in the culture supernatant 
and cell extract of C. vulgaris promoted wheat growth directly through interaction with the plant roots. The culture super-
natant fraction increased root length, shoot length and dry weight of wheat by 27.59%. 11.84%, 16.53%, respectively. The 
cell extract fraction had a larger effect with the increase in root length, shoot length and dry weight by 33.10%, 20.86% and 
27.10%, respectively. Changes in the bacterial community in the rhizosphere under co-culturing of bacteria and microalgae 
was also investigated to determine indirect mechanisms on plant growth promotion. The results showed living C. vulgaris 
and rhizosphere bacteria had a synergistic interaction. Compared with initial rhizosphere bacterial community at genus level, 
the number of beneficial rhizosphere bacteria such as Sphingobacterium, Comamonas, Acetobacter and Mucilaginibacter 
significantly increased when co-cultured with the supernatant of C. vulgaris. In conclusion, considering the presence of 
bacteria in the soil environment, it is important to maintain the activity of microalgal cells to release extracellular polymer 
substances sustainably to promote plant growth.
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Introduction

In order to promote the development of agriculture and 
meet the needs of China's growing population, the use of 
fertilizers is still playing an important role in agriculture 
(Bello et al. 2021). Chemical fertilizers consist of abundant 
nitrogen, phosphorus and potassium. While increasing crop 
yields, chemical fertilizers can cause a number of problems 
such as groundwater pollution and soil structure damage 
(Zou et al. 2020). Innovative technologies based on biologi-
cal resources (e.g., biological stimulation or biostimulation) 
are an effective way to improve crop production while reduc-
ing chemical fertilizer application (Lv et al. 2019; Zou et al. 
2020). Biostimulants not only alter physiological processes 
to optimize crop yields, but also improve nutrient uptake 
(Alvarez et al. 2021; Ortiz-Moreno et al. 2020).

Microalgae can be used as biostimulants and soil condi-
tioners in agricultural systems (Sharma et al. 2021; Sulei-
man et al. 2020). Microalgae release a variety of active 
substances into the surrounding environment (Battachar-
yya et al. 2015; Mógor et al. 2017; Sunarpi et al. 2021), 
including plant hormones (cytokinins, gibberellins, etc.), 
polysaccharides, amino acids and other substances, which 
can promote the growth of plants by improving soil fertility, 
promoting nutrient cycling, and reducing the loss of nutri-
ents to the environment (Alvarez et al. 2021).

For example, Chlorella spp. extracts promoted the growth 
of maize and increased the content of nitrogen, phosphorus 
and potassium in the plant (Dineshkumar et al. 2017). The 

carotenoid, chlorophyll a, b content were higher in leaves 
treated with Chlorella vulgaris (Hajnal-Jafari et al. 2020). 
The similar result occurred in Medicago truncatula treated 
with Chlorella sp, leading to a higher rate of photosynthesis, 
growth and final yield (Gitau et al. 2021). The effects of 
crude extracts of 18 strains of microalgae and cyanobacteria 
significantly enhanced plant growth, chlorophyll content and 
nutrient absorption in tomato (Chanda Mutale-Joan et al. 
2020). The composition of microalgae extracellular poly-
meric substance in supernatant and extracts are different and 
influence plant growth via different mechanisms.

The interaction between microalgae and rhizosphere bac-
teria plays an important role in plant growth (Anwar et al. 
2019; Kang et al. 2021; Munees & Kibret 2014). Microalgae 
release O2 and inorganic substances to promote microbial 
growth and metabolism. Rhizosphere bacteria transform 
inorganic nitrogen and phosphorus, produce CO2, growth-
promoting factors and other substances which are beneficial 
to microalgae (Mu et al. 2021) (Fig. 1). For example, the 
growth of microalgae can be stimulated by the secretion of 
indole-3-acetic acid by symbiotic bacteria (Dao et al. 2018). 
Microalgae-bacteria consortium play an important role in 
promoting plant growth through synergistic action (Kang 
et al. 2021). How living microalgae and their released/
extracted chemicals influence bacterial communities and 
promote plant growth needs further study.

While current studies have focused on the plant growth-
promoting effects of microalgae, there are only a few 
studies investigating the mechanism by which microalgae 

Fig. 1   Possible direct or indirect 
pathways of Chlorella vulgaris 
action on wheat seedlings 
growth
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affect plants. Algae cultures contained substances that were 
secreted into the medium by the algal cells which could pro-
mote plant growth (Wake et al. 1992). Samples composed 
of partially fragmented cells had higher protein release 
compared to intact microalgal cells (Martini et al. 2021). 
The fragmentation of microalgal cells increased the release 
of cellular contents, among which polysaccharides, amino 
acids and other substances were effective for plant growth 
(Kholssi et al. 2018). When living microalgae are added to 
plants, their extracellular polymer substances (EPS) and 
intracellular polymer substances (IPS) act on plants simul-
taneously. The aim of this study was to explore the effect and 
mechanisms of microalgae on plant growth promotion. The 
direct function of supernatant and extract of microalgae on 
plants, and the indirect function of regulating bacterial com-
munity were both studied to guide the further application of 
microalgae-based stimulant.

Materials and Methods

Microalgae Preparation

Chlorella vulgaris FACHB-415 (C. vulgaris) was obtained 
from the Freshwater Algae Culture Collection at the Insti-
tute of Hydrobiology in Wuhan Province, China. It was cul-
tured in 500 mL BG11 medium in a biochemical incubator 
(LRH-100-4B; YIHENG, CHINA) at 25 ℃ and 12 h: 12 h 
light:dark period. When C. vulgaris reached a cell density of 
107 cells/mL, the supernatant (labelled Supernatant, abbre-
viated to “Sup” in Figures and Tables) was separated by 
centrifugation (5430 R; Eppendorf, Germany) for 10 min 
at 17,217 g (Lv et al. 2020). The C. vulgaris biomass was 
washed three times with distilled water and resuspended 
with distilled water (labelled Living Biomass, abbreviated 
to “Liv” in Figures and Tables). C. vulgaris suspension 
(107 cells/mL, 50 mL) was placed in ultrasonic cell breaker 
(Skorupskaite et al. 2019) for 1 min to break the microalgal 
cells to obtain cell extracts (labelled Cell Extract, abbrevi-
ated to “Ext” in Figures and Tables).

Bacteria Preparation

Rhizosphere soil was collected from the campus of Shan-
dong University in Qingdao, Shandong Province (39.91°N, 
116.41°E). The soil was freeze-dried (SJIA-10N; SJ, China) 
and sieved (≤ 2 mm). Soil (10 g) and sterile water (90 mL) 
were placed in a conical bottle, sealed, and oscillated on a 
130 r oscillator for 30 min. After standing for 10 min, the 
supernatant was collected. The bacteria in the supernatant 
were inoculated in Luria–Bertani liquid medium at 30 ℃, 
and the inoculation was placed in a shaker at 200 rpm (Smith 
1993). The number of bacteria was determined by the plate 

counting method. Bacteria were diluted to 108 cells/mL with 
distilled water for the experiment.

Plant Material

The wheat (Triticum aestivum L.) cv. 'Lumai 15' cultivar 
((TAL Yangmai No. 1 BI/757318) FI//104–14) was obtained 
from Shandong Province. Wheat seeds with similar size, 
shape and full grains were selected for the study. The wheat 
seeds were washed and disinfected by soaking in a 75% alco-
hol solution for 8 min and then rinsed three times with ster-
ile distilled water. Then, the seeds were placed in 100 mm 
diameter Petri dishes with filter paper and kept moist with 
8 mL distilled water. They were placed in a cool, ventilated 
area to germinate. The experiments were initiated when the 
seedlings were 1 cm in length (Saddozai et al. 2022).

Hydroponic Setup

Germinated wheat seeds were placed in a tube 
(15 mm × 150 mm) with small stones (0.50–0.70 mm) at 
the bottom. There was one seed per tube and 5 tubes per 
treatment. Culture medium (13 mL) were added to each 
tube. The tubes were placed in an incubator at 25 °C at 18 μ 
mol/m2/s light intensity for 7 days. A magnesium lamp was 
located above the device. The light/ dark period was 12 h: 
12 h. Each experiment ran for seven days and was repeated 
three times. Experimental settings are shown in Table 1.

Experiment 1: Effect of Intact C. vulgaris Biomass on Wheat 
Growth

The water quality of the culture medium was simulated as 
Nansi Lake (labelled Nansi Lake solution, abbreviated to 
“lake water” in Tables) with 1.00 mg/L total nitrogen (TN) 
and 0.05 mg/L total phosphorus (TP). Treatments were: (1) 
Wheat plants irrigated with Nansi Lake solution contain-
ing C. vulgaris biomass (107 cells/mL, 15 mL). (2) Wheat 
plants irrigated with Nansi Lake solution only. (3) Wheat 
plants irrigated with distilled water without nitrogen (N) and 
phosphorus (P) (Control).

Experiment 2: Mechanism of C. vulgaris on Promoting Plant 
Growth Directly

To determine the functions of different fractions on plant 
growth, three solutions containing living C. vulgaris bio-
mass, supernatant and extract were prepared, respectively. A 
solution with the same concentration of N and P as the super-
natant of C. vulgaris (TN = 62.85 mg/L, TP = 1.68 mg/L, 
labelled ANP) was also prepared to explain the function 
of other organic fractions in the algal supernatant. These 
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solutions were added to the wheat plants in the hydroponic 
system as in the previous experiment.

Experiment 3: Mechanism of Algae‑Bacteria Co‑Culture 
on Promoting Plant Growth Indirectly

The cultured rhizosphere bacteria were centrifuged and 
washed with distilled water. At the beginning of the experi-
ment, rhizosphere bacteria were combined with Living bio-
mass solution, Supernatant solution, and Extract solution 
with 108 cells/mL. No extra rhizosphere bacteria were added 
during the experiment. The control group was treated with 
rhizosphere bacteria in distilled water without microalgae 
or their fractions. The experiment was conducted with the 
same hydroponic set up as described above.

Determination of Wheat Plant Growth Parameters

Length and Dry Weight

The root and shoot lengths of 7-day old seedlings were 
measured manually with a ruler. The harvested wheat plants 
were then placed in a drying oven at 105℃ for 20 min (Sad-
dozai et al. 2022), then dried at 80℃ to a constant weight 
for the dry weight measurement. All determinations were 
performed in triplicate.

Plant Hormones

Fresh leaves (1 g FW) were quickly frozen and ground with 
liquid nitrogen and then dissolved in 10 mL dimethyl sul-
foxide. After centrifugation for 15 min at 10,000 g at 4 ℃, 
supernatant was taken for plant hormone determination. 
Indole-3-acetic acid (IAA), gibberellin (GA), cytokinin 
(CTK), indole-3-propionic acid (IPA) and abscisic acid 
(ABA) were measured using enzyme-linked immunosorbent 
assay (ELISA). The kits were provided by Jiangsu Jingmei 
Biotechnology Co., Ltd., Jiangsu China. All determinations 
were performed in triplicate.

Chlorophyll Fluorescence Parameters

PSII maximum photochemical quantum yield (Fv/Fm) 
and actual light energy conversion efficiency (Y(II)) were 
determined by basic harmonic fluorimeter (JUNIOR-PAM; 
WALZ, Germany). Wheat seedlings were dark adapted for 
30 min prior to the measurements. All determinations were 
performed in triplicate.

Nitrogen Content of Wheat Leaves

Wheat leaves (1 g FW) were dehydrated, carbonized and 
oxidized with 5 mL concentrated sulfuric acid and then 
digested with 4 mL hydrogen peroxide. Total nitrogen was 

Table 1   Experimental design of hydroponics with different treatments

Group name Plant Bacteria Microalgae TN TP concentration Note Purpose Exper-
iment 
Batch

Control √ Control 1
Lake Water √ TN = 1.00 mg/L, 

TP = 0.05 mg/L
To explore the effect of C. 

vulgaris on wheat
1

Microalgae √ √ TN = 1.00 mg/L, 
TP = 0.05 mg/L

C. vulgaris biomass resus-
pended in lake water

1

ASup √ TN = 62.85 mg/L, 
TP = 1.68 mg/L

BG11 medium after culture 
of C. vulgaris

To explore the culture 
supernatant effect of C. 
vulgaris on wheat growth

2

ANP √ TN = 62.85 mg/L, 
TP = 1.68 mg/L

CNP = ASup 2

ALiv √ √ C. vulgaris dissolved with 
clean water

To explore the cell extract 
effect of C. vulgaris bio-
mass on wheat growth

2

AExt √ C. vulgaris that break walls 
in clear water

2

A’NP √ √ TN = 62.85 mg/L, 
TP = 1.68 mg/L

Add rhizosphere bacteria 
to ANP

To explore the effects of 
culture supernatant on 
rhizosphere bacteria

3

A’Sup √ √ TN = 62.85 mg/L, 
TP = 1.68 mg/L

Add rhizosphere bacteria 
to ASup

3

A’Liv √ √ √ Add rhizosphere bacteria 
to ALiv

To explore the synergistic 
effect of C. vulgaris and 
rhizosphere bacteria

3

A’Ext √ √ Add rhizosphere bacteria 
to AExt

3
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determined by potassium persulfate oxidation absorbance 
spectrophotometry (Felix-Cuencas et al. 2021; Hu et al. 
2021). Under the alkaline medium condition at 120–124 ℃, 
the oxygen produced by decomposition of potassium persul-
fate oxidized ammonia nitrogen into nitrate in the test solu-
tion. The OD210 of the solution was determined by ultravio-
let spectrophotometer (UV-2600i; SHIMADZU, Japan). The 
total nitrogen content was quantified according to the stand-
ard curve. All determinations were performed in triplicate.

Microalgae Cell Number

In order to investigate the activity of microalgae at the end 
of the experiment, the plate counting method was used to 
count the living microalgae. The microalgae were diluted 
104,105,106 times, inoculated into BG11 solid medium and 
cultured in an incubator. The number of colonies per mil-
liliter was calculated using Eq. (1):

Where C denotes the average number of colonies grow-
ing on the plate at a certain dilution, V denotes the volume 
(mL) of diluent used when coating the plate, and M denotes 
the dilution ratio.

Determination of the Characteristic Peak of C. vulgaris

The characteristic peaks of the supernatant and extract of C. 
vulgaris (20 mL) were determined by infrared spectrometer 
(Nicolet iS50; Thermo, USA) after freeze-drying. All deter-
minations were performed in triplicate.

Structure of Rhizosphere Microbial Community

Microbial community was measured to determine the 
indirect effects of C. vulgaris on wheat growth. Beijing 
Nuohe Zhiyuan Co., Ltd. was commissioned to detect 

(1)CFU∕ mL = (C ÷ V) × M

the rhizosphere bacterial community. Follow-up analysis 
was based on the original data (Supplementary Material). 
The amplification region of 16S rDNA PCR was 16Sv4. 
High-throughput sequencing was performed using Illu-
mina NovaSeq sequencing technology, followed by 
OTUs (Operational Taxonomic Units) clustering and spe-
cies classification analysis based on available data (97% 
agreement).

Statistical Analysis

Statistical analyses were performed with SPSS. Descrip-
tive statistics and statistically significant differences 
between the mean values from control and treated plant 
samples were determined using One-way ANOVA and 
Tukey via SPSS (SPSS 19.0, IBM, USA). Canoco (Canoco 
5; Microcomputer Power, USA) software was used for 
redundancy analysis (RDA) to find the correlation between 
wheat growth indicators and experimental variables.

Results

Growth Promoting Effect of Intact C. vulgaris 
on Wheat Plants

After the addition of C. vulgaris, root length, shoot length 
and dry weight of wheat plants increased significantly by 
52.41%, 44.44% and 13.86% compared to those without 
C. vulgaris (P < 0.05) (Table 2). Fv/FM and the content 
of GA and CTK were significantly increased with C. vul-
garis compared to control treatment (P < 0.05) (Table 2). 
Thus the addition of C. vulgaris significantly promoted 
the growth of wheat and enhanced the elongation of plant 
cells and biomass accumulation.

Table 2   Effect of living 
Chlorella vulgaris on the 
growth and hormone content of 
7-day-old wheat seedlings in a 
hydroponic system

 Different letters indicate significant difference (p < 0.05), according to Tukey, One-way ANOVA

Indicators Microalgae Lake water Control

Growth indicators Shoot length (cm) 9.75 ± 0.35b 6.75 ± 0.35a 8.05 ± 0.07a
Root length (cm) 8.23 ± 0.21c 5.40 ± 0.14ab 5.00 ± 0.71a
Dry weight (g) 0.0115 ± 0.0006c 0.0101 ± 0.0002b 0.0066 ± 0.0004a
Fv/Fm 0.7180 ± 0.0085b 0.6335 ± 0.2334a 0.7070 ± 0.2263a
Y(II) 0.1250 ± 0.0087b 0.0944 ± 0.0066ab 0.0773 ± 0.0215a

Hormone indicators IAA (ng/g DW) 62.69 ± 14.23b 35.60 ± 0.30ab 25.22 ± 1.46a
GA (ng/g DW) 47.50 ± 3.01b 29.19 ± 2.33a 22.44 ± 1.56a
CTK (ng/g DW) 28.04 ± 4.49b 14.20 ± 0.68a 8.02 ± 0.20a
IPA (ng/g DW) 13.69 ± 0.41a 13.47 ± 0.39a 14.55 ± 2.03a
ABA (ng/g DW) 84.28 ± 10.22a 107.54 ± 5.11a 119.69 ± 12.03a
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Direct Promotion Mechanism of Culture 
Supernatant and Cell Extract of C. vulgaris on Wheat 
Growth

The growth of wheat cultured with supernatant of C. vul-
garis was significantly better than that cultured with only 
N and P solution. Root length, shoot length and dry weight 
increased by 27.58%, 12.55% and 16.53%, respectively 
(P < 0.05) (Figs. 2a, b; Table 2). The Fv/Fm and Y(II) were 

also significantly improved (P < 0.05) (Fig. 2, d). The con-
tents of IAA, GA and CTK were significantly increased 
by 12.31%, 19.79% and 36.09%, respectively (P < 0.05) 
(Table 3).

Root length, shoot length and dry weight of wheat treated 
with extract of C. vulgaris were significantly higher than 
those treated with living biomass (P < 0.05) (Fig. 2a, b), 
which were 33.10%, 20.86% and 37.17%, respectively. Fv/
Fm and Y(II) of wheat were increased by 8.9% and 26.91%. 

Fig. 2   Root length, shoot length (a), dry weight (b), Fv/Fm (c) and 
Y(II) (d) of wheat under direct action of living Chlorella vulgaris / 
supernatant / cell extract without bacteria addition (ASup: Supernatant 
of C. vulgaris; ANP: Only N and P solutions with the same concentra-

tion as ASup; AExt: Extract of C. vulgaris; ALiv: Living biomass; Con-
trol: Distilled water) *Different letters indicate significant difference 
(p < 0.05), according to Tukey, One-way ANOVA

Table 3   Effect of living 
Chlorella vulgaris / supernatant 
/ cell extract on hormone 
content of 7-day-old wheat 
seedlings without rhizosphere 
bacteria

Different letters indicate significant difference (p < 0.05), according to Tukey, One-way ANOVA

ASup ANP AExt ALiv Control

IAA (ng/g DW) 71.60 ± 1.43e 63.75 ± 3.38d 57.17 ± 2.95c 48.55 ± 1.00b 35.60 ± 0.30a
GA (ng/g DW) 110.24 ± 8.28c 88.42 ± 0.18b 102.26 ± 5.05c 40.76 ± 0.38ab 29.19 ± 2.33a
CTK (ng/g 

DW)
27.21 ± 2.78c 17.39 ± 1.02b 27.54 ± 2.64c 16.22 ± 0.62b 8.02 ± 0.20a

IPA (ng/g DW) 16.06 ± 5.15a 15.71 ± 3.05a 24.65 ± 3.75a 15.05 ± 1.29a 14.55 ± 2.03a
ABA (ng/g 

DW)
108.16 ± 9.57b 154.55 ± 13.97a 105.79 ± 14.19b 158.65 ± 10.03b 119.69 ± 12.03ab
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Compared with wheat supplemented with living biomass, 
endogenous IAA, GA and CTK were 17.75%, 150.88% and 
69.79% higher than those treated with extract of C. vulgaris 
(P < 0.05) (Fig. 2c and Table 3).

Characteristics of C. vulgaris Supernatant 
and Extract Components

In order to explain the difference of plant growth promo-
tion between supernatant and extract of C. vulgaris, infra-
red characterization was used to characterize these two 
components. The absorption peaks of culture supernatant 
of C. vulgaris indicated the characteristics of polysaccha-
ride: The absorption peak at 3369 cm−1 was the stretch-
ing vibration peak of − OH. The peak at 2921 cm−1 was 
caused by the stretching vibration of saccharide C–H bond. 
The peak at 1344 cm−1 was saccharide C–H variable angle 
vibration, which could determine the presence of polysac-
charide in C. vulgaris culture supernatant. The charac-
teristic absorption peak at 834 cm−1 showed α-glycoside 

bond, indicating α-polysaccharide. The characteristic peak 
at 1600–1700  cm−1 was characteristic of amide I band, 
which contained abundant secondary structure information 
of protein (Fig. S1). The infrared spectra showed that the 
main peak positions of the supernatant and the extract were 
similar, but the intensities of the each peak were different 
(Fig. S1 and S2).

Mechanism of Algae‑ Bacteria Co‑system on Wheat 
Growth Promotion Indirectly

Root length, shoot length and dry weight of wheat plants 
treated by bacterial and the supernatant of C. vulgaris were 
significantly increased by 42.21%, 22.07% and 24.78% 
(P < 0.05) (Fig. 3a, b) compared with the group with only 
N and P solution added. Y(II) increased by 57.56%. Fv/Fm 
also increased slightly (P < 0.05) (Fig. 3c, d). By analyz-
ing the bacterial community structure after the cultivation, 
the number of operational taxonomic units (OTU) in the 
supernatant of C. vulgaris was 7 fewer than that in N and 

Fig. 3   The root length, shoot length (a), dry weight (b), Fv/Fm (c) 
and Y(II) (d) of wheat under combined action of living Chlorella vul-
garis / supernatant / cell extract with the addition of rhizosphere bac-
teria. (Cultured rhizosphere bacteria “B” were added into ASup, ANP, 

ALiv and AExt, denoted as A’Sup, A’NP, A’Liv and A’Ext. Control’: Dis-
tilled water with bacteria) *Different letters indicate significant differ-
ence (p < 0.05), according to Tukey, One-way ANOVA
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P solution. However, there were more functional bacte-
ria (such as nitrogen fixation and phosphorus solubiliza-
tion) found in the top 30 genus level bacteria C. vulgaris 
supernatant treatment (Figs. 4 and 5). For example, Coma-
monas, Sphingobacterium and Flavobacterium increased 
by 1.5%, 17.97%, 4.32%, respectively.

Wheat growth under the living microalgae-bacteria sys-
tem was better than the treatment under the microalgae 
extract-bacteria system. Root length, shoot length and dry 
weight increased by 20.99%, 27.97% and 35.18%, respec-
tively (P < 0.05) (Fig. 3a, b). The contents of ABA, GA 
and CTK also increased significantly (P < 0.05) (Table 4). 
By analyzing the changes of microbial community struc-
ture (Fig. 5b), the number of nitrogen-fixing Acetobac-
ter increased 3.60%. The mass balance analysis showed 
that the sum of nitrogen in the whole system (including 
3.317 ± 0.060 mg in wheat biomass and 0.66 ± 0.168 mg 
in culture solution) at the end of experiment was greater 
than the nitrogen amount added during the experiment 
(3.44 ± 1.015 mg), which proved the function of nitrogen 
fixation bacteria. Mucilaginibacter and Leuconostoc with 
high EPS production were 8.91% and 1.72% higher in 
treatments with living biomass compared to those treated 
with extract of C. vulgaris. 

Discussion

Mechanisms of Direct Action of C. vulgaris on Wheat 
Plants

Microalgae slowly release nitrogen, phosphorus, polysaccha-
rides, phytohormone and other bioactive substances that can 
be absorbed and used by plants to promote their own growth 
(Schreiber et al. 2018; Friml and Palme 2002; Hedden and 
Thomas, 2012; Sun 2010; Meng et al. 2017). In the process 
of microalgae being used as biostimulants, living microalgae 
continuously released EPS. The cell walls of dead microal-
gae were broken down so that IPS is released. In the present 
study, there were differences between the composition of 
culture supernatant (mainly containing EPS) and cell extract 
(mainly consisting of IPS) of C. vulgaris (Figs. S1 and S2), 
which influenced their functions. Polysaccharides account 
for 40%-95% of the total culture supernatant in the meta-
bolically active substances of microalgae (H.-C. et al. 2001). 
This may explain why supernatant and extract of C. vulgaris 
showed different effects of plant growth promotion.

Although the amount of EPS secreted by microalgae is 
small (César et al. 2019), the comparison of N and P solution 
applied alone and the supernatant revealed that the organic 

Fig. 4   Phylogeny of the first 100 genera of rhizosphere bacteria under the addition of living Chlorella vulgaris / supernatant / cell extract
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fractions in the supernatant of C. vulgaris significantly stim-
ulated the accumulation of various metabolic activities and 
plant hormones in wheat. The supernatant of C. vulgaris 
contained polysaccharides (Fig. 2 and Table 2), thus play-
ing an important role on plant growth-promoting effect. C. 
vulgaris culture supernatant also contained plant growth 
regulators such as IAA, GA, or CTK (Ordog et al. 2004; 
Stirk et al. 2002; Tarakhovskaya et al. 2007), which could 
be absorbed and utilized by plants as exogenous hormones 
to promote plant growth.

In the absence of rhizosphere bacteria, the extract of C. 
vulgaris was better at promoting wheat seedling growth com-
pared to adding living biomass. In the microalgae extract, the 
contents of sonicated microalgal cells were released one-time 
in larger quantities after breaking the cell wall, whereas C. 

vulgaris releases active substances slowly and consistently 
provided C. vulgaris remained active over the experimental 
period. These results indicated that the bioactive substances 
contained in microalgae can stimulate plants to promote their 
growth and metabolism. The cell wall breaking treatment can 
significant enhance the biostimulatory effect.

Mechanisms of Combined of Algae‑Bacteria 
on Wheat Plants

Indirect Promotion Mechanisms of Algae‑Bacteria 
Co‑culture on Wheat Growth

The addition of rhizosphere bacteria significantly 
improved the growth of wheat (root length increased by 

Fig. 5   Venn diagram of OTU 
(a) and top 30 bacterial spe-
cies under genus level (b) of 
rhizosphere bacteria in different 
groups of living Chlorella vul-
garis / supernatant / cell extract 
after culture

Table 4   Effect of living 
Chlorella vulgaris / supernatant 
/ cell extract on hormone 
content of 7-day-old wheat 
seedlings with rhizosphere 
bacteria

Different letters indicate significant difference (p < 0.05), according to Tukey, One-way ANOVA

A’Sup A’NP A’Liv A’Ext Control’

IAA (ng/g DW) 83.99 ± 1.02c 72.62 ± 0.85b 81.68 ± 3.22c 69.61 ± 1.65b 46.44 ± 5.97a
GA (ng/g DW) 110.69 ± 3.34b 71.84 ± 10.01a 179.45 ± 3.37c 104.03 ± 3.27b 56.30 ± 6.49a
CTK (ng/g DW) 36.04 ± 4.21bc 20.58 ± 5.08a 43.56 ± 1.29c 29.34 ± 2.56ab 19.12 ± 5.05a
IPA (ng/g DW) 24.96 ± 1.79a 16.01 ± 4.18a 15.65 ± 4.23a 13.77 ± 3.61a 16.20 ± 4.93a
ABA (ng/g DW) 147.10 ± 6.09a 151.85 ± 8.99a 88.90 ± 39.24a 116.50 ± 6.36a 109.62 ± 13.44a
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15.53% and shoot length increased by 16.38%), indicating 
that rhizosphere bacteria had a promoting effect on plant 
growth. Regardless of whether rhizosphere bacteria were 
added, C. vulgaris culture supernatant had a more benefi-
cial effect than the corresponding control group, which 
further clarified that culture supernatant of C. vulgaris had 
an important effect on wheat in both direct and indirect 
effects.

Small molecule substances in C. vulgaris culture super-
natant can be absorbed and utilized by bacteria to promote 
their own growth, thus generating plant hormones and other 
active substances to promote plant growth and develop-
ment (Alvarez et al. 2021). Under the action of C. vulgaris, 
the number of functional bacteria with nitrogen fixation 
(Comamonas), phosphorus-solubilizing (Flavobacterium) 
and excessive secretion of extracellular polymers (Sphingo-
bacterium) increased significantly (Wu et al. 2018; Nafees 
et al. 2022; Dutta et al. 2022). Sphingobacterium can pro-
duce exopolysaccharides (Nafees et al. 2022), which have 
high metabolic capacity and multifunctional physiological 
characteristics. Sphingobacteria can interact with plants, 
improve the activity of enzymes in plants and enhance the 
resistance of plants to heavy metals (Markovska et al. 2009; 
Wang et al. 2020; Yan et al. 2018). Flavobacterium was a 
phosphorus-solubilizing bacterium, which promoted phos-
phorus uptake by plants. It can promote the absorption of 
plant root nutrients and enhance plant disease resistance 
(Dutta et al. 2022). Therefore, microalgae released chemi-
cals could promote plant growth indirectly by adjusting bac-
terial community and functions.

Synergistic Functions of C. vulgaris and Rhizosphere 
Bacteria

Under co-culture conditions, bacteria could significantly 
promote the growth of microalgae. In this experiment, the 
number of living microalgae reached 107 cells/mL in the 
hydroponic solution at the end of the culture period, which 
was a similar density as the initial phase of experiment. Thus 
C. vulgaris could maintain good activity in the co-culture 
system of algae and bacteria. Both living microalgae and 
rhizosphere bacteria can continuously release active sub-
stances into the supernatant (Dao et al. 2018) and benefit for 
plant growth, such as plant hormones and polysaccharides. 
They played a synergistic role and significantly improved 
the wheat growth.

Under algae-bacteria synergistic interaction, the num-
ber of beneficial rhizosphere functional bacteria increased 
such as nitrogen-fixing bacteria (Acetobacter) (Urquiaga 
et al. 1992) and plentiful EPS producing bacteria (Muci-
laginibacter and Leuconostoc). Leuconostoc produced EPS 
(such as dextran, alternating glucan, fructan and inulin) and 

inhibited the growth of pathogenic microorganisms which 
can promote plant growth (Kim et al. 2008; Zikmanis et al. 
2020). In a previous study, the plant growth-promoting bac-
teria (A. brasilense) significantly increased the growth of 
Chlorella sorokiniana (UTEX 2714), driven in part by the 
secretion of the auxin hormone indole-3-acetic acid (IAA) 
(Hai et al., 2020). In this study, rhizosphere bacteria and liv-
ing microalgae grew in coordination. Compared with only 
adding C. vulgaris, wheat growth showed a better perfor-
mance under the co-culture system of algae and bacteria. 
This experiment was a hydroponics experiment conducted 
in the laboratory, and it will be necessary to further verify 
whether the effect will be consistent in field. Combined 
with the results above, it was deduced that keeping micro-
algae alive is better for its growth-promoting function. 
Though intercellular molecules stimulate plants directly, 
living microalgae continuously release EPS and adjust the 
bacterial community, which showed better plant growth 
promotion.

Correlationship Between Enhanced Wheat Growth 
and Microalgae/bacteria Addition

The growth of wheat was the result of various hormone 
interactions. The root length, shoot length and dry weight 
were positively correlated with IAA, GA, CTK and IPA, but 
negatively correlated with ABA. Shoot length of wheat was 
closely related to dry matter accumulation. IAA and GA 
played an important role in shoot elongation of wheat; CTK 
had a greater effect on root elongation (Fig. 6).

Microalgae produce plant hormones mainly including 
IAA and CTK (Graziani et al. 2020). In the presence of 
bacteria, the living biomass and the supernatant had better 
treatment effect. CTK in both groups had a greater influence 
on plants. Therefore, it is hypothesized that in the presence 
of rhizosphere bacteria, the active substances released by 
microalgae may play a major role in the influence of plants.

The contents of IAA, GA, CTK and IPA in plants 
were significantly increased after the addition of bacte-
ria. Rhizosphere bacteria have a synergistic relationship 
with plants, directly promoting plant growth by promot-
ing resource acquisition and/or regulating plant metabolic 
level (Bumandalai and Tserennadmid 2019; Zhang et al. 
2018). Rhizosphere bacteria can secrete plant hormones 
such as CTK, IAA, GA, indole acetic acid and ethylene, 
which can indirectly regulate the content of endogenous 
hormones in plant (An et al. 2022; Xie et al. 2022). In 
groups A’sup and A’liv, plant showed higher hormone lev-
els, which indicated that rhizosphere bacteria had a great 
effect on plant growth promotion with the occurrence of 
microalgal EPS.
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Conclusion

Wheat after microalgae application showed a significant 
increase in terms of plant height, nutrient content, phy-
tohormone content and other indicators. Besides nitrogen 
and phosphorus provided by the algae, C. vulgaris culture 
supernatant and cell extract containing various organic 
molecules have great growth-promoting effects on plants. 
The cell extract had a more prominent growth-promoting 
effect on the wheat seedlings due to its organic composi-
tion. Combined with the rhizosphere bacteria, the close 
interaction between microalgae and bacteria produced 
more complex effects on the plants. Besides the direct 
function of microalgae on the growth of wheat, C. vulgaris 
and the culture supernatant regulated the bacteria commu-
nity, and enhanced plant hormone release. Thereby, wheat 
cultured under algae-bacteria co-culture conditions showed 
the best growth under laboratory conditions. In practical 
agricultural applications, it is particularly important to 
keep microalgae active for continuous EPS release into 
the soil to enhance the bacterial community and promote 
plant growth.
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