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Abstract

Tagetes patula L. is a prominent plant that is frequently used for its ornamental value. Marigolds are sources of various
compounds of great interest to agricultural, pharmaceutical, and nutritional industries. Microalgae can be applied as a
biostimulant as they have multifunctional properties in agriculture, namely facilitating nutrient uptake, improving crop
performance and physiological status, and thus increasing tolerance to abiotic stress. This study evaluated the effect of
applying Chlorella vulgaris as a plant biostimulant on the growth and flowering of 7. patula plants. Microalgae suspensions
were applied to the substrate at concentrations of 0.5, 2.0 and 5.0 g dry weight (DW) L™!. A set of plants without the
application of microalgae was used as control. The use of microalgae had a positive impact on plant growth. Specifically, C.
vulgaris application resulted in greater height, while the highest concentration (5.0 g DW L") resulted in higher fresh weight.
Microalgae application significantly promoted the earlier flowering of marigolds. The macronutrient and micronutrient
values were statistically similar between the control plants and those treated with microalgae. When considering only the
treated plants, there was a significant correlation between the concentration of C. vulgaris and the concentrations of N, P,
Mn and Cu in the shoots of T. patula plants. Plants receiving higher concentrations of C. vulgaris exhibited higher levels of
these nutrients. These results highlight the potential use of Chlorella vulgaris as an effective biostimulant for enhancing the
growth, flowering, and nutrient uptake of T. patula, offering valuable applications for improving ornamental plant production
and, ultimately, agricultural sustainability.
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Introduction

In recent years the use of biostimulants in agriculture,
including horticulture, has seen a notable increase. This
trend is driven by the growing demand for commercial
< Pedro José Correia products based on natural substances that enhance crop pro-
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lants, which include substances or microorganisms applied
to plants, aim to increase nutritional efficiency, tolerance to
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unicellular or colonial, contain high levels of nutrients,
bioactive compounds and growth-promoting substances
(Kusvuran 2021). These organisms produce a diverse array
of metabolites and have applications in multiple fields,
including biofuels, aquaculture, animal feeds, bioreme-
diation, nutrition, pharmaceuticals and cosmetics (Chanda
et al. 2019). The estimated number of microalgae species
ranges from 50,000 to 1 million (Chiaiese et al. 2018),
with commercially significant species including Isochry-
sis, Chaetoceros, Chlorella, and Dunaliella, as well as the
cyanobacterium Arthrospira (Spirulina) (Bayona-Morcillo
et al. 2022).

Chlorella vulgaris, a freshwater green microalga, is
recognized for its potential as biostimulants in agriculture
(Chiaiese et al. 2018). Its biotechnological potential stems
from its rich biochemical composition, which includes
high content of proteins, lipids, carbohydrates, and pig-
ments such as carotenoids and chlorophylls (Niccolai,
2019). Studies have demonstrated that C. vulgaris extracts
can stimulate germination, seedling growth, and biomass
production in various crops, including lettuce, “Red Rus-
sian” kale, soybean, cucumber, tomato, barley and sugar
beet (Faheed and Abd-El Fattah 2008; Barone et al. 2017;
Morillas-Espaiia et al. 2022; Alling et al. 2023). The utili-
zation of C. vulgaris not only enhances crop performance
but also supports more sustainable agricultural practices
by potentially reducing the need for chemical fertilizers
(Kusvuran 2021).

Tagetes patula L., commonly known as “marigold”
or “French marigold”, are annual plants from the fam-
ily Asteraceae, native to Mexico and Central America.
Known for their ornamental value, marigolds enhance
the aesthetic appeal of gardens, flower beds, and decora-
tive arrangements with their vibrant and colourful flow-
ers (Jamal et al. 2023). Economically significant due to
their high production and widespread use in ornamental
horticulture, marigolds are also valued for their aromatic
properties and are used in producing essential oils with
larvicidal, insecticidal, herbicidal, and antibacterial prop-
erties. These plants are rich sources of various chemical
and biochemical compounds, making them of great inter-
est to the agricultural, pharmaceutical, and nutritional
industries (Santos et al. 2015, 2022).

Despite the recognized benefits of C. vulgaris, there is a
notable gap in research regarding its specific effects on orna-
mental plants like 7. patula. This study aims to assess the
impact of varying concentrations of C. vulgaris suspensions
on the growth, nutritional, and physiological performance of
marigold plants. By addressing this gap, the present study
intends to contribute valuable insights into the broader appli-
cation of microalgae-based biostimulants in horticulture,
whose findings might impact significantly on the sustain-
ability and productivity of ornamental plant cultivation.

@ Springer

Materials and methods
Cultivation of Chlorella vulgaris

The experiment employed Chlorella vulgaris that was cul-
tivated by Allmicroalgae S.A. (Pataias, Portugal) using 10
m? tubular photobioreactors. To keep pH below 8, CO,
was injected and a water spray system was used to pre-
vent the culture temperature from exceeding 30°C. At the
late exponential growth phase, the culture was harvested
and concentrated by tangential filtration system, with 0.2
pum abs. polyvinylidene fluoride (PVDF) membranes. The
concentrated paste was obtained by centrifugation and
then dried by spray drying, resulting in a final product
in powder form. The mineral composition of C. vulgaris
suspensions was determined using the methods described
below for plant material.

Plant material and growth

The experiment was conducted in a greenhouse at the Uni-
versity of Algarve, Portugal (latitude: 37°04'35°’N, longi-
tude: 7°97'51°” W). French marigold (Tagetes patula L.)
seeds were germinated and cultivated in a substrate of ver-
miculite. After 23 days, the seedlings were transferred to 1 L
plastic pots filled with COMPOSANA® universal substrate,
a commercial mixture manufactured by Compo (N: 200450
mg L™!, P,Os: 200-500 mg L~! and K,0: 300-550 mg L™).
Irrigation was automatic via sprinklers. The microalgal sus-
pensions were applied to the substrate at concentrations of
0.5,2.0, and 5.0 g DW L"!. Control plants had no microalgae
application. Each pot was irrigated with 67 mL of microal-
gae suspension at each concentration on a weekly basis for
a period of 54 days. For the negative control (C: 0.0 g L"),
the plants were irrigated with only water by applying the
same volume as that used for other treatments. A total of
20 pots was utilised for each treatment. The water used in
the experiment originated from a borehole at the Gambelas
campus of the University of Algarve. The experiment was
conducted in June under natural photoperiod conditions,
with an air temperature below 34 °C and an average rela-
tive humidity of 70%. The pH and electrical conductivity
(EC) of the microalgae suspensions were measured using a
pH and electric conductivity meter (HANNA Instruments
HI 9813-5, Romania). The pH ranged from 6.5 for control
suspensions (C) to 6.7 for C. vulgaris suspensions (CV0.5,
CV2 and CV5). The EC of the C. suspensions were 0.30,
0.39, 0.45, and 0.63 dS m~!, as measured on the control,
CV0.5, CV2, and CVS5 treatments, respectively.

The number of flower buds and flowers was recorded
throughout the experiment. At the end of the experiment
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(54 days), the height of the plants was measured for each
treatment. The fresh weight (FW) of each plant material
was determined for at least three plants, and the dry weight
(DW) was subsequently estimated following the drying of
the samples at 60°C until constant weight.

Mineral composition

The shoots (stems with leaves, without flowers) were col-
lected from at least three plants per treatment and initially
washed with tap water. This was followed by a second wash
with deionized water containing a non-ionic detergent
(0.1%) to remove surface contamination. The samples were
then washed with 0.01 M HCI, and three rinses with distilled
water. The FW and DW of the shoots were determined for
each treatment following the drying of the samples at 60°C
until constant weight.

Subsequently, the dried plant samples and the biomass of
C. vulgaris underwent milling (1 mm; IKA Werke MF 10
basic, Germany), followed by digestion in an acidic solu-
tion consisting of nitric acid and peroxide oxygen. The total
nitrogen (N) content was determined by catarometry for the
C. vulgaris biomass and by the Kjeldahl method (Selecta,
micro-Kjeldahl-6014206, Spain) for the plant material. The
concentration of K, Ca, Mg, P, S, Fe, Cu, Zn and Mn was
determined by inductively coupled plasma optical emission
spectroscopy ICP-OES (7000 series, Agilent Technology,
U.S.A.). Macronutrients were expressed in g kg™ while
micronutrients were expressed in mg kg~! DW.

Leaf chlorophyll

During the experimental period, leaf chlorophyll (Chl)
concentration in young and mature leaves was evaluated
non-destructively using the portable SPAD-502 apparatus
(Minolta Corp., Japan). A minimum of three leaves per plant
were evaluated, with a total of five readings recorded per
leaf. In a previous experiment, a calibration curve was estab-
lished by measuring chlorophyll (Chl) in leaf disks exhibit-
ing varying degrees of Fe chlorosis using the SPAD-502
(Osdrio et al. 2014). The same leaf area was ground in a
mortar and pestle using 5 mL of 100% acetone in the pres-
ence of Na ascorbate. This process was conducted in cold
conditions and in the dark to prevent pigment degradation
(Abadia and Abadia 1993). The absorbance of the extracts
was then measured at 662 and 645 nm. The leaf concentra-
tions of pigments were calculated using the equations of
Lichtenthaler (1987):

Chla = 11.24 Aggy — 2.04 Agys
Chl b =20.13 Agys — 4.19 Age,
Chl total = Chl a + Chl b

The SPAD-502 values were subsequently converted to
total leaf Chl (umol m~2) using the equation for marigold
plants.

Fluorescence parameters

At the end of the experiment, the chlorophyll fluorescence
parameters F, (basal fluorescence), F, (maximum
fluorescence) and F, (variable fluorescence =F -F)
were measured in the first fully developed leaf and in
the second mature leaves of each plant using a portable
fluorimeter (Plant Efficiency Analyzer, PEA, Hansatech
Instruments Ltd., UK). Following at least 30 min dark
adaptation the leaves were illuminated with a saturating
pulse of 3000 umol quanta m~2 s~! for 5 s to induce
fluorescence. The F,/F  ratio was calculated, reflecting
the maximum quantum yield of photosynthetic activity
Fig. 1.

Statistical analysis

The experiment was completely randomized design with
20 replicates (pots) for each treatment and 80 replicates
(pots) in whole experiment. Means were compared using
a one-way analysis of variance (ANOVA) F and the Dun-
can multiple range test at a significance level of P <0.05.
Nonlinear regression (Y= aX? + bX + ¢) models were
employed to establish a relationship between SPAD values
and leaf Chl concentrations. Linear regression was used to
assess the relationship between the mineral composition
of Tagetes plants and the doses of C. vulgaris applied.
All statistical analyses were conducted using IBM SPSS
software version 29.
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Fig. 1 Relationship between total leaf chlorophyll (Chl) concentration
(umol m~2) and SPAD readings for French marigold (Tagetes patula)
plants. ** significant at P <0.001
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Table 1 The mineral composition of C. vulgaris biomass. Macronu-
trients were expressed in g kg~!' and micronutrients in mg kg™!. The
data are presented as the mean of each nutrient + standard error

Macronutrients g kg™ Micronutrients mg kg™

N 80.5+0.4 Fe 3529+180
P 12.2+0.8 Mn 89+8
K 13.8+0.1 B 5.1%

Ca 10.5+0.5 Cu 29+3
Mg 25+0.2 Zn 143+10
S 4.6+0.5 Mo 11+1
Na 44+03 Al 24+1

*single value

Results

The microalgae biomass exhibits elevated levels of N and
Fe, with similar values for P, K, and Ca (Table 1). The
remaining nutrients display relatively low concentrations,
particularly Mg, S, and Na. The Zn concentration was high.

Fig.2 Total leaf chlorophyll
concentration (Chl, pmol m~)

A) Young leaves

At the beginning of the experiment, the young leaves had
lower Chl concentrations with a tendency to increase over
time (Fig. 2A). Concurrently, the mature leaves exhibited
highest values at the start of the experiment, with a tendency
to decrease over time (Fig. 2B). The Chl values were similar
across the different treatments, both in young leaves and
mature leaves. There were no significant differences between
treatments in these physiological parameters.

At the beginning of the experiment, all marigold plants
exhibited similar height. At the end of experiment the con-
trol plants, which did not receive the microalgae treatment,
were significantly smaller than those in the C. vulgaris treat-
ments (Fig. 3C).

In the case of total fresh weight (FW), the only significant
difference in biomass was between the CV5 and the CV0.5
treatments (Fig. 4A). The total dry weight (DW) showed
minimal fluctuations across the experimental treatments,
with the highest value observed in the control plants and
the lowest in those treated with CV2 (Fig. 4B). There were
no significant differences between treatments in the weight
of the flowers of each plant (Fig. 4Cand D).

B) Mature leaves
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Fig.4 Biomass parameters at
the end of the experiment. Total

Stems + Leaves
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The appearance of flower buds was first observed on
day 28 in the CV0.5 and CV5 treatments. From day 37
until the end of the experiment, no significant differences
were observed between the treatments. Conversely, the
flowers began to emerge on day 44, exclusively in the
CVS5 treatment. At day 48, the sole discernible disparity
in the number of flowers was between the control and
the CVS5 treatments. At the end of the experiment (day

54), the control plants exhibited a lower number of
flowers, while the CV5 plants triggered higher number
of flowers, representing a 46,9% increase in comparison
to the control plants.

The chlorophyll fluorescence values in both young and
mature leaves were comparable across the different treat-
ment groups and there were no significant differences
between treatments (Table 2).

Table 2 Fluorescence

Treatments Young leaves Mature leaves

parameters (Fy, F and F /F )

and Chl values in the young and F, F, F./F, Chl F, F, F./F, Chl

mature leaves at the conclusion

of the experiment C 482 3575 0.86 122.2 564 3257 0.83 68.6
CV0.5 463 3492 0.87 136.6 453 3631 0.87 86.4
Ccv2 451 3502 0.87 1559 408 2877 0.86 93.7
CVs 468 3571 0.87 85.7 448 3460 0.87 103.1

F,: basal fluorescence; F,: maximum fluorescence; F,: variable fluorescence. Chl — total leaf chlorophyll.
C, CV0.5, CV2 and CV5: Chlorella vulgaris at 0.0 gL™', 0.5 g L™, 2.0 gL' and 5.0 g L™, respectively.
For each parameter analysed no significant differences were observed (P> 0.05)
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Fig.5 A) Number of flowers per plant and B) Number of flower buds
per plant. C, CV0.5, CV2 and CV5: Chlorella vulgaris at 0.0 g L7,
05gL™!,20gL " and 5.0 g L7, respectively. For each parameter

Table 3 The mean macronutrient (g kg™' DW) and micronutrient (mg
kg_1 DW) concentrations (+standard error) at the end of the experi-
ment in shoots (stems plus leaves) of Tagetes plants with Chlorella
vulgaris (CV) application, irrespective of the extract concentration, in
contrast to control (C) plants. For each nutrient analysed, the P value
represents the level of statistical significance between samples

Control (C) + C. vulgaris (CV) P value

Macronutrients (g kg™! DW)

N 19.0 £ 1.00 17.6 + 1.80 0.667

P 3.7 + 0.30 3.3 +£0.37 0.591

K 16.3 + 0.33 16.7 + 1.00 0.857

Ca 36.3 + 1.33 38.1 +2.28 0.677

Mg 8.9 + 0.54 8.0 + 0.62 0.977
Micronutrients (mg kg~' DW)

Fe 869.7 + 161 515.6 + 123.6 0.165

Mn 426.0 £ 60.5 2777 + 40.1 0.087

Zn 91.0 £ 9.29 724 £ 11.7 0.406

Cu 17.3 + 1.20 154 + 0.94 0.319

A comparison of the variable fluorescence and maximum
fluorescence (F,/F,) ratios in young and mature leaves did
not reveal significant differences. The Chl concentration of
mature leaves used for fluorescence assessment, increased
in accordance with the increment of the CV concentrations
Fig. 5.

The mineral composition of shoots was initially analysed
with a focus on two groups: control plants (n=3) and CV
plants (in which all plants treated with CV were considered
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analysed, different letters represent significant differences between
samples (P <0.05). Error bars represent 95% confidence intervals

as one group; n=9). As shown in Table 3, macro- and micro-
nutrients were statistically similar between the two groups,
although the concentrations of Ca and K were slightly higher
in CV plants.

A second analysis was conducted to examine the macro-
and micronutrient composition of stems and leaves (Fig. 6),
with only the CV treatments included in the assessment. In
general, higher concentrations of C. vulgaris suspensions
result in higher concentrations of macro- and micronutrients
in shoots, with particular significance observed for N, P, Mg
and Cu. There were no significant differences between treat-
ments regarding the concentrations of K. There were minor
fluctuations in the concentration of calcium (Ca). The high-
est value was in CVS5 plants, while the lowest was in CV0.5
plants. Mg levels displayed only small variations between
treatments. The highest value was in the CV5 plants, while
the lowest was identified in the CV0.5 plants. There were no
significant differences between treatments in Fe and Mn con-
centrations. There were no significant differences between
treatments in Zn contents between treatments. The highest
value of Cu was registered in the CV5 plants and the lowest
in CV0.5 plants.

The analysis of nutrients revealed a linear and positive
correlation between the concentrations of CV suspension
and the nutrient concentrations (Fig. 6). As the concentration
of CV suspensions increased, so did the concentration of
nutrients in the plants. The correlation coefficients (R?) were
highly significant, indicating a strong relationship between
these variables.
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Fig.6 Mean of macronutrients (g kg~' DW) and micronutrients con-
centrations (mg kg~' DW) at the end of the experiment in shoots
(stems plus leaves) of Tagetes plants. CV0.5, CV2 and CVS5: Chlo-
rella vulgaris at 0.5 g L7, 2.0 g L™! and 5.0 g L™, respectively. For

each parameter analysed, different letters represent significant differ-
ences between samples (P <0.05). Error bars represent 95% confi-
dence intervals. R? of the linear models were included
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Discussion

The results demonstrated that the application of C. vulgaris
significantly enhanced plant height, fresh weight, and the
timing of flowering, particularly at the highest concentration
of 5.0 g L™!. These findings support the hypothesis that C.
vulgaris can act as an effective biostimulant for ornamen-
tal plants, promoting their growth and developmental pro-
cesses. The positive impact of microalgae on plant growth
observed in the present study is consistent with previous
findings where enhanced growth parameters occurred in var-
ious crops following the application of microalgae (Kapoore
et al. 2021; Kusvuran et al. 2021). Specifically, C. vulgaris
stimulated germination and biomass accumulation in several
plant species, including lettuce, kale, soybean, cucumber,
tomato, barley, and sugar beet (Faheed and Abd-El Fattah
2008; Park et al. 2022). Microalgal-derived biostimulants
offer numerous benefits to various crops, improving mor-
phological traits such as plant height, leaf number, dry and
fresh biomass, root mass and root length (Braun and Colla
2023). The results in the present study extend these findings
to ornamental plants, demonstrating that C. vulgaris can also
significantly improve the growth and flowering of T. patula.
This adds a new stepstone to the existing knowledge on the
multifunctional role of microalgae in agriculture.

Overall, the observed enhancement in plant height and
biomass can be attributed to the high nutrient availability
and bioactive compounds in C. vulgaris. Tagetes patula
exhibits a high degree of responsiveness to biostimulant
application, which has been demonstrated to enhance nutri-
ent uptake and growth (Miceli et al. 2023; Zeljkovic et al.
2023). In the present study, the significant uptake of N was
likely attributable to the elevated concentrations of this
nutrient present in the microalgal biomass (80.5 g kg™"),
which proved particularly efficacious with respect to repro-
ductive growth. For example, in apple trees, application of N
fertiliser can increase the percentage of flowering buds. This
effect is enhanced when ammonium is supplied to the roots
for a short period of time compared to a continuous supply
of nitrate (e.g., Marschner 1999). This suggests that the form
and timing of N application are critical in modelling the pro-
cess of flower initiation. In ornamentals, information on this
effect is scarce, but we can hypothesise that rapid uptake and
translocation of N to active sinks, such as flower initiation,
has occurred. In Ruellia simplex, extracts of Ascophyllum
nodosum (a well-known brown macroalga widely used in
biofertilizer formulations) resulted in a higher number of
flowers per plant compared to a control treatment, but only
in the second growing season (Eldeeb and Hussein 2024).

Another noteworthy outcome is the increase in Cu, which
suggests that Tagetes may possess the capacity to remediate
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Cu-contaminated soils. It is noteworthy that despite the high
concentration of Fe in the suspension (3529 mg kg™!), no
significant Fe accumulation was observed in the stems and
leaves. However, it is plausible that Fe was preferentially
accumulated in the roots, as has been reported in several
species.

While the overall growth parameters showed significant
improvement, the fluorescence parameters (F,/F,,) did not
show significant differences between treatments. This may
indicate that although C. vulgaris improves growth and plant
biomass, it may not have a significant effect on photosystem
efficiency under the conditions tested. On the other hand, the
addition of mineral fertiliser to the substrate had no effect
on the photosynthetic machinery of the control plants. These
results suggest that C. vulgaris extracts can supplement the
mineral nutrient pools present in the substrate, potentially
reducing the need for additional chemical fertilisers at cer-
tain stages of plant development and contributing to more
sustainable agricultural practices.

The aforementioned findings are in accordance with the
increasing interest in natural and environmentally friendly
agricultural inputs that promote plant health and produc-
tivity, whilst simultaneously reducing the adverse environ-
mental impacts associated with synthetic fertilizers. Future
research should investigate the long-term effects of C. vul-
garis on ornamental plants and explore its efficacy under
different environmental conditions. Studies focusing on the
molecular mechanisms underlying the observed growth pro-
motion will provide deeper insights into how microalgae
biostimulants can be optimized for agricultural use. Under-
standing the specific nutrient interactions and the role of
secondary metabolites in plant growth enhancement will
further solidify the practical applications of microalgae in
sustainable agriculture. It would also be beneficial to evalu-
ate the economic feasibility of large-scale application of C.
vulgaris in commercial horticulture.

Conclusions

The data presented in this study indicate that the application
of C. vulgaris suspensions had a positive effect on plant
growth. The application of this microalga was observed to
result in greater plant height, irrespective of the concentration
tested. The application of the microalgae had a significant
impact on the early flowering of marigolds.

The highest microalgae concentration had a positive
effect on the concentration of nitrogen, phosphorus, calcium,
magnesium, and copper. The findings of this study indicate
that microalgae could be employed as biostimulants in
ornamental plants, thereby facilitating the implementation of
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more environmentally sustainable fertilization strategies. The
increase in flower production is of paramount importance in
ornamental plants; however, the application of C. vulgaris
suspensions on horticultural crops might open new possibilities
for the promotion of flowering performance, fruit set and yield.
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