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ABSTRACT: Powdery mildew of cucumber (Cucumis sativus L.) is a destructive disease caused by Podosphaera xanthii
(Castagne) U.Braun & Shishkoff. This study aimed to investigate the antifungal effect of extracts of Ulva lactuca,
Spirulina platensis, and Nostoc muscorum against P. xanthii and to improve the physiological and morphological traits
of cucumber under commercial greenhouse conditions. The chemical composition of the individual extracts from
U. lactuca, S. platensis, and N. muscorum was analyzed utilizing High-performance Liquid Chromatography (HPLC)
and Gas Chromatography/Mass spectrometry (GC/MS). Cucumber plants were sprayed twice with 5% of the crude
extracts of U. lactuca, S. platensis, and N. muscorum and their mixture (U. lactuca, S. platensis, and N. muscorum).
The fungicide Topas 100 EC (Syngenta) was applied at the recommended dose (0.250 mL/L) only for comparison.
The HPLC analysis indicated that the U. lactuca extract was the richest in phenolic compounds (605.84 μg g−1 DW)
compared to cyanobacterial extracts of S. platensis (214.77 μg g−1 DW) and N. muscorum (462.97 μg g−1 DW). The
GC-MS spectrum analysis of methanolic extracts revealed 12 compounds in N. muscorum, 11 compounds in S. platensis
and 22 compounds in U. lactuca extract. In the 1st experiment, among treatments, the combined mixture (U. lactuca,
S. platensis, and N. muscorum) and U. lactuca extract revealed the remarkable disease reduction attained 74.35% and
71.42%, respectively. However, the highest disease reduction was attributed to fungicide Topas 100 EC with value
reached 85.28%. A similar pattern of results was also noted during the 2nd experiment. In both experiments, the
extract of S. platensis had the lowest effectiveness in lowering the DS and AUDPC of powdery mildew disease. The
combined mixture and U. lactuca extract resulted in a substantial (p < 0.05) increase in plant lengths, fresh and dry
weights, leaves number, fruit number, and weight and yield/plant. Cucumber plants treated with either the extract of
U. lactuca or the combined mixture exhibited the highest activity (0.084 and 0.088 U mL−1min−1) for peroxidase and
(1.64 and 1.62 U mL−1min−1) for catalase, respectively, in the second experiment. The greatest increase in total phenolic
content (7.97 mg g−1 FW) was noticed in plants following treatment with the combined mixture. The treatment with U.
lactuca and S. platensis revealed a significant increase in carotenoids contents, reached up to 17.99 and 17.53 mg g−1 FW,
respectively. We, therefore, support the need for considering sustainable management of powdery mildew of cucumber
using the compounds derived from U. lactuca, S. platensis, and N. muscorum and to improve cucumber growth.
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1 Introduction
Cucumber, classified under the Cucurbitaceae family as Cucumis sativus L., holds a prominent position

among the most popular and important greenhouse vegetables worldwide. In Egypt, it is considered a key
economic crop, both for domestic use and export markets [1]. Powdery mildews (phylum Ascomycota, order
Erysiphales) are among the most frequently encountered plant pathogenic fungi, with over 900 species [2].
Cucurbit powdery mildew is caused by Podosphaera xanthii (Castagne) U. Braun & Shishkoff, formerly
referred to Sphaerotheca fuliginea (Schltdl.). The disease presents with similar symptoms, including talcum-
like, off-white, powdery fungal growths appearing on both sides of leaves, along with petioles, stems, and
occasionally fruits [3,4]. However, these two species can be readily differentiated through light microscopy.
The conidia of P. xanthii exhibit ovoid shape, germinate on the sides, and feature fibrosin bodies, which
appear as refractive crystals. In contrast, the conidia of G. orontii exhibit barrel shape, germinate at the apex,
and do not have fibrosin bodies [5]. Powdery mildew fungi have both sexual and asexual life cycles, but it
is the asexual cycle that primarily contributes to most of the damage caused. Once a conidium contacts a
vulnerable host, the asexual life cycle progresses through three distinct stages: (i) the initial formation of an
appressorium and its penetration throughout the cuticle and cell wall, (ii) the development of the primary
haustorium, and (iii) the formation of a hyphae mat (with creating secondary haustoria and appressoria),
along with the conidiophores and conidia differentiation [4,6]. The disease may quickly progress under
optimal conditions, spreading during a period of 3 to 7 days following initial infection, facilitated by the
massive production and release of conidia [7]. In Egypt, P. xanthii is recognized as the pathogen responsible
for causing powdery mildew in cucurbits [8]. Powdery mildew reduces photosynthesis, leading to the
reduction of plant growth, early loss of foliage, and therefore substantial decreases in crop yield up to
30%–50% [9–11]. Chemical fungicides are frequently applied to control powdery mildew; however, the
intensive reliance on fungicides is considered unfavorable owing to environmental pollution and the
emergence of pathogen resistance [2,12].

Recently, there has been increased focus on decreasing the reliance on synthetic pesticides to support
farming methods that are sustainable, environmentally conscious, and eco-friendly [13–15]. Cyanobacteria
(blue-green algae) are recognized as the most abundant, diverse, and extensively spread type of photo-
synthetic bacteria [16]. Their presence, along with eukaryotic algae, contributes significantly to the Earth’s
biomass [17]. Nostoc species, which are significant cyanobacteria members of the Nostocaceae family,
produce various bioactive components as polyunsaturated fatty acids, phycocyanin, phenolics, triterpenoids
amino acids, sulphates polysaccharides and carotenoids [18–20]. Recently, Spirulina platensis has garnered
substantial attention from researchers due to its rich micro and macronutrient contents. This ancient
cyanobacterial food source has long been utilized and is now recognized as noteworthy in the scientific
community [21]. Macroalgae, or seaweeds, are algae that grow quickly and require less freshwater to cultivate.
Despite this, their cultivation costs are significantly lower than those of microalgae. Ulva lactuca, sometimes
called “sea lettuce,” accounts for a common macroalgae that grows around the Mediterranean coast and is a
member of the phylum Chlorophyta [22].

Biologically, cyanobacteria and algae are known as sources of naturally active substances like proteins,
hormone-like substances, polysaccharides, and phenolic compounds [23,24]. These substances have many
various biological effects, including antifungal, insecticidal, antiviral, antitumor, cytotoxic, antiproliferative,
and phytotoxic [25,26]. Furthermore, compounds estimated at 40,000, produced by various macroalgae
families like red, brown, and green algae, are crucial in safeguarding plants [27,28]. Cyanobacteria and algae
had an inhibitory activity over a number of fungal pathogens through directly preventing pathogen growth
and secondarily by enhancing plant defense responses [29–32]. Furthermore, the cyanobacteria extracts
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have been showed antagonistic activity against different plant pathogens, including Botrytis cinerea and Plas-
mopara viticola [33], Armillaria sp., Penicillium expansum, Fusarium oxysporum f. sp. melonis, Phytophthora
cambivora, P. cinnamomi, Rosellinia, sp., Rhizoctonia solani, Sclerotinia sclerotium, and Verticillium albo-
atrum [34], and Alternaria alternata, Botrytis cinerea, Phytophthora capsici and Rhizopus stolonifer [35]. They
demonstrated also antifungal activity against powdery mildew causal agents; Sphareotheca fuliginea, Erysiphe
necator, and Erysiphe polygoni [36]. Their antiviral properties also extended to viral agents, like tobacco
mosaic virus (TMV), potato virus X (PVX), and plant pathogenic bacteria, comprising Xanthomonas,
Pseudomonas, Agrobacterium, and Erwinia [37–41].

A multitude of research has shown the promising role of cyanobacteria as biofertilizers. For instance,
Bibi et al. [42] and Shariatmadari et al. [43] explored the impact of water extracts from different strains of
cyanobacteria on the growth of cucumbers, pumpkins, and tomatoes. They demonstrated that these extracts
boosted the plant height, root length, and dry and wet biomasses, attributed to plant hormones like indole
butyric acid (IBA) and indole acetic acid (IAA). Similar study by Haroun and Hussein [44] revealed that
filtrates from the Anabaena oryzae and Cylindrospermum muscicola induced the Lupinus termis growth.
This growth boost was attributed to higher chlorophyll-a and -b concentrations, enhanced photosynthetic
efficiency, and increased nitrogen and carbon levels in the plant’s leaves. Furthermore, Mishra and Pabbi [45]
reported a 19.48% increase in rice grain yield when the plants were co-cultured with cyanobacteria. Within
hydroponic system, cyanobacteria colonize the rice roots, enhancing the function of defense and hydrolytic
enzymes, inducing improved plant growth and higher yields [46]. In conclusion, cyanobacteria can boost
plant growth through improving the performance, growth and yield [47]. Algae are also able to directly foster
plants’ development and growth, by enhancing germination rates and improving plant traits [48–50]. These
benefits stem from the action of metabolites, which stimulate many metabolic processes like photosynthesis,
respiration, chlorophyll production, ion absorption, and nucleic acid production [51].

Despite the few numbers of scientific publications [36,52–55] investigated the antifungal activity against
powdery mildew on cucurbits; cyanobacterial and algal species continue to be extremely valuable resources
for the identification and commercialization of antimicrobial agents that are effective against powdery
mildews and other plant pathogens. Within this context, our goals of this research were to: determine the
natural active compounds in the U. lactuca, S. platensis, and N. muscorum extracts; determine their antifungal
activity against cucumber powdery mildew under greenhouse circumstances; investigate their extracts on
physiological and morphological traits of cucumber; determine the natural compounds in the U. lactuca,
S. platensis and N. muscorum extracts; and correlate the presence of these compounds under the mitigation
of powdery mildew as well as enhanced growth parameters of cucumber.

2 Materials and Methods

2.1 Source of Cyanobacteria and Algae
The cyanobacteria Spirulina platensis (EGY-SP 2022) and Nostoc muscorum (EGY-NM 2022) were

provided from the Soil Water and Environment Research Institute (Microbiology Department), Agricultural
Research Center, Giza, Egypt. Green algae Ulva lactuca (EGY-UL 2022) was collected from exposed rocky
sites along Port Said coast, Egypt.

2.2 Molecular Identification of Cyanobacteria and Algae
Total DNA was extracted from approximately 50 mg from algae and cyanobacteria using the Dellaporta

protocol [56]. The16S and 18S rRNA genes were used for the identification of cyanobacteria and microalgae,
respectively. A polymerase chain reaction (PCR) was accomplished on a 2720 Thermal Cycler (Applied
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Biosystems, Foster City, CA, USA). PCR amplification and sequencing and of cyanobacterial 16S rRNA gene
region was done using primer pairs cya106f and cya781r as outlined in Nübel et al. [57]. PCR amplification
and sequencing of algal 18S rRNA gene region was accomplished utilizing the primer pairs NS1 and NS4 [58]
as outlined in Lin et al. [59]. The PCR amplicons obtained were subjected to cleaning and both direction
sequencing at the Macro-gene company located in Seoul, Korea. The software MEGA v.11 was used to
correct sequences [60]. BLAST R© was utilized to compare the sequence’s homology to the GenBank sequence
database maintained by the National Centre for Biotechnology Information (NCBI).

2.3 Preparation of S. platensis, N. muscorum and U. lactuca Extracts
Algal and cyanobacterial biomass were subjected to extractions utilizing an modified version of the

technique outlined in Safavi et al. [61]. Five grams of air-dried biomass of each of U. lactuca, S. platensis and
N. muscorum were soaked in 80% methanol (1:10 w/v) under agitation at 120 rpm at 28○C for 48 h.
The extracts were sonicated utilizing an Ultrasonic processor VCX750 (Sonics & Materials, Inc., Newton,
CT, USA), for 15 min at 30% amplitude, 5-s intervals, and 5-s pulses. Then, extracts underwent 10-min
centrifugation at 3000× g, followed by filtration of the supernatant utilizing Whatman No. 4 filter paper. The
resultant crude extract was utilized for screening its antifungal activity. The mixture was prepared by mixing
the extracts of U. lactuca, S. platensis and N. muscorum (1:1:1v%).

2.4 High-Performance Liquid Chromatography (HPLC) Analysis of U. lactuca, S. platensis and
N. muscorum Extracts
Phenolic acids were determined using HPLC analysis (Agilent 1260 series). The Zorbax Eclipse Plus

C8 column (4.6 × mm 250 mm i.d., 5 μm) was employed in the separation process. The mobile phase,
comprising water (A) and acetonitrile with 0.05% trifluoroacetic acid (B), was supplied at 0.9 mL/min flow
rate. A sequential linear gradient was employed for the mobile phase as follows: 0 min (82% A); 0–1 min
(82% A); 1–11 min (75% A); 11–18 min (60% A); 18–22 min (82% A); 22–24 min (82% A). The analysis was
conducted at wavelength of 280 nm using a multi-wavelength detector. A 5 μL aliquot of sample solution
was introduced to the column, while the temperature was controlled at 40○C.

2.5 Analysis of U. lactuca, S. platensis and N. muscorum Extracts Using Gas Chromatography/Mass
Spectrometry (GC/MS)
To determine the chemical composition of U. lactuca, S. platensis and N. muscorum extracts, Trace

GC1310-ISQ mass spectrometer (Thermo Scientific, Austin, TX, USA) was utilized with a TG–5MS direct
capillary column (30 m × 0.25 mm × 0.25 μm film thickness). The column oven temperature started at
35○C and gradually raised until it reached 200○C at a 3○C /min rate and stabilized for 3 mins. Then, the
ultimate temperature was raised to 280○C by 3 ○C/min and stabilized for 10 mins. The temperatures of the MS
transfer line and injector were preserved at 260○C and 250○C, respectively. A constant flow rate (1 mL/min)
of Helium gas was utilized as the carrier gas. A 3-min solvent delay was followed by an automated injection
of diluted samples using the Autosampler AS1300 in split mode, with each injection containing 1 μL of the
sample. EI mass spectra collection was conducted in full scan mode using an ionization energy of 70 eV on a
range of m/z 40–1000. The ion source temperature was adjusted to 200○C. The components were determined
through cross-referencing the mass spectra and retention times with the corresponding data in the NIST 11
and WILEY 09 mass spectral databases.
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2.6 Greenhouse Experiments
The antifungal effect of U. lactuca, S. platensis and N. muscorum extracts and their mixture were inves-

tigated against powdery mildew of cucumber. Two experiments were conducted during season 2022/2023
under greenhouse conditions in two different geographical locations. The first experiment was conducted
in Tukh (30○21′15.9′′N 31○13′56.4′′E), Kaliobyia, while the second experiment was conducted in El Haram
(29○59′45.3′′N 31○09′59.3′′E), Giza, Egypt. The average daytime temperatures inside greenhouses fluctuated
between 27○C and 35○C. The experiments were conducted on 45 days-old cucumber cv. Hisham which was
naturally infected with P. xanthii. An experimental layout using a randomized complete block design (RCBD)
was utilized. Each treatment included three replications, with each replication containing ten plants. Plants
were grown on both sides of the ridge, maintaining a 50 cm distance between each plant within the row
(10 m in length and 0.7 m width). Plants were sprayed with the crude extracts of U. lactuca, S. platensis,
and N. muscorum and their mixture (U. lactuca, S. platensis, and N. muscorum) at concentration of 5%. The
fungicide Topas 100 EC (Syngenta) was used at the recommended dose (0.250 mL/L) only for comparison.
Plants were sprayed twice at 14-day intervals. Control plants received spray treatments only with tap water.
A drip irrigation system was used to implement a scheduled irrigation and fertilization program was applied
for cucumber plant, following the recommendations of the Egyptian Ministry of Agriculture.

2.7 Recorded Data
2.7.1 Disease Assessment

Disease severity (DS) was assessed at the initial time and through four time points with intervals of 7
days. The evaluation of the disease included visually estimation of powdery colonies of P. xanthii on fully
developed leaves located in the central region of each plant. DS% was visually documented with a scale
ranging from 0 to 4 as described by Morishita et al. [62], whereas: 0, no visual infection; 1 = less than 5%
surface affected; 2 = 6%–25% surface affected; 3= 26%–50% surface affected; and 4=>50% of surface affected.
DS percentage was computed from the following formula [63]:

R = [∑(a × b)/N × K] × 100 (1)

In this formula, R denotes DS%; a represents the count of infected leaves appraised; b represents the
numerical value associated with each grade; N represents the total count of inspected plants; and K represents
the maximum infection level on the scale. AUDPC was estimated to compare disease severity across various
treatments utilizing the Pandey equation [64].

2.7.2 Growth and Yield Parameters
At the age of 60 days, leaves number per plant, plant height (cm), and plant biomass (g) per plant

were quantified. Ten plants were randomly selected to measure their growth and yield characteristics. An
electronic balance was employed to promptly determine the fresh tissue weight (g), whereas the dry tissue
weight (g) was calculated following biomass drying at 55○C for 72 h. During the harvest phase, count of fruits
per plant, fresh fruit weight (g), and plant yield (kg) were also assessed.

2.8 Antioxidant Enzyme Activity
The antioxidant enzyme activity was determined in cucumber plants following 48 h of the second spray.

To do this, a quantity of 1 gram of leaves was grinded using a sterile mortar in 100 mL of phosphate buffer
solution, maintaining a 7.1 pH. The resulting liquid was then filtered using five layers of cheesecloth. Subse-
quently, the mix underwent 15-min of centrifuging at 3000× g. Clear supernatant served as a crude enzyme
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to determine the activity of the following enzymes. The enzymatic activity measurements were conducted at
room temperature (25 ± 1○C) through estimating the absorbance increase at a specified wavelength every 10
sec for a 1-min duration using a Unico-2000 UV spectrophotometer (Unico Scientific, Hong Kong, China).
Three replicate measurements were conducted; the average of these values was computed, and the activity
was denoted in enzyme units (mg mL–1 min–1).

2.8.1 Polyphenol Oxidase (PPO)
The PPO activity was determined using the technique given by Matta and Dimond [65]. The reaction

mixture comprised 1.0 mL of 0.03 M catechol, 0.2 mL enzyme extract, and 1.0 mL of 0.2 M sodium phosphate
buffer (pH 7.0). The total volume attained 6.0 mL through adding distilled water. The mixture underwent
incubation for 30 min at 30○C. PPO activity was assessed at wavelength of 420 nm.

2.8.2 Peroxidase (PO)
The PO activity was assessed following Allam and Hollis [66] method; the cuvette used for the assay

comprised 0.5 mL of 0.1 M potassium phosphate buffer (pH 7.0), 0.3 mL 0.05 M pyrogallol, 0.3 mL crude
extract, and 0.1 mL of H2O2 (1.0%). Then, distilled water was introduced until the cuvette volume reached
3.0 mL. The mixture underwent incubation for 15 min at 25○C. Following the incubation, the reaction was
stopped through introducing 0.5 mL of 5.0% (v/v) H2SO4 [67]. PO activity was determined by measuring
the absorbance increase at wavelength of 425 nm.

2.8.3 Catalase (CAT)
The activity of CAT enzyme evaluation was conducted following the technique of Aebi [68]. In the

cuvette with the specimen, 0.1 mL crude extract was combined with 0.5 mL 0.2 M. sodium phosphate buffer
(pH 7.6) and 0.3 mL H2O2 (0.5%). Then, distilled water was introduced until the cuvette volume reached 3.0
mL. The H2O2 degradation was monitored via absorbance quantification at wavelength 240 nm.

2.8.4 β-1,3-Glucanase (β-GLU)
The β-GLU activity was assessed in accordance with the published methodology of Sun et al. [69].

0.2 mL laminarin (0.2% w/v) was added to 0.1 mL of the enzyme solution, which had been dissolved in a
0.1 M sodium phosphate buffer (pH 6.0). The mixture underwent 30-min of incubation at 30○C. To stop
the reaction, the dinitrosalicylic acid solution was employed, followed by 5-min boiling. The β-1,3-glucanase
activity was measured at wavelength 540 nm.

2.9 Biochemical Analyses
2.9.1 Chlorophyll (TC) and Carotenoids Contents (TCC)

The total amount of chlorophyll (T.Chl) was determined in cucumber leaves 48 h. post the second spray.
Cucumber fresh leaves (1 g) were collected and cut into small fragments. The tissue was then homogenized
in 80% acetone to extract the pigments, and the mixture was filtered to remove any solid particles, following
the method outlined by Porra [70]. Crude extract was utilized to assess the chlorophyll level following the
method of Arnon [71], Total chlorophyll calculation involved quantifying the optical density at 645 and
663 nm, followed by the application of Arnon [71]:

Chl.a (μg mL−1) = 12.72A663–2.59A645 (2)
Chl.b (μg mL−1) = 22.9A663–4.67A645 (3)
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Total Chl. (μg mL−1) = 20.31A645 + 8.05A663 (4)

The same crude extract was used to determine carotenoid content at 480 nm following Kirk and
Allen [72] using the following equation:

TCC (μg g−1FW) = A480 + (0.114 ×A663) − (0.638 ×A645) (5)

A = represents absorbance at the corresponding wavelength, FW = fresh weight.

2.9.2 Phenolic and Flavonoids Contents
The total phenolic content (TPC) was evaluated utilizing the Folin and Ciocalteu reagent, adhering

to the technique of Snell and Snell [73]. At a wavelength of 520 nm, the phenolic content was determined
calorimetrically as mg of gallic acid equivalents per gramme of FW. The aluminum chloride colorimetric
method [74] was employed for the calorimetric determination of the flavonoid content at wavelength
420 nm, and values expressed as mg quercetin equivalent (QE) g−1 FW.

2.10 Statistical Analysis
Analysis of variance (ANOVA) was conducted to compare variances across the means of various groups

using SPSS software v. 8.0. (SPSS Inc., Chicago, IL, USA). In case of p < 0.05, differences among means were
compared utilizing the least significant difference (LSD) test according to Snedecor [75].

Hierarchical Clustering Analysis (HCA) and Principal Component Analysis (PCA) were carried out
using a web-based platform MetaboAnalyst [76].

3 Results

3.1 Molecular Characterization of Cyanobacteria and Algae
The PCR results revealed amplicons of the 16S rRNA of molecular weight of ~355 and 620 bp for

N. muscorum and S. platensis, respectively. While the molecular weight of PCR amplicons of 18S rRNA was
~750 bp for U. lactuca. Based on a BLASTn search tool of NCBIs GenBank nucleotide database, the closets hit
utilizing the 16S rRNA sequence of EGY-NM 2022 and EGY-SP 2022 had closest match 100% to N. muscorum
(strain Meg1, GenBank KM596855) and S. platensis (strain CCC 478, GenBank JX014313), respectively.
Whereas 18S rRNA sequence had 100% similarity to U. lactuca (strain C208, GenBank AB425960). The
generated nucleotide sequences were submitted to the GenBank database, with these accession numbers;
PP342551, PP342552 and PP339758 for N. muscorum and S. platensis and U. lactuca, respectively.

3.2 High-Performance Liquid Chromatography (HPLC) Analysis of U. lactuca, S. platensis and
N. muscorum Extracts
Phenolic components were characterized and measured utilizing HPLC analysis in the ethanolic extract

of N. muscorum, S. platensis, and U. lactuca (Table 1). The gallic acid, chlorogenic acid, catechin, and methyl
gallate were frequently detected in higher amounts than the other phenolic compounds. The U. lactuca
extract was the richest in phenolic compounds (605.84 μg g−1 DW) compared to cyanobacterial extracts
of S. platensis (214.77 μg g−1 DW) and N. muscorum (462.97 μg g−1 DW). The phenolic acids with the
highest abundance in U. lactuca extract were gallic acid (312.94 μg g−1 DW). Alternatively, the extract of
N. muscorum was richer than S. platensis in gallic acid (195.72 μg g−1 DW), methyl gallate (21.59 μg g−1DW),
and chlorogenic acid (134.49 μg g−1 DW).
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Table 1: Phenolic compounds detected and quantified in N. muscorum, S. platensis and U. lactuca extracts

Phenolic compounds N. muscorum S. platensis U. lactuca

Area Conc. (μg g−1 DW) Area Conc. (μg g−1 DW) Area Conc. (μg g−1 DW)
Gallic acid 43.65 195.72 19.87 89.09 72.65 312.94

Chlorogenic acid 19.46 134.49 3.45 23.86 0.00 0.00
Catechin 2.30 27.10 3.45 40.53 0.00 0.00

Methyl gallate 8.17 21.59 1.18 3.13 0.00 0.00
Coffeic acid 2.14 8.94 1.82 7.59 0.00 0.00
Syringic acid 0.00 0.00 2.29 9.19 0.00 0.00
Pyro catechol 0.00 0.00 0.00 0.00 0.00 0.00

Rutin 0.86 9.13 0.00 0.00 0.00 0.00
Ellagic acid 0.00 0.00 2.38 12.18 0.00 0.00

Coumaric acid 0.00 0.00 0.00 0.00 2.93 5.32
Vanillin 2.27 4.40 5.52 10.67 4.86 9.65

Ferulic acid 0.00 0.00 0.00 0.00 6.04 18.21
Naringenin 0.99 4.82 1.33 6.50 10.14 48.71

Rosmarinic acid 1.61 9.04 0.00 0.00 7.33 39.30
Daidzein 6.00 17.82 3.58 10.65 27.84 94.46
Querectin 1.22 7.72 0.00 0.00 4.02 12.61

Cinnamic acid 8.44 7.92 1.49 1.40 47.49 44.50
Kaempferol 0.00 0.00 0.00 0.00 2.99 11.38
Hesperetin 6.29 14.30 0.00 0.00 3.49 8.77

Total 462.97 214.77 605.84

3.3 Gas Chromatography/Mass Spectrometry (GC/MS) Analysis of U. lactuca, S. platensis and N. musco-
rum Extracts
Fig. 1 depicts the occurrence of several components with distinct retention times, as verified by the

GC-MS spectrum. The chemical analysis of methanolic extracts of N. muscorum using GC/MS led to the
recognition of 12 compounds constituting 100% of the total detected compounds (Table S1). Fatty acids
and their esters represented a significant portion, representing 89.97% of which erucylamide (36.48%),
hexadecanoic acid, methyl ester (13.68%), cctadecenoic acid (Z)-, methyl ester (7.54%), palmitic acid, ethyl
ester (5.75%) was forming the bulk percentage. The chromatogram revealed that alcohols derived from phytol
constituted 10.03% of the total peak areas observed. The extract of S. platensis consisted of 11 compounds,
contributing 100% of the total detected compounds (Table S2). The chromatogram analysis showed that
erucylamide, hexadecanoic acid methyl ester, and methyl stearate were the dominant compounds, together
making up 67.79% of the total peak areas observed. The GC-MS profile revealed other fatty acids of
hexadecenoic acid, linolenic acid, methyl ester, methyl 10-octadecenoate, 1,2-benzenedicarboxylic acid,
cholesterinpalmitat, and cholest-5-en-3-ol, (3α) in small ratios. Remarkably, the GC/MS analysis of the
U. lactuca extract facilitated the detection of 22 compounds, which constituted 100% of the total compounds
(Table S3) (Fig. 1C). Phenol, 2,2′-Methylenebis[6(1,1-Dimethylethyl)-4-Methyl] was recognized in U. lactuca
extract with high values donating 31.61%. Three types of sterols were also identified in the extract. They
were Ergosta-5,24(28)-dien-3-ol, (3á), á-Sitosterol and Cholesterol representing 19.93% of total detected
compounds. Organic compounds (Acetic Acid Ethyl Esterm and Hexadecanoic acid, methyl ester) and
fatty acids (Heptadecanoic Acid, 16-Methyl-, Methyl Ester and Glycerol 1-palmitate) were also detected in
variable ratios.
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Figure 1: GC–MS chromatographic profile of the recognized compounds in the extract of N. muscorum (A), S. platensis
(B), and U. lactuca (C)

3.4 Antifungal Activity of U. lactuca, S. platensis, and N. muscorum Extracts against Powdery Mildew of
Cucumber under Greenhouse Conditions
The inhibitory activity of the extract of U. lactuca, S. platensis, N. muscorum, and their mixture

in comparison with fungicide on the severity of P. xanthii-induced powdery mildew under greenhouse
conditions is shown in Tables 2 and 3. In the 1st experiment (Table 2), the combined mixture of U. lactuca,
S. platensis, and N. muscorum was the most effective treatment reducing DS% to 13.66% and AUDPC
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to 251.88, with DR 73.35%. This was loosely followed by U. lactuca individual, which achieved 15.225%
for DS and 275.93 for AUDPC with 71.42 DR. The lowest-performing treatment among the bioagents
was S. platensis, which recorded 23.24% DS, 373.02 AUDPC, and 56.37% DR, indicating a weaker disease
suppression effect compared to U. lactuca and N. muscorum. However, the synthetic fungicide Topas 100 EC
showed superior performance with 7.84% for DS and 118.71 for AUDPC achieving the highest DR of 85.28%. A
similar pattern of findings was also recognized with the same treatments in the 2nd experiment (Table 3). The
combined mixture again outperformed individual algal and cyanobacterial treatments, recording 20.23% DS,
457.85 AUDPC, and 71.89% DR. U. lactuca followed closely with 22.06% DS and 477.57 AUDPC include the
% DR. The lowest performing bioagent in this trial was S. platensis, with 32.93% DS, 602.13 AUDPC, and only
54.24% DR. Despite their effectiveness, both treatments were slightly less efficient than Topas 100 EC, which
achieved 16.02% DS, 370.89 AUDPC, and 77.74% DR. The lowest performing was S. platensis, with 32.93%
DS, 602.13 AUDPC, and 54.24% DR. Although Topas 100 EC maintained superior disease control (16.02%
DS, 370.89 AUDPC, 77.74% DR). The control plots sprayed with water only revealed the maximum DS with
values reached 53.26 and 71.95, and maximum AUDPC with values reached 691.99 and 1013.06 in both 1st
and 2nd experiments, respectively. At the end, both of trials revealed that the tested cyanobacteria and algae
showed promising results in controlling powdery mildew, they differed significantly from the effects seen in
the controls and Topas fungicide.

Table 2: Effect of foliar applications with U. lactuca, S. platensis and N. muscorum on DS % and AUDPC on cucumber
plants in the 1st experiment

Treatments DS % Disease Reduction (DR) % AUDPC
U. lactuca 15.22 cd 71.42 275.93 c
S. platensis 23.24 b 56.37 373.02 b

N. muscorum 22.88 bc 57.03 347.03 b
Combined Mixture 13.66 d 74.35 251.88 c

Topas 100 EC 7.84 e 85.28 118.71 d
Control 53.26 a 0.0 691.99 a

L.S.D (p < 0.05) 4.88 – 57.26

Notes: In each column, means marked with various letters designate differences
based on LSD test (p < 0.05).

Table 3: Effect of foliar applications with U. lactuca, S. platensis and N. muscorum on DS % and AUDPC on cucumber
plants in the 2nd experiment

Treatments DS % Disease Reduction (DR) % AUDPC
U. lactuca 22.06 d 69.34 477.57 c
S. platensis 32.93 b 54.24 602.13 b

N. muscorum 28.80 c 59.97 563.87 b
Combined Mixture 20.23 d 71.89 457.85 c

Topas 100 EC 16.02 e 77.74 370.89 d
Control 71.95 a 0.0 1013.06 a

L.S.D (p < 0.05) 3.539 – 68.05

Notes: In each column, means marked with various letters designate significant
differences (LSD test, p < 0.05).
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3.5 Growth and Yield Parameters of Cucumber Plants
Data in Tables 4 and 5 exhibited that all treatments improved the cucumber plants growth parameters

relative to the control. In both experiments, treatment with the combined mixture and U. lactuca resulted
in a substantial (p < 0.05) increase in plant lengths, fresh and dry weights, leaves number, fruit number, and
weight and yield/plant in relative to other treatments as well as control plants. The remaining treatments
showed no significant (p < 0.05) differences among each other but were still significantly different from
control plants (Tables 4 and 5). Moreover, based on the LSD test, a significant variation was noted among
plants treated with U. lactuca, S. platensis, and N. muscorum extracts and fungicides in terms of measured
parameters. However, as per the LSD test at (p < 0.05), this significant variation among treatments was
not great.

Table 4: Effect of foliar applications with U. lactuca, S. platensis and N. muscorum extracts on the cucumber growth
and yield parameters in the 1st experiment

1st experiment

Treatments Plant length
(m−1)

No. of
leaves

Fresh weight
(g−1)

Dry weight
(g−1)

Fruit
number

Fruit weight
(g−1)

Yield/Plant
(kg−1)

U. lactuca 2.33 b 39 ab 275.84 ab 35.56 a 46.00 a 108.3 a 4.79 ab
S. platensis 2.13 bc 33.67 c 250.40 bc 30.36 c 39.00 bc 93.52 b 4.42 b

N. muscorum 2.35 b 35.33 bc 251.47 bc 33.37 ab 44.00 ab 98.85 ab 4.14 b
Combined mixture 2.66 a 40.67 a 286.43 a 36.18 a 47.33 a 109.44 a 5.10 a

Topas 100 EC 1.92 c 36.33 bc 242.39 c 31.26 bc 34.33 c 88.32 bc 3.24 c
Control 1.58 d 27.33 d 199.69 d 27.17 d 24.00 d 78.39 c 2.1 d

L.S.D 0.259 3.989 33.284 2.968 6.01 10.71 0.659

Notes: In each column, means marked with various letters designate significant differences LSD test (p < 0.05).

Table 5: Effect of foliar applications with U. lactuca, S. platensis and N. muscorum extracts on the cucumber growth
and yield parameters in the 2nd experiment

2nd experiment

Treatments Plant length
(m−1)

No. of
leaves

Fresh weight
(g−1)

Dry weight
(g−1)

Fruit
number

Fruit weight
(g−1)

Yield/Plant
(kg−1)

U. lactuca 1.87 a 30.33 ab 242.40 a 27.89 a 37.33 a 89.83 a 3.73 a
S. platensis 1.55 abc 25.67 cd 218.77 bc 23.29 bc 31.33 b 80.78 bc 2.8 b

N. muscorum 1.65 ab 29.00 bc 210.70 cd 25.19 b 30.00 b 82.33 b 2.97 b
Combined mixture 2.030 a 33.00 a 231.23 ab 28.61 a 35.67 a 93.17 a 3.76 a

Topas 100 EC 1.24 bc 24.67 d 192.89 d 21.57 c 27.67 c 76.65 c 2.48 c
Control 1.12 c 19.67 e 147.40 e 17.55 d 19 d 67.69 d 1.67 d

L.S.D 0.482 3.664 19.39 2.368 2.043 5.049 0.316

Notes: In each column, means marked with various letters designate significant differences (LSD test, p < 0.05).

3.6 Activity of Antioxidant Enzymes
Results presented in Fig. 2 indicate that treatment with U. lactuca, S. platensis, and N. muscorum and

their combined mixture, along with fungicides, caused a statistically significant rise (p < 0.05) in the amount
of PO, PPO, CAT, and β1,3 glucan enzymes in cucumber plants in the 1st and 2nd experiments when
compared with untreated control. Generally, cucumber plants receiving treatment with either the extract of
U. lactuca or the combined mixture exhibited the highest activity (0.084 and 0.088 U mL min−1) for PO
and (1.64 and 1.62 U mL min−1) for CAT, respectively, in the 2nd experiment. The remaining treatments
displayed moderate efficacy in increasing the activity of PO and CAT enzymes. Moreover, plants treated
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with U. lactuca also exhibited the highest PPO enzyme activity and recorded 0.138 U mL min−1. The other
treatments exhibited moderate efficacy in increasing PPO activity and are still significantly higher than
fungicide and control. Unlike, plants treated with Topas 100 EC displayed the lowest PO, PPO, CAT, and β1,3
glucan activity in the 1st and 2nd experiments relative to other treatments and control, which reached 0.58,
0.43, and 1.47 U mL min−1.

Figure 2: Activity of peroxidase (PO) (A), polyphenoloxidase (PPO) (B), catalase (CAT) (C), and β1, 3 glucan
(D) enzymes assessed in infected cucumber leaves treated with U. lactuca, S. platensis, and N. muscorum, and their
mixture in relative to Topas 100 EC fungicide and control. The values expressed within columns represent the average of
three repetitions ± standard deviation. According to the LSD test, bars designated by distinct letters varied significantly
(p < 0.05)

3.7 TCC, TPC, Flavonoids and Carotenoids Contents
Data shown in Fig. 3 reveal that the TPC, TCC, flavonoids, and carotenoids contents in cucumber plants,

especially in the 2nd experiment, were extremely improved as a response for all treatments relative to the
fungicide and control. No significant variation was noted among U. lactuca and S. platensis treatments in
increasing TPC. The combined mixture was superior (7.97 mg g−1 FW). Moreover, all treatments triggered a
substantial increase in TCC and flavonoids contents with no significant differences among them. Among the
tested treatments, U. lactuca and S. platensis revealed a significant increase in carotenoids contents reached
up to 17.99 and 17.53 mg g−1 FW, respectively.
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Figure 3: The TPC (A), TCC (B), flavonoids (C), and carotenoids (D) in cucumber plants in response to treatments
with U. lactuca, S. platensis, and N. muscorum and their mixture in relative to Topas 100 EC fungicide and control. The
values expressed within columns represent the average of three repetitions ± standard deviation. According to the LSD
test, bars designated by distinct letters varied significantly (p < 0.05)

3.8 Hierarchical Clustering Analysis (HCA)
The relationships between the foliar applications of U. lactuca, S. platensis, and N. muscorum, as well

as their mixture, in relation to the control and Topas 100 EC fungicide, are illustrated in a heatmap using
the evaluated parameters (Fig. 4). The overall variations among all interventions were effectively identified
through a heatmap analysis. Clearly, the application of the Tops fungicide resulted in the most pronounced
inhibitory effect, as evidenced by the DS and AUDPC values being considerably reduced. In contrast, the
evaluated U. lactuca, S. platensis, and N. muscorum as well as their mixture exhibited encouraging DS and
AUDPC values in relation to untreated control. The treatment involving the combined mixture and U. lactuca
significantly enhanced plant lengths, fresh and dried weights, leaf number, fruit number, weight, and yield
per plant compared to the control plants. The previously mentioned treatment demonstrated the greatest
activity in PO and CAT enzymes. Nevertheless, the TPC only increased in response to foliar application of
the combined mixture.
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Figure 4: Heatmap correlation graph displaying the hierarchical clustering of the treatments and measured parameters,
calculated as the average of two experiments. The treatments are denoted by rows, whereas the columns represent the
distinct response variables. As indicated by the scale in the upper right corner of the heatmap, lower numerical values
are denoted by green, while higher numerical values are represented by the color red. D.S = disease severity, AUDPC =
the area under disease progress curve, TPC = total phenolic content, PO = peroxidase, PPO = polyphenol oxidase, and
CAT = catalase

3.9 Principal Component Analysis (PCA)
To further comprehend treatment impact on the observed parameters, principal component analysis

(PCA) was employed to determine the relation between evaluated parameters such as DS, AUDPC and yield,
and morphology as well as physiochemical of cucumber plant (Fig. 5). For all parameters, two principal
components (PC) are shown. PC1 and PC2 explained 85% of the difference between plants. The first
component, PC1, explained 78.7% of the total variance, while the second component contributed 6.3%.
Concerning the parameters in PC1, all had positive correlation except CAT, DS and AUDPC which showed
negative contribution to DS and cucumber growth. Based on the treatments, the extracts of U. lactuca,
N. muscorum and the mixture exhibited a positive correlation to cucumber growth parameters as wells
powdery mildew disease parameters (DS and AUDPC).

Figure 5: Biplot of the first two principal components for DS, AUDPC, yield, morphological, and physiochemi-
cal parameters in cucumber plants. DS = disease severity, AUDPC = area under disease progress curve, TCC =
total chlorophyll content, Car = carotenoids, Flav = flavonoids, TPC = total phenolic content, PO = peroxidase,
PPO=polyphenol oxidase, and CAT= catalase, FN= fruit number, Y= yield/plant, PL=plant length, FW= fresh weight,
DW = dry weight, Fruit W = fruit weight, LN = leaves number
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4 Discussion
The control of powdery mildew disease has been traditionally achieved using chemical fungicides.

Nevertheless, there has been a growing call from both consumers and officials to decrease the utilization
of chemical pesticides owing to environmental considerations, elevated purchasing expenses, and the
continuous tightening of government regulations and restrictions [77]. The utilization of cyanobacteria and
algae for managing bacterial and fungal diseases has been extensively investigated by several researchers,
making it a pioneering concept in sustainable agriculture [31]. Contextually, the potential effect of specific
cyanobacteria S. platensis and N. muscorum and the green algae U. lactuca was evaluated against P. xanthii
over Topas 100 EC fungicide. Cyanobacteria and algae can produce different bioactive compounds with
growth-promoting or antimicrobial characteristics [78,79]. Phenolic compounds are one of these chemicals
that are found in the structure of microalgae and contribute to their antioxidant activity. Cyanobacteria
and algae are well-known producers of phenolic compounds comprising catechin, protocatechuic, caffeic,
gallic, vanillic, epicatechin, ferulicm, coumaric, and chlorogenic acids [21,24,80,81]. In this study, 19 phenolic
compounds were detected and quantified. The produced amount varied, being U. lactuca was the richest
with a value of 1523.13 μg g−1 DW. The dominant phenolic compounds were gallic and chlorogenic acids,
with their greatest amounts found in the extracts of U. lactuca, S. platensis, and N. muscorum. Our findings
concord well with those of Jerez-Martel et al. [80], who specified that gallic acid accounted for the dominant
phenolic acid found in the crude extracts of microalgal and cyanobacterial strains. In general, it was noted
that the U. lactuca exhibited an improved phenolic potential relative to the S. platensis and N. muscorum.
Correspondingly, Klejdus et al. [82] indicated that microalgae contain higher levels of phenolic compounds
than cyanobacteria species. The scarcity of phenolic compounds in cyanobacteria was attributed by the
authors to the contrasting evolutionary stages of cyanobacteria and microalgae. They posited that microalgae,
being more advanced organisms, have developed phenolic compounds as part of their stress adaptation
mechanisms [82,83]. Unlike, Vega et al. [84] demonstrated that the extract of cyanobacterial Scytonema
sp. exhibited higher content in phenolic compounds (22.5 mg g−1 DW) than red algal Porphyra umbilicalis
(3 mg g−1 DW).

Profiling of metabolites has been determined as a method for investigating the complex chemical
matrices of different compounds in the extract of studied algae and cyanobacteria. In our study, the
GC-MS analysis demonstrated that U. lactuca, S. platensis, and N. muscorum methanolic extracts consistently
contained a variety of bioactive compounds. The composition ratios of the ingredients varied among the
species analyzed. Nevertheless, certain fundamental compounds, including alcohols (like phytol), phenolic
and fatty acids, sterols and hydrocarbons, were consistently found in high abundance across all species. These
compounds have reported as anticancer, antioxidant, antibacterial and antifungal activity against several
fungal and bacterial pathogens [85–89]. The mechanism of the identified fatty acids as antimicrobial agents
against P. xanthii was not investigated in this study. However, their effects may result from the disruption of
the cellular membrane, causing leakage, impaired nutrient uptake, and obstructing cellular respiration [90].
Furthermore, the diffusion of fatty acids into the microbial cell walls peptidoglycan meshwork may cause the
damage and disintegration of the cellular membrane [41], resulting in peroxidative stress in the microbial
cells [91]. Similarly, the antifungal compounds exert their activity by potentially modifying essential fungal
cell components, resulting in impaired membrane integrity, hindering spore germination, and suppressing
the synthesis of B-(1,3)-D-glucan [90]. Additionally, antifungal compounds have the potential to hinder lipid
formation in the specific fungi by either inhibiting the biosynthesis of ergosterols or reducing the proportion
of unsaturated fatty acids relative to saturated ones [92].

The greenhouse experimental findings indicated the antifungal potentiality of U. lactuca, S. platensis,
and N. muscorum extracts against P. xanthii. According to statistical analysis, cucumber plants showed
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a significant variation in terms of DS and AUDPC following treatments with the extracts of U. lactuca,
S. platensis, and N. muscorum. Substantial reductions in DS were noted following each application of the
extracts and fungicide via foliar spray in both experiments. The application of U. lactuca extract exhibited
the greatest inhibitory impact in reducing DS and AUDPC, followed by the treatment with N. muscorum
extract. This finding was not surprising since the GC mas and HPLC profile of the U. lactuca extract was the
richest in phenolic, fatty acids, alcohols, and hydrocarbon contents, which are likely the key contributors to
the observed biological activity of U. lactuca. Consistent with our findings, the study of Jaulneau et al. [36]
documented that the green algae Ulva armoricana extract guaranteed 90% protection against powdery
mildew pathogens Erysiphe necator, E. polygoni, and Sphareotheca fuliginea. Nevertheless, Roberti et al. [53]
indicated that the green algae Chlorella sp. and Ulva rigida, were unable to decrease the pathogen sporulation
and the infected area significantly; however, they promoted the infected region, with Ulva rigida actually
increasing pathogen sporulation. Additionally, Thankaraj et al. [93] evaluated different types of crude extract
of red, brown, and green algae against powdery mildew on grapevine induced by Uncinula necator. The
authors displayed the superior efficacy of the brown algae Dictyota dichotoma in reducing powdery mildew,
with reduction values of 63.76% and 78.18% over control. Members of red algae, including Corallina sp. and
Halopithys sp., have also demonstrated antifungal activity against P. xanthii on zucchini cotyledons [53]. The
authors also found out that out of the tested brown algae, only the Sargassum sp. extract exhibited the capacity
to alleviate symptoms of the disease and reduce sporulation.

Alternatively, cucumber plants receiving treatment with the extract of S. platensis and N. muscorum
exhibited promising results in terms of DS and AUDPC when compared with the control in both exper-
iments. Consistent with what we found, Ata et al. [94] found out that S. platensis and N. muscorum were
more effective than Anabaena oryzae in reducing DS of Sugar Beet powdery mildew induced by Erysiphe
betae under greenhouse and field conditions. By contrast, Roberti et al. [53] specified that the treatment of
zucchini cotyledons with the Anabaena sp. extract exhibited the greatest reduction in the infected region and
spore production of P. xanthii when compared with Spirulina sp. and other cyanobacteria. Earlier reports
highlighted the antimicrobial activity of the N. muscorum extracellular products in combating pathogens
affecting humans and plants [95–97]. The superior effect was obtained with the treatment of the combined
mixture of the extracts of U. lactuca, S. platensis, and N. muscorum, which led to a significant decline in DS
and AUDPC in both experiments. This can stem from the higher relative ratios of bioactive compounds like
phenolic acids, fatty acids, and their esters along with other compounds. This suggests that the observed
activity may be explained by the synergistic interaction of the ingredients present in each extract.

The variety of extracellular compounds produced by algae and cyanobacteria contribute significantly
to boosting the growth of higher plants. Regarding the growth and yield parameters, the data evidently
demonstrated that all tested extracts of U. lactuca, S. platensis and N. muscorum and their mixture caused
remarkable increases of all cucumber growth parameters over fungicide treatments and control in both
experiments. In respect to their individual effect, the mixed extract ranked first in increasing growth
and yield parameters during the two experiments, followed by treatment with U. lactuca extract. Several
studies have documented the advantages of seaweed extracts in promoting the productivity and growth
of various crops, including blackgram [98], soybean [99], tomato (Solanum lycopersicum) [100], wheat
(Triticum aestivum L.) [101], rice (Oryza sativa L.) [102], maize (Zea mays) [103], and cucumber (Cucumis
sativus) [55]. The measured parameters of plant growth and yield in our data align with the findings
reported by previous researchers. In this perspective, Hassan et al. [55] showed that foliar treatment of a
commercialized extract of three seaweed species, Jania rubens, Pterocladia capillacea, and U. lactuca, led to a
rise in the fruit quality and yield components of cucumber. Moreover, Valencia et al. [104] found that foliar
treatment of various algal extracts boosted the cucumber quality through attaining the maximum antioxidant
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capacity. The outcomes of our study were consistent with those of supporting similar beneficial effects of algal
extracts [105]. According to Ata et al. [94], the treatment with the extract of S. platensis increased the fresh
weight of 100 roots and root yield of sugar beet during two seasons, followed by N. muscorum. By contrast,
no significant differences were noted among treatments with S. platensis and N. muscorum concerning fruit
weight and yield/plant in both experiments.

Our study revealed a significant elevation in the levels of defense-linked enzymes PO, PPO, CAT, and
β1,3 glucan was noticeably detected in plants that received treatment with methanolic extracts of U. lactuca,
S. platensis, and N. muscorum along with their mixture relative to those untreated and fungicide-treated
plants after the first and second spray. There was no significant (p < 0.05) difference among individual
extracts as well as their combinations on the enzymatic activities. However, Ata et al. [94] indicated that
the maximum increase in PO and PPO activities was distinguished in cucumber plants that received
treatment with N. muscorum, followed by plants treated with S. platensis. Furthermore, plants treated
with Tops fungicide exhibited a significant elevation in enzyme activities in comparison with control.
This increase might be ascribed to the response of the infected plant defense system for limiting the
disease spread. Interestingly, the inhibitory effect of methanolic extracts of U. lactuca, S. platensis, and
N. muscorum might be linked to inducing plant defense-related enzymes and the chemical compounds
of the tested extracts. Previous research studies [90,106] suggested that the antioxidant activity has been
attributed to synergetic interaction among secondary metabolites, particularly polyunsaturated fatty acids,
phenolic compounds, pigments, polysaccharides, and flavonoids. These findings could support our results
that the increase in these enzymes’ activities could be a result of the synergistic effects among detected
methanolic contents of fatty acids, phytol, alkaloids, phenolics, and hydrocarbons, particularly fatty acids.
On the other hand, treatment with methanolic extracts of U. lactuca, S. platensis and N. muscorum and
their mixture revealed an increased accumulation of TPC, TCC, flavonoids and carotenoids contents in
cucumber plants, especially after the second spray. Phenols, carotenoids, flavonoids and chlorophyll are of
the secondary metabolites produced in seaweeds and microalgae [107,108]. These metabolites account for
the main pigments produced by plants, macro and microalgae, that have been known for their antimicrobial
effect in combating human and plant pathogens [108]. As previously noted, seaweed liquid extracts have
the potential to raise chlorophyll level [109], raise the overall total yield [55] and stimulate growth and
increase the productivity of cucumber [98,104]. We suggest that the higher antioxidant capacity of U. lactuca,
S. platensis and N. muscorum in this investigation may have been a result of presence and synergistic effects
of chlorophyll, flavonoids, phenolics, and carotenoids.

5 Conclusions
Based on the findings from HPLC and GC-MS analyses, fatty acids and their esters were accountable for

the antioxidant and antimicrobial activities of the investigated extracts. Additionally, notable proportions of
bioactive compounds, such as organic alcohols (like phytol), phenolics, benzene derivatives, and hydrocar-
bons, were also identified. These compounds might act synergistically to exhibit the recorded activities. The
findings of this study represent a significant advancement in the development of environmentally friendly
control strategies utilizing a combination of U. lactuca, S. platensis and N. muscorum to control powdery
mildew, enhance cucumber growth and induce systemic resistance. The utilization of cyanobacterial and
algal extracts, as they enhance growth and yield components, offers a promising alternative to reduce
reliance on conventional fertilizers. These results, although preliminary, will serve as a basis for further
field study. After finishing this study, subsequent research endeavors could concentrate on investigating
the synergistic effects of U. lactuca, S. platensis and N. muscorum to develop bio-fertilizers and bio-
fungicides for commercial purposes, thereby reducing reliance on mineral fertilizers as well as chemical
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fungicides to promote sustainable agriculture. However, various problems, bottlenecks, and application
limits preventing their widespread use, as well as worries about their manufacturing costs, extraction,
bioformulation, compatibility and product stability, and environmental safety, all stand in the way of fully
realizing their promise.
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