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Abstract

Abstract

This work aims to isolate Actinobacteria strains with a growth promotion ability and the
biocontrol potential of Fusarium culmorum, the wheat root rot-causing fungi. The exploration
of terrestrial and aquatic Algerian ecosystems, i.e. the wheat rhizosphere in the Tiffeche region
(Souk-Ahras) and the aquatic sediments of Lake Oubeira (El Taref), respectively, resulted in
102 native isolates. Therefore, 37 have morphological and cultural characteristics similar to the
genus Streptomyces. These isolates were screened for their plant growth-promoting traits. These
activities consist of the production of hydrogen cyanide (HCN), ammonia (NH3), and indole-3-
acetic acid (IAA), as well as in vitro antagonism against F. culmorum. Among the auxin family,
IAA constitutes a crucial phytohormone regulating specific tropic responses of plants and
functions as a chemical signal between host plants and their symbionts. IAA derived from
Actinobacteria grown on agricultural waste represents a more economical alternative than its
synthetic homologous. Rhizospheric isolate AW 22 was positive for HCN and NH3 production,
growth inhibition of F. culmorum with an index of 67.320+8.99% and high IAA content of
23.999+1.126 ng. mL* in standard growth conditions on yeast-tryptone broth (YTB) amended
with 0.2% (w/v) L-Tryptophan. Thus, the AW22 isolate was selected for a polyphasic
chemotaxonomic characterization and the optimization of the production process of this
phytohormone. Molecular and phylogenetic analysis identified isolate AW22 as Streptomyces
rubrogriseus, and its sequence was deposited in Genbank under accession ID OP176004.
Analysis of the putative 1AA produced by S. rubrogriseus AW22 on YTB using thin-layer
chromatography (TLC) and (HPLC) revealed Rf values equal to 0.69 and a retention time of
3.711 min, equivalent to the authentic IAA. Artificial intelligence-based approaches (i.e.
Behnken design from response surface methodology (BBD-RSM) with artificial neural
networks (ANNS) coupled with the genetic algorithm (GA)) were employed to bioengineer in
vitro and silico a suitable medium for maximum IAA bioproduction. According to the Box
Behnken Design matrix, data were based on empirical studies involving the inoculation of
AW?22 in various cultural conditions and low-cost feedstocks notably, the spent coffee grounds
(SCGs). Four input variables comprising L-Trp (X1), incubation T° (X2), initial pH (X3) and
SCG concentration (X4) were screened via Plackett-Burman design (PBD) and served as BBD
and ANN-GA inputs. The IAA vyield constituted the output variable (Y in pg. mL™). Upon
training the model, the optimal conditions suggested by the ANN-GA model were X1= 0.6%,
X2=25.8°C, X3 =9, X4=30%). An R? of 99.98%), adding to an MSE of 1.86x10° at 129 epochs,
postulated higher reliability of the ANN-GA approach in predicting responses, compared with
BBD-RSM modeling exhibiting an R? of 76,28%. Using the process parameters generated by
ANN-GA AW 22 achieved a maximum IAA yield of 188.290+0.38 pug. mLL. This optimization
resulted in a 4.55-fold and 4.46-fold increase in 1AA secretion after eight days of incubation,
corresponding to ANN-GA and BBD-RSM models, respectively. These results confirm the
validity of both models in maximizing IAA vyield from the multifunctional S.
rubrogriseus AW?22 isolated for the first time in Algeria.

Keywords. Streptomyces; Indole-3-acetic acid (IAA); Artificial intelligence (Al); Response
surface methodology (RSM); Artificial neural networks (ANNSs); Mathematical Modeling.



Résumé

Résumé

L’objectif de ce travail réside dans I’isolement de souches d’actinobactéries promotrice de la
croissance des plantes et ayant des potentialités de biocontréle du Fusarium culmorum, agent
causal de la pourriture racinaire du blé. L’exploration des écosystémes terrestres et aquatiques
algériens a savoir, la rhizosphere du blé dans la région de Tiffeche (Souk-Ahras) et des
sédiments aquatiques du lac Oubeira (EI Taref), respectivement ont abouti a 102 isolats
autochtones dont 37 ont présenté des caractéristiques morphologiques et culturales analogues
au genre Streptomyces. Ces isolats ont été criblés pour leurs activités promotrices de la
croissance des plantes qui consistaient en la production d’hydrogéne cyanide (HCN),
d’ammoniaque (NHz), d'acide indole-3-acétique (AlA) ainsi que I’antagonisme in vitro vis-a-
vis de F. culmorum. Parmi la famille des auxines, I’AIA constitue une phytohormone
déterminante régulant les réponses trophiques spécifiques des plantes et fonctionne comme un
signal chimique entre les plantes hétes et leurs symbiotes. L'AIA produit par Actinobactéries
cultivées sur les déchets agricoles représente une alternative plus économique comparé a son
homologue synthétique. L’isolat rhizosphérique AW 22 s’est avéré positif par rapport a la
production d’HCN et d’NHsz, une inhibition de la croissance de F. culmorum avec un indice de
67.320+8.99% et une teneur élevée en IAA dans des conditions standards de croissance estimée
a 23.999+1.126 ug mL™* en présence de 0.2% (w/v) L-Tryptophane sur le bouillon yeast-
tryptone (YTB). A cet effet, I’isolat AW22 a été sélectionné pour une caractérisation
polyphasique chimio-taxonomique ainsi que la modélisation du procédé de production de AlA.
L'analyse moléculaire et phylogénétique a identifié I'isolat AW22 comme Streptomyces
rubrogriseus et sa séquence a été déposée dans Genbank sous le numéro d’accession
OP176004. La chromatographie sur couche mince (TLC) et la chromatographie liquide a haute
performance (HPLC) de I'AIA présomptif produit par la souche S. rubrogriseus AW22 sur
milieu YTB a révélé des valeurs Rf égales a 0.69 et un temps de rétention de 3.711 min,
équivalent a I'AlA standard. Les approches d’intelligence artificielle, a savoir le Box Behnken
Design de la méthodologie de surface de réponse (DBB-MSR) ainsi que les réseaux de
neurones artificiels (RNA) couplés a l'algorithme génétique (AG), ont été utilisées pour la
formulation in vitro et in silico d’un milieu optimal favorisant la production maximale d'AlA.
Streptomyces rubrogriseus AW22 a été cultivé sous diverses conditions de culture et des
substrats a haute valeur ajoutée notamment I’extrait de marc de café (EMC). Quatre variables
d'entrée comprenant le L-tryptophane (X1), la température d'incubation (X2), le pH initial (X3)
et la concentration du substrat (X4) ont été criblées via la matrice de Plackett-Burman Design
(PBD). Ces variables ont constitué les variables d'entrées du BBD et de I’ANN-GA avec le
rendement en AIA comme variable de sortie ou la réponse (Y en pg. mL™Y). Les conditions
optimales suggeérées par le modele ANN-GA étaient X1 = 0.6 %, X2 =25.8°C, X3=9, X4 =
30 %. Un R? de 99.98 % et une MSE de 1.86 x 10° & 129 époques, postule une meilleure
fiabilit¢ du modele mathématique élaborée par I'ANN-GA dans la prédiction des réponses
comparée au BBD-RSM présentant un R? de 76.28 %. L'application des paramétres générés
par ANN-GA a permis d'obtenir un rendement AIA maximal de 188.290 + 0.38 pg. mL™. Les
modeles élaborés par ANN-GA et BBD-RSM ont permis d’augmenter le rendement de I’AIA
de 4.55 fois et de 4.46 fois la production initiale d'AlA aprés huit jours d'incubation,
respectivement. Ces résultats confirment la validité des deux modeles pour maximiser le
rendement en AIA a partir de la souche multifonctionnelle S. rubrogriseus AW22 isolée pour
la premiere fois en Algérie.

Mots clés. Streptomyces; Acide indole-3-acétique (AlA); Intelligence Artificielle (1A);
Méthodologie de la surface de réponse (MSR); Réseaux de neurones artificiels (RNA);
Modélisation mathématique.
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State-of-the-art and Statement of novelty

State-of-the-art and Statement of novelty

Streptomyces are a genus of ubiquitous Actinobacteria with diverse biotechnological
applications. The metabolic versatility of this genus is functional in sustainable agriculture for
various applications such as phytohormone production. Developing sustainable solutions to
exploit spent coffee grounds (SCGs) is necessary to solve pollution-related problems. SCGs
represent a by-product of coffee, a significant municipal solid waste affecting ecosystems.
They are rich in nutrients and can serve as a substrate for producing microbial metabolites of
interest, such as phytohormones, enzymes, and antifungals. This work presents several original
traits. Actinobacteria strain Streptomyces rubrogriseus AW?22 has been isolated for the first
time in Algeria from the wheat rhizosphere. It has been found to produce remarkable amounts
of Indole-3-acetic acid (IAA) via an L-Tryptophan-dependent pathway. This study is the first
to report on the potential utilization of spent coffee grounds, and carob bean grounds extracts
as a high-added value culture medium to optimize actinobacteria-originated IAA production in
submerged conditions. The novelty also resides in using Artificial intelligence (Al)-based
approaches to optimize the bioprocess. Specifically, Response Surface Methodology (RSM)
and Artificial Neural Networks coupled with the genetic algorithm (ANN-GA)-assisted
approaches were used as novel methods to optimize IAA production. We tested various by-
product mixtures of SCGs and CBGs. The final formulation allows the obtaining of high IAA
content. The scientific novelty and relevance of this study's findings suggest the
elaboration of a patent.
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Introduction

Introduction

Plants are constantly subject to biotic and abiotic stressors, threatening their optimal growth.
Hence, plants deploy strategies to adapt to these demanding conditions: activating metabolic
pathways and selectively recruiting a microbiome in their rhizosphere. During this time, the
role of roots in overcoming these shifting environmental factors cannot be overstated (Pascale
et al., 2020).

Plant-microorganisms multilateral interactions are driven by the plant growth-promoting
rhizobacteria (PGPR) and their capacity to colonize root surfaces and benefit their hosts
(Kudjordjie et al., 2019; Maggini et al., 2020). The integration of eco-friendly management
techniques including biopesticides and biofertilizers constitutes a safer and cleaner alternative
to chemical agroactives required for optimal plant growth (Alloun et al., 2023; Boubekri et al.,
2021).

Plant growth promoting Actinobacteria possess potential bioactivity in terms of disease-
suppressiveness and the biocontrol of a broad spectrum of fungal phytopathogens.
Actinobacteria produce a wide array of natural agroactive compounds such as plant growth
regulators (PGRs) and plant growth stimulation and biofortification (Borah and Thakur, 2020;
Toumatia et al., 2016).

Indole-3-acetic acid (IAA) is a representative member of the Auxin family. It is an endogenous
phytohormone modulating various essential plant physiological activities, from its role in
shaping plant morphology to regulating physiological growth activities (Grones et al., 2018;
Rakusova et al., 2019). IAA acts as a chemical signal coordinating the plant's specific
phenotypic and tropic responses to environmental stimuli and controls the differentiation and
cell division of vascular tissue, the initiation of lateral and adventitious roots, and the
stimulation of stem and root extension (Duca and Glick, 2020). IAA also contributes to
alleviate abiotic stress and contributes to the resistance of plants (Huang et al., 2020; Zhou et
al., 2020).

Streptomyces is a representative genus of the Actinobacteria phylum synthesizing
physiologically active IAA to be oriented for industrial Auxin production (Boubekri et al.,
2021; Myo et al., 2019). Plants and microorganisms synthesize IAA via several interrelated
pathways, including the tryptophan-dependent pathway (Duca and Glick, 2020; Robert et al.,
2018).



Introduction

In recent investigations, economic carbon and nitrogen sources were employed as substitutes
for expensive laboratory-grade medium components (Al Farraj et al., 2020; Alloun et al.,
2023).

Spent coffee grounds (SCGs) constitute a brewing process's derivate containing 75% of the
original coffee bean (Wu et al.,, 2019). They are toxic pollutants rich in polyphenols,
flavonoids, chlorogenic acid, and protocatechuic acid, with essential antioxidant activity
(Esquivel et al., 2012) disturbing many life processes, adding to the massive oxygen quantity
required for their decomposition (Hardgrove and Livesley, 2016; Lessa et al., 2018). The total
polysaccharides in SCGs constitute about 45.3% (w/w, dry weight) and are non-reducing
sugars (Pasin et al., 2011). Heat treatment, microbial degradation, and aerobic metabolism
could reduce SCG toxicity (Hao et al., 2018).

Microbial growth and metabolic profiling, including IAA production, are complex, less
predictable, and closely linked with nutritional and physiological parameters. Subsequently,
machine learning (ML) modelling and optimization approaches may provide prospective

substitutes for controlling or simulating targets such as microbial metabolites.

The media engineering using empirical models, such as response surface methodology (RSM)
and Artificial intelligence (Al) assisted methods like artificial neural networks (ANNS), can
respectively generate non-linear quadratic models, accurately predict and optimize in silico
process parameters, study their significance and simultaneous interactions with universal
approximation capability (Dragoi and Vasseghian, 2021). Moreover, these approaches can
mathematically describe the phenomenon (Schmidt et al., 2019). ANNSs are often coupled with
adaptive meta-heuristic optimization algorithms, such as the genetic algorithm (GA), to
increase their performance while reducing their complexity (Fan et al., 2018; Smaali et al.,
2021).

The fundamental approach followed in this investigation consists of:

1. Isolating an actinobacterium with the ability to produce a considerable amount of IAA.

2. Performing a polyphasic characterization of the potent strain including morphological,
physiological and molecular identification.

3. Describing its multifunctionality related with plant growth promotion and biocontrol
effect, such as lytic enzymes production, phosphate solubilization, ammonia

production, in vitro antagonism to phytopathogenic Fusarium species.
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4. Formulating an appropriate, cost-effective medium composition to achieve maximum
IAA output with SCGs as a high value-added feedstock substrate using Plackett-
Burman experimental design (PBD) and Box-Behnken design (BBD) for screening
significant process variables and defining their adequate range, respectively, followed
by the development of a regression model.

5. Mathematically modeling the production of IAA on the optimal medium using RSM
combined with ANN-GA to properly optimize the low-cost, nutritionally adequate
process parameters in submerged fermentation and improve the low-cost bioprocess to

generate IAA from Streptomyces sp.

It is the first research that investigates the efficient use of SCG or CBP as media components
for the production of IAA originated from a newly isolated actinobacterium. This study
provides insight into the critical operating conditions influencing the bioprocess for the semi-
pilot or large-scale synthesis of agro-active compounds, including 1AA, for further sustainable

use in agriculture.
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1. Literature review
1.1. Plant-microbiome interactions in the rhizosphere

1.1.1. Plant roots fundamental roles

As sessile organisms, plants are continuously exposed to several biotic and abiotic stresses
(osmotic stress, drought, edaphic stress, heavy metals, and nutrient scarcity). These stresses
constitute significant threats to crop yield and participate in constantly reducing the amount of
arable land that is fit for food production through rapid deterioration of soil quality, thus
menacing food security (Mahalingam, 2015). The development of abiotic stress-tolerant
varieties and resistance to pathogens has gained attention (Mickelbart et al., 2015). However,
breeding technologies require generations of trials to achieve genetic stability to reach the
desired result. It is imperative to emphasize the plant roots' vital role in essential nutrient
absorption, including nitrogen, phosphorus, potassium, and other micronutrients required for

plant metabolism and survival.

The interaction of plants with soil microorganisms is ensured via roots. Additionally, plant
roots are responsible for overcoming these changing stressful environmental conditions
disrupting the plant growth process. This response can involve changes in root morphology,
such as developing more profound or extensive root systems that allow them to access water

and nutrients more effectively in dry or nutrient-poor soils.

Furthermore, plant roots also engage in complex metabolic and signaling pathways that involve
the production and regulation of hormones and other signaling molecules, resulting in Stress-
mediated physiological responses. Plant roots link between soil environments and shoot
through the transduction of signals and transmission of all information from belowground to

the aerial parts of the plant.
1.1.2. Plant microbiome, rhizosphere and rhizosphere competence

Plant microbiota is a designation that encompasses all the plant-associated microbes living
freely or in symbiosis with their host plants (Pascale et al., 2020). The sum of this microbiota
and their genomes are referred to as plant microbiome. Microbiomes are mainly composed of
free-living or symbiotic bacteria (Ahmad et al., 2013; Nadeem et al., 2014; Zhang et al., 2011).
These microbiomes may be situated in the phyllosphere, endosphere (endorhiza/inner tissues
as vascular tissues or in specific structures called nodules) or the ectosphere (including

rhizosphere and other outer surfaces rhizoplane) of their host plants (Pang et al., 2021).



Literature review

Plant microbiome effectively colonizes root surfaces, thus enhancing growth and reproduction
of host plants through various direct and indirect mechanisms (Kudjordjie et al., 2019; Maggini
et al., 2020).

In soil, it is referred to as rhizosphere, the narrow zone of the soil which is in direct contact
with plant roots and soaked in their particular exudates. Plant rhizosphere is essential for root
activity and metabolism, where the most critical plant-microbe interactions occur (Chandra et
al., 2018).

Subsequently, root colonization ability and development in the plant rhizosphere,
known as rhizosphere competence (RC), appears as one of the most specific criteria for
selecting plant microbiome that influences the efficacy of plant growth promotion and

biocontrol of pathogens (Pascale et al., 2020).
1.1.3. Complex dialogue linking plants to their microbiomes

Plant-microorganism interactions are multilateral and involve chemical signaling between both
parties. These interactions are significant crop influents on health, quality and productivity in

a natural and sustainable agroecosystem and biosafety program (Berg et al., 2013).

The synthesis microbial metabolically active substances is generally dependent on
environmental stimuli such as climate factors (pH, temperature, redox), nutrients availability
(major and minor minerals, carbon source), and inter and intra-species interactions (Asaf et al.,
2017; Berg et al., 2013; Bhatia et al., 2016; Compant et al., 2010; Mutturi et al., 2016).

Likewise, Microbial Signal Transduction (MiST) is involved in linking the environmental
stimulus and plant chemical signaling molecules (input) with a regulatory response through
gene expression, enzyme activity, and antibiotic production (output) (Ulrich and Zhulin, 2007).
Secondary metabolites, such as microbial phytohormones, mediate the chemical

communication between plants and their microbiome during their interaction.

1.1.4. Root exudates selectively recruit microbiomes

Belowground, a high concentration of soil microorganisms observed in rhizosphere is related
to the presence of nourishing substances released from root cells in the rhizospheric space after
plant metabolism. These substances, root exudates or rhizodeposits, are profitable for
microorganisms associated with plants. Root exudates are plant photosynthates that form up to
30%-60% of the secondary metabolites PSMs. They mainly contain low-molecular-weight

compounds (such as phenolics, amino acids, including L-Tryptophan, nucleotides, sugars,
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terpenoids, organic acids and lipids) and high-molecular-weight compounds (such as nucleic
acids, polysaccharides, and proteins). These compounds may be secreted into the rhizosphere
or surrounding soils either actively using ATP as the energy source or passively through
diffusion. Depending on the nature of the PSM itself, some molecules may be instantly
assimilated by soil microorganisms, while others act as chemical signals among organisms
(Sugiyama and Yazaki, 2014).

Notably, the active and/or passive release of PSMs vigorously participates in modelling the
plant microbiome by the selective attraction of beneficial microbes and repulse to the
deleterious ones forming a particular microbiome that is specific for each crop (Badri et al.,
2013; Bulgarelli et al., 2012; Lundberg et al., 2012; Viaene et al., 2016). Indeed, these carbon-
rich photosynthesis products create a unique and complex chemical environment and sink

energy sources for the plant microbiome (Badri et al., 2009).

The diversity and activity of plant microbiomes are not static and remain relatively unique and
specific to each crop and this variation comprising the composition in terms of diversity and

density, activity and proportion of some specific species.

Interestingly, several factors affect plant microbiome including root exudates profile (Sasse et
al., 2018; Vives-Peris et al., 2019), rhizodeposits (Sudha and Masilamani, 2012; Tian et al.,
2020), host plants species and cultivars (Compant et al., 2019), their development stages
(Schlechter et al., 2019) environmental stimuli, including abiotic stresses and biotic factors
(Pang et al., 2021).

The mechanism underneath this selective recruitment is based upon the ability of featured
microorganisms to metabolize specific PSMs secreted by roots, supporting their proliferation
in the rhizosphere and highlighting the function of PSMs as mediators of plant-soil microbiome
interactions (Sasse et al., 2018).

This phenomenon has been demonstrated using stable isotope tracked between plants and their
associated microbes (Haichar et al., 2012). However, only a few reports have attempted to
integrate the chemical basis and molecular mechanism into the PSMs microbiome association
(Pang et al., 2021). Following this logic, depending on the secreted PSMs profile, some

microorganisms will be advantaged over others.
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Alterations in root exudates profile also affects microbial metabolism, leading to a different
chemical signalling traffic linking the microbiome to its host plant (Bressan et al., 2009;
Haichar et al., 2012). Several factors may influence the production, the dynamic alterations in
the root exudates composition, and their relative abundances. Indeed, the exudation profile
depends on location along the root, plant developmental stage, species and cultivars, and
genetic modification. Moreover, the soil quality, the bioavailability of essential mineral cues
vital for photosynthesis, interactions with soil microorganisms, climate conditions and the
eventual presence of stresses are also to consider (Korenblum et al., 2020).

Root exudates are not only responsible for the selective recruitment assembly of plant
microbiome and involved in plant—microbe chemical interactions in the rhizosphere (De Vries
et al., 2020; Sasse et al., 2018; Yuan et al., 2018). But on a larger frame, they participate in
what is known as the “rhizosphere effect”, presented as the contribution of root exudates in
shaping and assembling microbial communities between bulk soil and rhizosphere (Berendsen
et al., 2012; Reinhold-Hurek et al., 2015; Sasse et al., 2018).

1.1.5. Recruited microbiome regulates host metabolism

According to the previous section speculations, the plant rhizosphere constitutes a key reservoir
of microorganisms susceptible to selection and development as bioinoculants in modern
sustainable agriculture practices. Their suitability relies on their ability to establish close
contact with the plant roots (Xiang et al., 2012). Nevertheless, the exact mechanism by which
plants endorse colonization by beneficial bacteria, including Actinobacteria, is still broadly
investigated. Plant secondary metabolites are significant actors in microbe assembling and
colonization of the rhizosphere, being at the same time chemical signaling molecules and
nutrient sources for microbes (Berendsen et al., 2012). However, only a few metabolites

essential for microbial assembly are identified.

Further, spotting the light on the effective participation of plant-originated compounds
contribute to recruiting beneficial bacteria to their root microbiomes, their characterization, and
their precise role as signaling molecules and mediators between these associates is the first step
to elucidating the exact nature of the plant-microorganisms communicative network
(Bodenhausen et al., 2013; Bulgarelli et al., 2012; Lundberg et al., 2012). The perfect
coordination of complex processes in the rhizosphere is fundamental for the benefit of both
parties. This coordination is established on the subtle synergetic interaction between plant

7
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physiological balance and the accommodation of its microbiome (Berendsen et al., 2012). Non-
surprisingly, this will require the elaboration of a descriptive and detailed multilateral chemical
pathway that combines all the components involved in the forward and backward plant-

microbe interactions.

These dynamic exchanges of chemical signals, including plant and microbial bioactive
metabolites, and molecular pathways correspond to their specific chemical dialogue. These
may constitute the same signals building up this complex, repetitive, reciprocal pattern of the
synergistic interaction between plants and microbiomes and their environmental physical and
chemical conditions. The realization is growing that some microbes can modulate the
production of specific PSMs, including plant bioactive phytometabolites, which can influence

the microbiome metabolism (Mastan et al., 2019).

In function of particular chemical signals and specific features of the plant root niche, the plant-
microbiome transduces the stimuli generating a response consisting of gene expression to
provide beneficial services to host plants and perform vital multifunction. Most advantageous
traits consist of disease suppressiveness (Carrion et al., 2019), facilitation of nutrients uptake
(Zhang et al., 2019) and subsequently alleviating both biotic and abiotic stresses (Berg et al.,
2013; De Vries et al., 2020; Ryan et al., 2008). The stimulation of the plant immune system
by the plant microbiome has also been reported (Pascale et al., 2020; Stringlis et al., 2018;
Vannier et al., 2019). However, little is known about the contribution of plant microbiomes to
host PSMs production (Pang et al., 2021).

Nonetheless, mechanisms by which specific microbial metabolites trigger plant metabolism are
elaborated and provide an initial insight into the process. Following this reasoning, microbial
auxin helps to modulate the plant microbiome during any stage of plant growth by actively
controlling the root exudation activity (frequency, content and quantity) through the regulation
of the root phenotypic plasticity (PP), either during optimal or stress conditions.

1.2. Soil dwelling-Actinobacteria

1.2.1. Taxonomy and Genomic Diversity

Actinobacteria are filamentous Gram-positive aerobic, facultative anaerobic, or anaerobic
bacteria with a high G+C content in their DNA, ranging from 51 to more than 70% (Ventura
et al., 2007). According to Ludwig et al. (2012), Actinobacteria represents one of the largest

taxonomic units among the 18 critical lineages currently recognized within the domain of
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Bacteria in terms of the number and variety of identified species. The
phylum Actinobacteria includes 5 subclasses, 6 orders, and 14 suborders. The genomic
diversity of Actinobacteria reflects their biodiversity, which could have great biotechnological
applications (Ventura et al., 2007).

However, a research update based on 16S rDNA trees by Gao and Gupta (2012) eliminated the
taxonomic ranks of subclasses and suborders, elevating the former subclasses and suborders to
the ranks of classes and orders, respectively. The phylum “Actinobacteria” is thus divided into
six classes: Acidimicrobiia (01 order) (Norris, 2012), Actinobacteria (include 20 orders) after
the classification based on the whole genome (Nouioui et al., 2018), Coriobacteriia (02 order)
(Gupta et al., 2013), Nitriliruptoria (02 orders) (Ludwig et al., 2012), Rubrobacteria (01 order)
(Suzuki, 2015), and Thermoleophilia (02 orders) (Suzuki and Whitman, 2012). Based on the
Actinobacteria classification (Parte et al., 2020), the cited classes above include 73 families
and 443 unequally distributed genera. The majority of these families (394) are within the class

Actinobacteria.
1.2.2. Ecology and Habitat Distribution

Actinobacteria are ubiquitous and present in various ecosystems and adopt different lifestyles.
Adapting Actinobacteria to a wide range of ecological niches including soil, fresh and salt

water, and the air has increased their diversity.

Most of the Actinobacteria are saprophytes, or soil-dwelling organisms. Some species form
mutualistic or parasitic associations with higher organisms including plant pathogens
(e.g., Streptomyces scabiei, S. acidiscabies, and S. turgidiscabies) (Wanner, 2006), plant
commensals (Leifsonia spp.), soil inhabitants (Streptomyces spp.) as reported by (Ventura et
al., 2007), nitrogen-fixing symbionts (Frankia) (Franche et al., 2009). Actinobacteria class are
associated with plants growing in different habitats and under extreme environments (Goudjal
et al., 2013; Sahay et al., 2017; Singh et al., 2016).

1.2.3. Physiology

The population density and diversity of Actinobacteria depend on their habitat and their
influencing climatic conditions. Environmental factors, such as temperature, pH, and soil
moisture, influence the growth of Actinobacteria. The vegetative growth of Actinobacteria in
the soil is favoured by low humidity, especially when the spores are submerged in water. In

dry soils with greater moisture tension, growth is limited and may be halted.
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Actinobacteria can survive mesophilic, but thermophilic conditions reaching 60°C is an
enabling trait for their use as inocula (Edwards, 1993). They are considered aridity-winners by
(Marasco et al., 2021), who stated that aridity changes the composition and interactions of the
plant-microbial community. By modulating the distribution of aridity-tolerant (winners),
Actinobacterial inoculations protect the plants from the deleterious effects of drought and

significantly boost their measured physiological parameters (Chukwuneme et al., 2020).

Likewise, acidophilic Actinobacteria may be necessary to inoculate plants that grow in acidic
soil (Bull, 2010). Most Actinobacteria grow in soils with a neutral pH with an optimal growth
between 6 and 9, with maximum growth around neutrality. Many halotolerant Actinobacteria
have been isolated from saline environments and proved effective crop protection agents in
harsh settings (Qin et al., 2018; Siddikee et al., 2010; Zhou et al., 2017). Some Actinobacterial
strains' extremophile nature could be a valuable tool for rehabilitating degraded areas under
extreme environmental conditions, and they can boost crop production under a variety of stress

conditions, including extreme temperatures, pH, salinity, and drought (Qin et al., 2011).
1.2.4. Biotechnological roles

Fay et al. (2015) indicate that soil is complex, diverse, and nutrient-limited. It has a high
microbial diversity and a wide range of microbial interactions. Secreting various secondary
metabolites allows soil-derived bacteria to compete, communicate, or form mutualistic
interactions with other species (Tyc et al., 2017). Actinobacteria play an essential role in soil
microbial interactions due to their considerable secondary metabolic ability and relative
abundance in soil. The production of various secondary metabolites, particularly antibiotics, is
Actinobacteria's most useful potential, accounting for nearly 40% of the bioactive microbial
metabolites found in the last 70 years (Bérdy, 2012).

Actinobacteria frequently outcompete other microbes in the community by antibiosis (Abrudan
et al., 2015; Kinkel et al., 2014). Antibiotics, conversely, may operate as signals or cues for
inter-microbial communication, according to another study (Ratcliff and Denison, 2011,
Romero et al., 2011). Furthermore, the generation of secondary metabolites is typically
dependent on resource levels. Nutrient deficiency can indicate high cell density and triggers
secondary metabolism (Frank, 1994). In contrast, adequate nutrients are required for a strain to
afford the cost of antibiotic synthesis (Abrudan et al., 2015). These perspectives highlight the

complexities of Actinobacterial interactions.
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1.2.5. Streptomyces, a representative genus

The Streptomyces genus belongs to the most prominent family Streptomycetaceae (order
Actinomycetales). This family comprises more than 700 species. They are Gram-positive,
neutrophilic, facultative aerobic, mesophilic filamentous bacteria with a growth temperature
between 25 and 35°C, whose DNA has a G + C content higher than 70% (Botas Mufioz, 2013;
Law et al., 2017) and linear, moderately large genomes (8-10 Mb), regarded as special features

among bacteria (Hopwood, 2019).

The ecologically and industrially important genus Streptomyces is a bacterial taxon commonly
found in soil and host-associated microbiomes. Interestingly, some Streptomyces bacteria exist
also in a variety of environments, such as extreme environments and underexplored habitats,
terrestrial and marine regions, marine symbionts, plant root symbionts in the rhizosphere,
growing on gamma-irradiated surfaces or thermal springs, endophyte and mangroves. Over
850 Streptomyces species have been studied (Aryal et al., 2020; Kemung et al., 2018).

Streptomyces-derived bioactive natural compounds possess ecological and medical
importance. These biomolecules function as antimicrobial, antiviral, cytotoxic, antitumor,
antihypertensive, immunosuppressive, insecticide, antioxidative, plant growth-promoting, and
herbicidal agents (Pham et al., 2021; Sharma et al., 2021).

1.2.6. Complex genome, complex Life Cycle

Species of the Streptomyces genus also have a well-studied, complex life cycle that classically
encompasses three morphologically differentiated growth stages (Elliot et al., 2008).
Streptomyces species are spore-producing bacteria. The bacteria life cycle begins with the
germination of spores. The germ tubes grow by extending the hyphae's tips, then branch.
Eventually, a dense network of vegetative cells forms the vegetative mycelium (Jones and
Elliot, 2017).

Streptomyces' growth cycle has several stages: vegetative growth, aerial hyphae formation, and
sporulation. These stages are subject to different genetic controls. The bld genes regulate the
formation of aerial hyphae. The bld genes regulate the production of specific proteins of aerial
hyphae and, in some cases, activate a specialized metabolism (Hengst et al., 2010).
Subsequently, whi genes are activated that encode regulatory proteins, which promote cell
division, chromosomal segregation, and spore maturation (Bush et al., 2013). The filamentous
life cycle is particularly efficient in the soil environment.

11
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Streptomyces have multiple biosynthetic gene clusters (BGCs) on each genome, which are the
source of numerous bioactive compounds with medical or agricultural use (Nicault et al., 2021;
Ward and Allenby, 2018). The biosynthesis secondary metabolites in Streptomyces species is
regulated through multiple regulatory pathways induced by nutritional and environmental
stimuli (Nah et al., 2021; Sun et al., 2017).

1.3. Multifunctionality of Actinobacteria and specific interactions with their symbionts

1.3.1. Actinobacteria’s specific interactions with plant symbionts

The abundance of the Streptomycetaceae family, which is directly related to the vast array of
secondary metabolites provided by their large genome, justifies the enrichment of
Actinobacteria in the plant rhizosphere. Furthermore, to take advantage of their root exudates
and rhizosdeposits, rhizospheric and plant-associated Actinobacteria actively colonize root
surfaces and establish adjacent associations with their host referred to as actinorhizal-type

associations and providing beneficial services to their hosts (Rey and Dumas, 2017).

While certain Actinobacteria strains that coexist with plants in a mutualistic symbiosis can
interact with them as free-living, non-symbiotic bacteria (rhizospheric, exophytic), others
dwell intracellularly when they adopt a (endo)symbiotic type of association and play an

important role in the endosphere (Kunova et al., 2016; Viaene et al., 2016).

The penetration of endophytic Actinobacteria inside plant tissue via the lateral root hair
openings is ensured with a hyphae structure that allows a solid cleavage for the rhizospheric
soil particles forming a powerful bond with the plants. Curiously, pathogenic Actinobacteria
species penetrate plant cell walls using the exact mechanism (Bonaldi et al., 2015; Seipke et
al., 2012). Nonetheless, the precise biology of endophytic species living inside plant roots, as
well as the genetic foundations regulating their strategies of penetration and avoidance of the

host immune response, are yet unexplained.

Likewise, genes involved in the symbiosis of Streptomyces spp. with their host plants and the
plant genetic background regulating these interactions still need to be discovered, contrary
to Frankia spp. (Seipke et al., 2012; Sellstedt and Richau, 2013).

Actinobacteria's high survival rate and resilience to adverse environmental factors are based
on their complex developmental program represented by their filamentous morphology, which
also allows them to grow by hyphal-tip extension. As a result, they are qualified to compete

12
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with the rest of the plant microbiome for space and nutrients in root exudates (microbe-microbe

interactions).

Furthermore, their filamentous biomass contributes to improving the soil's texture and structure
(Hamedi and Mohammadipanah, 2015). The ability of sporulating Actinobacteria to withstand
prolonged periods of biotic (the presence of other microbial competitors) and handle abiotic
stress (drought, heat, irradiation, and nutritional deprivation) is conferred by the formation of

distinctive, thick-walled, latent spores (van der Meij et al., 2017).

1.3.2. Plant growth promoting activities of Actinobacteria

Production of siderophores by Actinobacteria competitively increases the bioavailability of
ferric ion for their host plants while depriving pathogenic fungus of it (Rungin et al., 2012).
Additionally, through the rhizosphere effect, they support the selective assembling of
advantageous bacteria and mycorrhiza in the plant microbiome as they convert root exudates
into other metabolites absorbed by other rhizospheric microorganisms (Kurosawa et al., 2008).
There have been reports of lytic enzyme synthesis by Actinobacteria strains. Some of these
enzymes contribute in organic matter degradation by decomposing complex natural polymers
like lignocellulose (cellulose, hemicellulose, and lignin), while others, like chitinases,
participate in the destruction of fungal cell walls, thus having a biocontrol effect (Sivakala et
al., 2021; van der Meij et al., 2017).

Additionally, it has been suggested that several Actinobacteria species contribute to the cycling
of minerals and nutrients by enhancing their bioavailability in the rhizosphere, which benefits
plant nutrition. In trees and shrubs, actino-nodules formed by nitrogen-fixing Actinobacteria,

such as Frankia species and Micromonospora species, have been reported (Kucho et al., 2010).

Actinobacteria isolated from the plant root environment, such as Streptomyces species,
assimilate the nutrients present in the rhizodeposits and, in return, they boost their plant

symbionts' resistance to biotic stressors in two distinct ways.

Figure 1 demonstrates the mechanisms by which Actinobacteria boost plant growth and the
immune system and protect pathogenic microorganisms, which constitute the

multifunctionality of these filamentous bacteria.
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Figure 1. Multi-functionality of Actinobacteria in plant growth promotion (Personal figure,
made with www.Biorender.com).

They directly provide what is known as plant disease suppressiveness and the biocontrol effect,
which is the first line of defense against microbial pathogens (Cha et al., 2016). The biocontrol
of phytopahogens may involve antibiosis and hyperparasitism. The second strategy consists of
eliciting an induced systemic resistance (ISR), a plant immune response, which enables the
plant to shift into a state of enhanced defensive aptitude (Pascale et al., 2020; Rey and Dumas,
2017).

The release of moderate amounts of phytohormone/phytohormone-like molecules, such as
auxins, cytokinins and gibberellins, and abscisic acid (Jog et al., 2016). These molecules serve
as a chemical signaling between Actinobacteria symbionts and their host plants, further
underlines the importance of Streptomyces spp. as root-associated Actinobacteria in plant
health and physiology.

Phytohormones production is typical to several plant growth-promoting rhizobacteria are
regarded as an asset for stress alleviation activities and significant improvement of plant growth

(Rashad et al., 2015). Thus, plant-Actinobacteria communication also relies on releasing
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various phytohormones, Actinobacteria-originated enzymes inhibiting ethylene biosynthesis
and contributing to stress alleviation (Bhattacharyya and Jha, 2012; Palaniyandi et al., 2011,
2014).

Some Actinobacteria species and more specifically Streptomyces spp. contribute to mitigate
eventual adverse environment restricting plant growth, thereby protecting plants and
preventing the proliferation of soil-borne plant pathogens. The multifunctionality of
Actinobactria features them as interesting metabolic engineering targets for the formulation of
biopesticides and biofertilizers to stimulate plant growth (Olanrewaju and Babalola, 2019).

1.3.3. Root exudates modulation of secondary metabolite regulation in Actinobacteria
Actinobacteria's abundance in the rhizosphere correlates positively with the concentration of
root exudates, thus selectively recruiting species over others. Since root exudates are carbon
and nitrogen-rich components, their large quantities constitute an excellent nutrient source for
plant microbiome and root-associated-Actinobacteria Actinobacteria (Haichar et al., 2008;
Huang et al., 2014). They act as chemoattractants of Actinobacteria strains. Salicylic acid and
jasmonate plant signaling pathways may be implicated in regulating Streptomyce's symbiosis
with plants (Lebeis et al., 2015).

The role of salicylic acid, the pathogenic stress phytohormone, has been suggested to attract
antagonistic Actinobacteria to plant roots when exudated into the soil. This relationship has
been elaborated based on evaluating the effect of salicylic acid absence on the incidence of
specific antibiotic-producing species in the disrupted salicylic acid pathway mutants of A.
thaliana. However, the exogenous application of salicylic acid positively increased the
occurrence of particular species, including Terracoccus and Streptomyces. It emphasized the
role of root exudates in the recruitment of multifunctioning Actinobacteria for root colonization
and indirect plant growth promotion (Lebeis et al., 2015). These authors suggest the
involvement of salicylic acid in the recruitment of beneficial antibiotic-producing
Actinobacteria highlighting its role as a chemical mediator of the communication pathway
between plants and Actinobacteria during exposure to pathogenic stress.

Root exudate composition affects the abundance and assemblage of the Actinobacteria
community in the rhizosphere, a significant part of their microbiome. In return, Actinobacteria

stimulate their host plant's immune pathways via recognizing general microbe-associated
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molecular patterns (MAMPS), increasing the resistance of the plants to pathogens systemically
induced plant immunity (Conn et al., 2008; Pieterse et al., 2012). However, the specific
metabolites produced by Streptomyces spp. triggering plant immunity has not been identified
yet. Nonetheless, the exact mechanism by which this chemical signaling influences the
diversity and incidence of rhizospheric Actinobacteria species by regulating their attraction to
root microbiome, root colonization and inducing the expression of secondary metabolites, such
as antimicrobials, bacterial auxin, siderophores and lytic enzymes to assist the plant in their

growth and tolerance during challenging conditions remain unclear.

Hypothesis on how plant-originated carbon sources influence secondary metabolite production
in Actinobacteria by inducing or repressing gene expression has gained interest. Several reports
are precise that beneficial and pathogenic Actinobacteria strains are both attracted by plant
rhizodeposits (Loria et al., 2006). For instance, Streptomyces scabies causes common scab
disease in potato and taproot crops by synthesizing the phytotoxin thaxtomin, a nitrated
dipeptide that inhibits cellulose leading to plant cell death. However, the production of
thaxtomin by S. scabies responds to root exudates-originated chemoattractants. Thus, it links
the chemical environment set by the root exudates components and its effect on the metabolic

response in Actinobacteria.

Furthermore, root exudates-originated organic acids implicated in the phosphorus
solubilization were found to attract specific plant growth-promoting microorganisms to the
plant microbiome (Bais et al., 2006). However, the exclamation resides in whether some
specific exudates participate in the dynamic recruitment of Actinobacteria species to the root
microbiome because of their utilization by these specific species or their role as
chemoattractants (Viaene et al., 2016). Besides, essential elements deficiency caused by their
absorption by plant roots may trigger antibiotic production in Actinobacteria for competition
for these vital elements. Moreover, the composition and dynamic of root exudation by maize
plants are affected by the scarcity of macronutrients which certainly affects the dynamism in

the primary and secondary metabolism of its microbiome (Carvalhais et al., 2015).

Nonetheless, it is necessary to understand better the specific interactions between plants and
their associated Actinobacteria and the involvement of root exudates originated sensing-
molecules in chemical pathways. Thus, the metabolic response will allow us to conceive a

spatiotemporal dynamics model of the bidirectional signal exchange from the exudation of
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specific molecules to the regulation of related secondary metabolites in Actinobacteria in the
root system in real-timein vivo. These investigations may improve this beneficial

multifunctioning bacteria's biocontrol and phytostimulation potential.

1.4. Plant growth regulators (Phytohormones)

Every molecule that is involved in the regulation of plant physiological and morphological
responses during their development is referred to as a phytohormone (Pang et al., 2021).
Phytohormones play a prominent role in controlling plant metabolism and growth (Kazan,
2013) and their responses to various environmental stresses (Hu et al., 2013). The chemical

structures of the plant growth regulators classes are represented in Figure 2.

Phytohormones stand as an integral part of the plant defense system, commonly known as the
plant’s systemic acquired resistance (SAR) and induced systemic resistance (ISR) (Chen et al.,
2020). Phytohormones are also implicated in the interactions between plant and their

microbiomes (Pang et al., 2021).

—

OYOH
/Y \ OH

OH

Abscisic acid Auxin Strigolactone o

Salicylic acid Gibberellin Ethylene

§0

NH

N \ n> Ho Y,
L A/

N N HO =

Cytokinin Jasmonic acid Brassinolide

Figure 2. Chemical structures of the main classes of plant hormones Personal figure, made
with www.Biorender.com).
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1.5. Indole 3-Acetic Acid

1.5.1. Chemical properties of Auxin, the growth hormone

Auxins are a family of plant hormones possessing indole ring compounds (Khamna et al.,
2010) and controlling gene expression during several processes of plant cell growth and
development (Bhoi et al., 2021).

Indole-3-acetic acid (C10H9NO2) (IAA; also designated by auxin) is the most abundant,
naturally occurring and physiologically active endogenous form in plants (Lebrazi et al., 2020).
IAA is a monocarboxylic acid (acetic acid) with the molecular weight of 175.18g/mol and in
which 1H indol 3-yl group substitutes one of the methyl hydrogens present in this acid. IAA is
responsible for most auxin-mediated effects inducing plant growth. 1AA is produced mainly
from tryptophan, an essential aromatic amino acid. Four other forms of natural endogenously
produced auxins constitute of indole-3-butyric acid (IBA), indole-3-propionic acid (IPA), 4-
chloroindole-3-acetic acid (4-CI-1AA), and 2-phenylacetic acid (PAA). In its active form, IAA
generally makes up only ~ 25% of the total IAA level present in a plant. However, this
percentage depends on the plant species, the type and age of a particular plant tissue (Duca and
Glick, 2020).

1.5.2. Root phenotypic plasticity and specific plant tropic responses

Auxin activity is related to low concentrations. This phytohormone activates of signal
transduction pathways for the induction of genes, synthesis of proteins and metabolites required
for the plant tolerance to stressors. Local endogenous auxin accumulation and biosynthesis in
plant’s tissues, referred to as auxin maxima, drive root and shoot tropisms (Figure 3) (Ding et
al., 2011). Plant tropism includes phototropism, gravitropism, halotropism (Galvan-Ampudia
et al., 2013) and thigmotropism (obstacle avoidance) (Zhang et al., 2020).

In addition, auxin maxima were directly connected to embryogenesis and organogenesis, i.e.
vascular tissue development, cell elongation, tissue expansion and apical dominance and fruit
formation (Etchells, 2016). However, auxin is involved in the regulation of genes (Gupta,
2018). In addition, phytohormones production, such as ethylene (Woodward and Bartel, 2005),
have also been reported. With auxin maxima (Brumos et al., 2018), the asymmetrical

distribution of auxin is established by a directional active cell-to-cell polar auxin traffic.

Auxin transport plays critical functions in auxin homeostasis and is mediated by PIN-

FORMED (PIN) proteins (Park et al., 2017). PINs are auxin-efflux carriers belonging to a class
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of transmembrane proteins. They exhibit polar localization on the plasma membrane (PM) or
on the endoplasmic reticulum (ER) to intermediate the direction of auxin flow. Thus, they

preserve inter and intracellular auxin balance (Langowski et al., 2016; Nodzynski et al., 2016).

PINs control root tropism in response to environmental cues. Indeed, external signals trigger
the intracellular traffic of PIN2, creating asymmetrical auxin accumulation and cell extension
(Galvan-Ampudia et al., 2013). For instance, the asymmetrical degradation of PIN2 mediated
by proteasome in cells modulates root gravitropism. Halotropism and negative phototropism

were also modulated by PIN2 (Galvan-Ampudia et al., 2013).

Meristem growth
Growth Apical dominance Positive phototropism
Lateral buds' growth 5 in response to light
inhibition
Shoot Negative geotropism
Growth
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induces its elongation
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Figure 3. Specific phytotropic responses mediated by auxin signaling and modulation of root system
architecture (RSA) (Personal figure, made with www.Biorender.com).
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Another essential role involving PIN2 is the avoidance of roots to mechanical obstacles, which
has been demonstrated by (Lee et al., 2020; Zhang et al., 2020). They indicated that PIN2
mediates the root bending during thigmotropic responses and obstacle avoidance through the
asymmetrical accumulation of auxin in the concave side when roots are touching the barrier;

for accelerating root growth.
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1.5.3. Auxin-improved stress tolerance and adaptability in plants

Auxin can alter and modulate RSA, expressed in roots' developmental PP (Huang et al., 2020;
Zhou et al., 2020). These changes are directly or indirectly related to abiotic stress alleviation
via alterations in auxin gene expression patterns (Korver et al, 2018). However, explaining the
signaling pathways driving abiotic stress tolerance and changes in endogenous hormone levels
is essential. Auxin crosstalk with other phytohormones has also been described. Nonetheless,
its implications in activating the auxin signal transduction cascade and regulating stress-

responsive gene expression still require verification.

Individual or combined (multi) stress may affect plants' synthesis, transport, and pool of auxin,
inducing stress tolerance (Bouzroud et al., 2018). Plants respond to adverse/suboptimal
conditions by activating the synthesis of several enzymes and triggering antioxidant activities
in order to lessen stress-related damage (Yadav et al., 2021). Abscisic acid (ABA) and IAA
cooperate to maintain root growth. Reactive oxygen species (ROS) levels are regulated by
auxin. Nevertheless, ascorbate peroxidase 6 controls the interaction between ROS, auxin, and

ABA and boosts tolerance to drought stress (Jogawat et al., 2021).

Table 1 summarizes plant response and auxin regulation during the exposure to some

metalloids and other abiotic stresses.
Metallic stress

The function of IAA as a modulator of various aspects of plant growth and tolerance to heavy
metals-related toxicity has been the subject of speculation (Sytar et al., 2019). Numerous
microRNAs, including miR393 (Yuan et al., 2019) and miR160 (ARF4), imply auxin signaling
for drought stress in response to environmental stimuli (Bashir et al., 2019). Metallic triggers
alter the expression of miRNAs 164, 167, and 390 influence the regulation of auxin (Singh et
al., 2021). For instance, as a negative impact of aluminum (Al), Wang et al. (2016) connected
the restriction in IAA transport from shoot to root with the reduction of root growth and PP in

Medicago sativa.

However, the exogenous application of IAA as a priming substance could enable the plant to
reduce Al stress by sustaining the expression of the AUX1 and PIN2 genes. Uncertainty still

exists regarding the precise mechanism underlying the reduction of heavy metal stress. Though,
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using exogenous auxin as a treatment restored the endogenous hormonal equilibrium,

attenuating heavy metals' negative impacts on auxin metabolism (Table 1).
Drought stress

Tryptophan-2-Monooxygenase overexpression increases auxin levels under water deficits,
improving plants' tolerance to drought (Bielach et al., 2017). During drought stress,
DREB2A/B overexpression is followed by increased transcription of three AUX/IAA
suppressor proteins, which regulate stomatal closure and decreased expression of WRKY63
and regulates the formation of GLs aliphatic compounds (Salehin et al., 2019). To ensure plant

halotropism, AUX /IAA influx carriers compete with phosphatidic acid (Han et al., 2017).

The exogenous application of IAA on white clover (Trifolium repens) resulted in 1AA-
mediated physiological alterations under drought stress conditions. Plants treated with
exogenous IAA and L-2-aminooxy-3-phenypropionic acid (L-AOPP) exhibited an increased
relative water content (RWC) and total chlorophyll content (Chl) compared to control
suggesting a substantial improvement in white clover's drought tolerance induced. This
tolerance is due to the eventual alteration of the endogenous plant hormone pool, which was
followed by an increase in ABA and jasmonic acid (JA) levels and the modulation of drought-

responsive genes and the genes associated with senescence (SAG) (Y. Zhang et al., 2020).
Salinity stress

Salt stress alters the cellular localization of PIN2 and inhibits PIN2 expression (Sun et al.,
2008). Auxin-mediated response to salinity is mainly expressed by an increase in lateral root
number while concurrently decreasing their elongation. This ability was suppressed in auxin
signaling mutants axrl, axr4 and tirl, while inhibiting the lateral root emergence in the auxin
influx mutant aux1 (Wang et al., 2009). IAA signaling has been linked to the modulation of
the membrane-bound transcription factor NTM2, which attenuates salinity-related damages,
according to the studies on the overexpression of the IAA30 gene of the NTM2 conducted by
Jung and Park (2011).

Flavonoid accumulation in plant tissues is accredited to auxin-regulating activity and has been
reported to inhibit auxin degradation (Blakeslee et al., 2019). During the salt stress response,

flavonoids bound to Glutathione 5-transferase phi-2 transcripts to control auxin trafficking
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(Blakeslee et al., 2019; Salem et al., 2020). Moreover, salinity changes the selective absorption

of ions, resulting in a low Na* buildup in the shoot tissues (Kumar Sharma, 2018).

Secondary messengers are crucial for osmotic stress resistance, including -stomatal closure,
including Ca?* released by the plasma-membrane protein OSCA1 (Kumar Sharma, 2018).
Elevated sodium concentrations activate the Na*/H* antiporter and regulate ionic homeostasis
by triggering a cytosolic calcium signal. Controversy, phospholipase D alpha 1 action leads to
an accumulated phosphatidic acid and stimulates the MPK6 to remove sodium from the cell
via SOS1 antiporter. Heat stress also impacts membrane fluidity and causes enhanced Ca?

influx and fast --ROS generation (Kumar Sharma, 2018).
Oxidative stress

Osmotic, ionic, and metalloid stressors generate ROS signals (Landi et al., 2020), destabilising
the redox balance and eliciting oxidative stress by inducing the oxidative degradation of
biomolecules (Ogbe et al., 2020). The induction of YUC6 gene expression associated with the

thiol-reductase activity suppresses ROS activity and preserves IAA (Fattorini et al., 2017).

Response to metabolic leaks in plants helps mitigate stress's effects and restrict ROS production
in the mitochondria and chloroplast (Choudhury et al., 2017). In response to drought, H>-O> and
02 levels drop through an auxin-dependent pattern, accompanied by an increase in auxin levels
(Bielach et al., 2017).

Plants synthesize secondary metabolites, including enzymes like peroxidases, lactases, and
catalases (Hasanuzzaman et al., 2019; Vaish et al., 2020) and non-enzymatic antioxidants such
carotenoids, phenols, and ascorbate to mitigate oxidative stress (Hasan et al., 2019). IAA
peroxidases, for instance, control IAA levels during root growth and hypocotyl elongation,

while carotenoids, phenols, and ascorbate affect auxin stability (Bielach et al., 2017).
Temperature and shade stresses

The amount of heat shock proteins (HSPs) increases in the cytoplasmic pool to enable the
stabilization of auxin receptors TIR1 for proper high-temperature-induced responses in

hypocotyl and root development (Wang et al., 2016).
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Further, YUC2, YUC5, YUCS, and YUC9 levels augmented after shade treatment which
increases auxin production before returning to the baseline after 96 hours (Muller-Moulé et al.,
2016), and auxin production increased in response to shade stress (Mroue et al., 2018).
Moreover, during shade stress, the cytokinin oxidase AtCKX6 gene overexpression stimulates

auxin synthesis for modulating cytokinin levels (Mroue et al., 2018).
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Table 1. Auxin-mediated plant responses to various stressors.

Stress

Auxin-mediated plant responses to stress

Reference

Selenium (Se) and Arsenic (As)

stress

Cadmium (Cd)-induced stress

Aluminium (Al)

Ca?

Lead (Pb)

The restriction in auxin and ethylene production impacts root development and

primary metabolism.

Se improved tobacco plant development by increasing auxin levels.

Boron (Bo) generates increased Al accumulation while reducing Al toxicity (Singh
et al. 2021) by boosting auxin-mediated root surface alkalization and regulating the

proton pump H*-ATPase, therefore improving Al assimilation.

Exogenous NAA application increases hemicellulose 1 content in Arabidopsis root
cell wall, thus the retention of Cd?* in roots blocking its translocation to shoot parts

and resulting in an auxin-induced decrease in Cd?* toxicity.

An exogenous supply of IAA at low concentrations (10° M) was found to alleviate
the toxic effect of Pb on sunflower Helianthus annuus. The auxin-induced plant
response resulted in an increased root volume, surface area and diameter, suggesting

the plant's IAA-induced phytoextraction of lead and zinc.

Malheiros et al.
(2019)

Luo et al. (2019)

Lietal. (2018)

Zhu et al. (2013)

Féassler et al.
(2010)
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Cd and salt stress

Drought or osmotic stress

Salinity

Drought stress

Cd

The auxin conjugate (IAA-Asp) modulates catalase and peroxidase activity and

induces protein carbonylation in Cd stress-exposed pea plants (Pisum sativum L.).

The root system architecture modulates the hydrolase IAR3 (IAA-Ala Resistant3) to
convert inactive conjugate auxin form (IAA-amino acid) to bioactive auxin form

stimulating lateral root development.

A significant decrease in IAA levels was followed by an increase in other
phytohormones, such as ABA, suggesting the crosstalk between IAA and ABA and

providing helpful information on IAA-improved salinity tolerance in plants.

ABA modulates auxin transport to control primary root and root hair growth in
both Arabidopsis and rice and thus induces drought-mediated alterations in root
architecture involving a higher proton secretion process through the action of plasma

membrane-located H-ATPases, required for maintaining root elongation.

Exogenous IAA application on C. camphora leaves subjected to cadmium stress
increased the net photosynthetic rate, enhanced chlorophyll a, total chlorophyll and
carotenoid contents, reduced the respiration rate, and the concentrations of proline,
soluble sugar, soluble protein and malondialdehyde, reducing ROS damage,

alleviating Cd stress compared to Cd-stressed plants without the addition of I1AA.

Ostrowski et al.
(2016)

Kinoshita et al.
(2012).

Igbal and Ashraf
(2013)

Xu et al. (2013)

Zhou et al.
(2020)
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1.6. Microbiome-originated auxin

1.6.1. Microbiome-mediated alteration of plant endogenous IAA homeostasis

The IAA pool is considered suboptimal or optimal for plant growth. IAA may be acquired as
chemically synthesized IAA or microbe-originated (organic) compounds as a product of the
metabolism of L-tryptophan and is essential for plant development (Habibi, 2014) through the
modulation of plant IAA pools. The quantitative abundance of auxin in the rhizosphere is

attributed to its biosynthesis by the plant microbiomes.

Various bacterial IAA biosynthesis pathways are similar to plant biosynthesis pathways
(Spaepen, 2007). Exogenous bacterial IAA has been found to evoke similar effects as
endogenous or synthetic auxin in stimulating plant root system development (Shahzad et al.,
2016).

Exogenous IAA (synthetic or microbial) has the potential to alter the plant's endogenous IAA
levels, inducing physiological responses in the root system. Likewise, microbial IAA produced
in situ acts in conjunction with endogenous 1AA in the plant. The bioactivity of the exogenous

IAA depends on its concentration and the susceptibility of plant tissue to its varying levels.

Exogenous IAA positively affects root elongation, but its positive impact is limited to a small
concentration. Rhizobacteria produce IAA in response to a plentiful supply of substrates in the
rhizodeposits to alter the auxin pool, perturbing their host physiological processes for their
benefit (Khoi Nghia, 2017). Thus, bacterial IAA contributes, directly or indirectly, to plant

fitness and growth also by creating a competitive environment for pathogens.

Bacteria-originated 1AA indirectly influences photosynthesis by expanding water and nutrient
research and absorption by increasing root biomass, lateral root number, and surface area
available for uptake from the surrounding soil, leading to increased metabolism and the release
of nutrient-rich root exudates in the rhizosphere, providing a plentiful supply of substrates for
synthesizing secondary microbial metabolites including IAA (Drake et al., 2013; Upreti and
Sharma, 2016).

Microbial production of auxin contributes to the colonization of plant roots and the
establishment of plant-associated bacteria via suppressing the plant's defence mechanisms

against the invading microbes.

Several auxin signaling pathways may be responsible for bacterial infection and colonization

susceptibility of plants. Thus, the enhancement of these auxin signaling pathways leads to the
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inhibition of phytopathogens activity thereby protecting the plants from infectious diseases

which is related effect of IAA to improving colonization (Patten et al., 2013).

Likewise, the downregulation of auxin signaling F-box receptors and auxin-responsive genes
in Arabidopsis thaliana led to decreased disease symptoms and susceptibility to P. syringae
DC3000 (Navarro et al., 2006). However, the colonization and disease incidence of P.
syringae increased by 20-fold via exogenous auxin administration and up-regulation of auxin
signaling and biosynthesis (Wang et al., 2007). Moreover, via the activation of expansins,
including cell wall loosening proteins, bacterial auxin weakens the protective, fibrous

extracellular matrix of roots, enabling bacterial colonization (Ding et al., 2008).

Higher IAA concentrations inhibit the proliferation of beneficial and pathogenic plant-
associated bacteria due to their weak acid nature. Unexpectedly, more elevated amounts of IAA
inhibit their ability to grow by causing an upsurge in the synthesis of the stress hormone
ethylene (Woodward and Bartel, 2005). According to Zufiiga et al. (2013), the reverse action,
which implies the degradation of IAA by beneficial bacteria, may effectively neutralize the
limit or adverse effects of the exogenous IAA from pathogenic microbes and significantly

improve plant growth.

Interestingly, some plant-associated microorganisms can modulate IAA levels to benefit the
host plant owing to their dual ability to generate and degrade IAA. As a result, plants with low

amounts of endogenous IAA are more susceptible to bacterial IAA (Glick, 2012).

Nevertheless, it has been reported that Indole-3-acetic acid does not function as a regular
hormone in bacterial cells like plants. Accordingly, their ability to produce the same metabolite
may have evolved as a reciprocal chemical signaling molecule in plant-microbiome
communication, affecting gene expression in many bacteria (Raheem, 2018; Belimov, 2015).
A higher level of IAA in nodulated roots than in non-nodulated ones (Theunis, 2004; Ghosh,
2006), suggested to be at the origin of root nodule functionality, supported this hypothesis.

Consequently, the continuous release of this phytohormone by plant microbiome with low but
required quantities contributes to the IAA's physiological role in plant growth promotion and

hormonal balance for optimal development (Verma et al., 2019).

Therefore, screening, identifying and incorporating efficient IAA-producing rhizobacteria
strains that utilize the rich source of substrates released from roots in modern agricultural

systems becomes necessary. Thus, research is underway globally to exploit the potential for
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developing 1AA-producing Actinobacteria as plant inoculants to assist plants during their

growth and protection for sustainable agriculture.
1.6.2. Low-cost large-scale organic auxin production

The chemical manufacturing of auxins has several disadvantages, such as complicated
operation and reduced purity. The substance is also highly toxic to farmers and irritant to the
skin, eyes, and respiratory system, which decreases demand for it (Keswani et al., 2020).
Contrary to the negative attributes of synthetic IAA, microbial biotechnology for 1AA
production represents a sustainable, balanced alternative that benefits both farmers and
consumers (Bunsangiam et al., 2021; Mushtaq, 2021). The approach yields products with

improved bioactivity, purity, and decreased process costs (Subramaniam et al., 2016).

Through the efficient identification of potent IAA producers, in vitro and in silico process
studies, and medium engineering using organic wastes as carbon sources, specifically those
rich in tryptophan, the development of bioprocesses for large-scale microbe-originated 1AA
production, is currently gaining interest. Using such substrates minimizes the fermentation
cost, and the bioprocess could be expanded to create plant-biostimulants suitable for organic
farming. These materials are also favourable for the environment and the economy (Luziatelli
etal., 2021).

Organic IAA is the most promising method for designing and formulating green fertilizers for
agriculture. The production of affordable IAA from lignocellulosic wastes, such as oat straws
or hulls, is a cost-efficient substitute for other expensive media components that also require

the incorporation of tryptophan (Table 2) (De Oliveira et al., 2017).
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Table 2. Organic wastes as substrates for laboratory and large-scale IAA production from various microorganisms in optimal conditions.

Bacteria strain

Fermentation substrate

Production scale

I1AA yield

References

Streptomyces fradiae NKZ-
259

Pichia fermentans

Rhodosporidiobolus

fluvialis DMKU-CP293

Kasakonia pseudosacchari
TCPS-4

Enterobacter sp.

Saccharothrix

texasensis MB15

Streptomyces rubrogriseus
AW22

Corn starch and KNOs as
nitrogen source

Wheat straw

Pretreatment of substrate

with P. chrysosporium

Crude glycerol and feed-grade
tryptophan

Corn flour and soy bean meal

Vegetable peptone

Wheat waste (leaves and roots)

Spent coffee grounds and carob

beans power

Laboratory-scale /
submerged conditions

Laboratory-scale / broth and

submerged conditions

Pilot-scale

Laboratory-scale

Large-scale /

batch /benchtop fermenter

Laboratory-scale

submerged conditions

Laboratory-scale

submerged

42.345 ug. mL?

150 pg. mL?

3569.32 mg. L*

18.71 mg. L

17.2 mg

[IAAequ]/L/h)

148 pg. mL*

188,290 pg. mL?

Myo et al. (2019)

Giri and Sharma
(2020)

Bunsangiam et al.
(2021)

Chaudhary et al.
(2021)
Luziatelli et al.
(2021)

Benadjila et al.
(2022)

Alloun et al. (2023)
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1.6.3. Auxin-producing Actinobacteria

Actinobacteria possess the ability to synthesize physiologically active Auxin. IAA synthesis
was attributed to both Streptomyces and non-Streptomyces species. Nevertheless, compared to
other bacterial species associated with plants, concentration ranges are still moderate (0.2-15
mg/L).

Actinobacteria-originated auxin works as exogenous supply, thus may significantly influence
the endogenous IAA's homeostatic control represented by the biosynthesis, accumulation,
degradation/oxidation, and conjugation of IAA, signaling patterns, and relative expression of
auxin-responsive genes. The modulation of endogenous auxin level results in changes in plant
response to external stimuli and acclimation to the unpredictably unfavorable environmental

cues that can be deleterious for the plant.

Table 3 summarizes all the IAA producing Actinobacteria, their origin and their in vitro and/or

in vivo plant growth promoting activities on host plants.
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Table 3. Auxin producing Actinobacteria and their plant growth promoting activities.

Strain Taxa Origin/Host plant  1AA yield PGP Traits/effects on plants References
Streptomyces Saharan soil 74.39 pg. mL? Wheat Seedling growth stimulation and increased Toumatia et al.
mutabilis 1A1 shoot growth by more than 27% (2016)

Biocontrol of Fusarium culmorum by reducing

seedling blight occurrence (64.7%) and decreased

severity (79.6%)

Rhizosphere competence and colonization of internal

plant tissues such as the roots and caryopsis.
Endophytic S. Inner root tissues 100.3 pg. mL A broad spectrum of in vitro antifungal activities Zamoum et al.
rochei strain PTL2  of Panicum Suppress R. solani tomato damping-off by reducing (2017)

turgidum, a the disease incidence from 89.3% to 14.1% compared

Actinobacteria
isolates ABC21,
ANU34, ABC33
and ANC48
Actinobacteria
Streptomyces
isolates (48, S1, S3,
S4, S4-1)

Streptomyces sp.
MNC-1

Saharan native
plant in Algeria

Rhizosphere of
sugarcane

Arbuscular
mycorrhizal
Funneliformis
mosseae CMU-
RYAO08 spores

Merzouga desert,
Morocco

[5.33-60.28] ug.

mL7 after 21
days.

[0.74-11.12] ug.

mL?

Up to 75.54 ug.
mL! after eight

to Thiram® treatment (16.7%).
Significant improvement in the root length, shoot
length and dry weight of tomato (cv. Marmande)

seedlings

IAA production was detected after 14 days, indicating
late presentation of this phytohormone.

IAA production during reduced water activity at up to

aw = 0.919.

IAA and siderophore production,
P and K solubilization,

N-fixation

Rodrigues, (2018)

Lasudee et al.
(2018)

Nafis et al. (2019)
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Streptomyces sp.

Nocardiopsis
dassonvillei strain
MB22

Streptomyces spp.
Strain ASR 46,
ASR 58, ASR

75 and ASR 76

Streptomyces
strains (Car21t,
Cal31t,

Crc32t, Dbi28t,
Cal24h)

Nocardia BMG
111209 and
Nocardia
BMG51109
Streptomyces 7.1 -

Streptomyces strain

A20 and

Rhizosphere soil of

cucumber and
tomato

Algerian Sahara

Soybean
rhizosphere
(Glycine max)

Sponges from
Taman Nasional
Kepulauan
Seribu,

Indonesia.

Root nodules of
Casuarina glauca

Colombian soils

days of
incubation

[7.0-40.9] pug.

mL?

109.8 pg. mL?

0.46-30.6 mg.
mL?

Upto5mg. L

18.43 pug. mL ! of
protein

[4.07-7.98] ug.
mL?

Biocontrol F. oxysporum Schlecht.

f.sp. lycopersici (Sacc.) race 3 causing tomato wilt

PGP activities (IAA and siderophore production).

A significant increase in the durum wheat (cv.
Vitron) dry weight, root, and shoot lengths of
seedlings

Siderophores, chitinases and HCN production
P solubilization

Boosting hypocotyl and the radicular length, the
number of lateral roots, and dry weight
Siderophores and Chitinase production

P solubilization

Nitrogen fixation

Improved shoot and root lengths
Augmented root number
Siderophores production
N fixation

Alterations in root hair
Increased plant biomass and length
Activated infection and nodulation process

Increased root and shoot fresh weight in cultivar
F733.
Root endosphere colonization.

Abbasi et al., (2019)

Allali et al. (2019)

Fatmawati et al.
(2019)

Retnowati et al.
(2019)

Ghodhbane-Gtari et
al. (2019)

Suérez-Moreno et al.
(2019)
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Streptomyces strain
5.1

Streptomyces sp.
and Nocardiopsis

sp.

Streptomyces sp.
(ARK 13, ARK 63,
ARK 86, ARK 94,
ARK 116)

Streptomyces
thermocarboxydus
isolate BPSAC147

Arthrobacter
arilaitensis strain
(MG547869) and
Streptomyces
pseudovenezuelae
strain (MG547870)

Date Palm trees
rhizosphere
(Phoenix
dactylifera L.)

Soybean
Rhizosphere

Root tissues of
Alstonia scholaris
L.

Maize plantations

Upto5.8mg. L*

[2.08-16.70] ppm

Up to 39.4 pg.
mL*?

9.44+0.01 pg.
mL ! and

8.96 +0.03 ug
.ml™%, respectively

In vitro PGP traits, including cellulolytic and

proteolytic activities, inorganic P solubilization, IAA

and aminocyclopropane-1-carboxylate (ACC)

deaminase production, and Siderophore production).

Increased primary metabolites production, including

sugars, amino acids and unsaturated fatty acids.
Enhanced flavonoids and vitamins levels.
IAA and siderophore production.

Increased hypocotyl and radicular length
Enhanced lateral roots number
Inorganic P solubilization

Improved germination rate

Enhanced shoot and root lengths and dry weight
Enhancement of the chlorophyll fluorescence
parameters

Solubilization of inorganic P

Cellulase and Amylase production

Siderophores, HCN and Ammonia production
P solubilization

ACC desaminase activity

Improved seedlings emergence and growth
Enhanced shoot and root lengths, increased
germination rate and vigor index.

Increased dry shoot and root weights, chlorophyll

contents, and leaves number.

Abd Elgawad et al.
(2019)

Wahyudi et al.
(2019)

Passari et al. (2017)
and
Passari et al. (2019)

Chukwuneme et al.
(2020)
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Nocardiopsis
dassonvillei subsp.
dassonvillei T45,
Streptomyces
xantholiticus G22
and Streptomyces
iakyrus G10
Streptomyces sp.
strain SA1 and
Streptomyces sp.
strain S43

Streptomyces

Salty water
(Sebkha) in
Northeast of
Algeria

Camellia spp. roots
and leaves

Morrocan desert

[7.44-21.4] ng.
mL1

[4.4-46.5] ug.
mL?

Up to 128.44 ug.

PGP traits (IAA, ACC deaminase, siderophores, lytic
enzymes)

Biocontrol of tomato pathogens F solani and F.
oxysporum f. sp. lycopersici

In vitro PGP characteristics (P solubilization,
ammonia, siderophores and chitinases production).
Enhancement of tea clones’ growth, fresh and dry
biomass, in nursery conditions during seedlings
bioassays.

IAA production and stimulation of plant growth by

Djebaili et al. (2020)
Smati and Kitouni
(2019)

Borah and Thakur
(2020)

Boubekri et al.

griseorubens BC10 soils mL? inducing the rooting process from emergence to (2021)
elongation.
Streptomyces Triticum durum 41,79 ug. mL*? In vitro PGP traits (IAA production, ammonia, Alloun et al. (2023)
rubrogriseus rhizosphere, cellulases, and chitinases, proteases, lipases and
AW22 Tiffeche region of laccases production).
Souk-Ahras,
Algeria
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1.7. Machine-learning assisted optimization of auxin production

Synthetic IAA and other chemical agroactive substances pose severe environmental and farmer
safety risks. Furthermore, particularly in modern agricultural systems, they are expensive
regarding production yield. 1AA synthesis follows a pricey, occasionally unstable, and
dangerous chemical process. Its microbial production, in contrast, necessitates some specific
traits of microorganisms, most notably the genetic background of species or strains (Lebrazi et
al., 2020), which is greatly influenced by environmental conditions in the soil. Microbe-
originated IAA, notably Actinobacteria-originated 1AA, may be as effective as synthesized
homologous IAA as a secure and environmentally beneficial substitute (Bunsangiam et al.,
2021).

Actinobacterial proliferation, the quantity and profile of secondary metabolites, and the overall
metabolic pathway can all be impacted by changes in media composition. Similarly,
physiological cultural parameters like temperature, pH, fermentation duration, and nutritional
conditions, including L-tryptophan (the precursor) and carbon and nitrogen sources, determine

in vitro IAA generation and yield (Zerrouk, 2019).

Despite the enormous number of auxin-producing Actinobacteria identified in the literature, no
strain has, as far as we know, been exploited explicitly in the industrial manufacture of auxin
or commercialized. Thus, the production of auxin is, therefore, not an established attribute.
Under specific nutrient and cultural conditions, it can increase. Recently, experimental models
have been exploited to predict microbial growth and the synthesis of its metabolites. Artificial
neural networks (ANNSs) and response surface methodology (RSM) are some of these
techniques. All the reports implicating machine-learning approaches for optimizing specific

microbial metabolites are represented in the Table 4.
1.7.1. Response surface methodology (RSM)

To process complex data, RSM incorporates mathematical and statistical modeling into the
experimental design (Qin et al., 2012; Saini et al., 2020). The real benefit of RSM is that it
only involves a few tests for modeling. RSM enables quick completion of these tests and high-
precision answers based on the regression equation (Kavitha et al., 2016). RSM makes it
possible to simultaneously evaluate several interactions between the chosen parameters and

suggests the best value for each (Roy et al., 2018).
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The use of RSM prevents the superfluous addition of components to the culture medium despite
being simply a second-order polynomial (Feng et al., 2017). RSM increases the auxin yield
and decreases production costs by choosing the most critical variables, combining their effects,
and integrating their interactions. Additionally, RSM uses statistical significance analysis to
predict the highest auxin yield in line with the optimum fermentation medium and growth

circumstances recommended by the mathematical design.

Two approaches are recommended; the Plackett- Burman experimental design (PBD) first
screens and classifies the essential elements impacting the fermentation process in the
fractional factorial design. PBD only has two levels, a low (-1) and a high (+1), as opposed to
full factorial designs. Full factorial designs, however, demand a corresponding rise in the

number of trials and components.

The next phase entails applying RSM to optimize variables based on the broad ranges of the
ideal fermentation conditions predicted by PBD for increased IAA yield. Central composite
design (CCD) and Box-Behnken design (BBD) from RSM constitute a commonly adopted
statistical method for elaboration quadratic models and attempt at an effective auxin production
maximization (Ribeiro et al., 2003). For instance, BBD and CCD enable industrial-scale
Actinobacteria biomass preparation utilizing inexpensive substrates (Al Farraj et al., 2020).

1.7.2. Artificial Intelligence (Al)-based approaches

Parallelly, some bioengineering applications rely on Al-based methods such as artificial neural
networks (ANNSs). ANNSs respond as the primary method for modelling and treating complex
nonlinear or challenging connections when developing phenomenological or traditional models
evolves difficult or unfeasible (Lahiri and Ghanta, 2008). ANNs are iterative computational
techniques inspired by the brain's structure and made up of interconnected cells known as

neurons.

The ANNs model design comprises numerous data processing systems of many units (neurons)
(Dragoi and Vasseghian, 2021; Vasseghian et al., 2020). Each neuron possesses effective
internal communications that enable them to work harmoniously to resolve particular
challenges. Afterwards, it can be trained by building a network of connected artificial neurons,

developing a training algorithm for the network, and then using the algorithm on the network.

The multi-layer perceptron (MLP), consisting of the input layer, one or more hidden layers,

and the output layer, is the feed-forward ANN used most commonly (Ali and Abd, 2021).
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ANNSs are often trained using the Backpropagation (BP) optimization function (Al-Kharashi
and Skitmore, 2009) through Levenberg-Marquardt (LM) and Bayesian Regularization
procedures (BR). The first algorithm is a rapid BP approach (Chou et al., 2013) that randomly
splits the data into training, validation, and testing phases. The second necessitates two phases:
testing and training (Khalid et al., 2017).

The complexity and performance of the chosen ANN model dictate the number of hidden
neurons, which is an essential element while building the network. Low numbers of hidden
neurons can lead to lower prediction performance, whereas too many neurons can cause
overfitting and long computing delays (Pandey et al., 2016). Therefore, choosing the adequate
number of neurons that offers the best predictive accuracy is critical.

The correlation coefficient (R), determination coefficient (R?), and mean squared error (MSE)
are used to estimate the model's accuracy. An analysis of a model’s prediction performance can
be made when the MSE is at its lowest and R? is high, R?>0.98~0.99.

The most popular transfer functions are tangent sigmoid (tansig) and logarithmic sigmoid
(logsig), which are employed for the created network to deliver more exact and accurate
prediction results, especially when the phenomenon is nonlinear (Ali and Abd, 2021).

1.7.3. Importance of ANN integrated approaches in Microbial Biotechnology

The use of ANNs in microbial biotechnology to create process models is only occasionally
documented in studies. ANN-based models have some advantages over traditional methods,
including the capacity to forecast and optimize any complicated data process parameters in
silico (Desai et al., 2008). ANN can be created without foreknowledge, can handle incomplete
data from the inputs and outputs material and does not involve a mathematical description of
the phenomenon examined (Azizi et al., 2016). Thus, this approach generates appropriate
predictions of the best bioprocessing methods (Aghaeinejad-Meybodi et al., 2019; Dhanarajan
et al., 2014; Mourabet et al., 2014).

The exceptional generalization capabilities of ANN, along with its capacity for handling noise,
allow it to anticipate outputs accurately for fresh input data sets. In high-dimensional space, it
learns designs and anticipates problems' repercussions (Nguyen et al., 2021). It cannot ensure

the success of the ideal global solution (Rajendra et al., 2009).
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1.7.4. Meta-heuristic algorithms as optimization tools

Meta-heuristic optimization algorithms, based on the fundamentals of natural phenomenon
(Jiang et al., 2014; Poh et al., 2016). These algorithms do not easily get trapped in a local
minimum (Agarwal et al., 2016). According to literature, the most commonly solicitated

algorithms are the Genetic Algorithm (GA) and Particle Swarm Optimization (PSO).

GA relies on the Darwinian genetic evolution principle and uses genetic operators such as
selection, mutation and/or inversion, and crossover to find the appropriate solution to the
problem (Yahya et al., 2020). This procedure is called the fitness function (Ghaedi and Vafaei,
2017). This operation is repeated several times over generations to generate the fittest
chromosomes, constituting the solutions or the optimal operating variables for the studied

bioprocess.

Thus, GA represents a suitable evolutionary, adaptive optimizer often coupled with ANN and
finds the precise or approximate optimal operational parameters for a single exclusive target,
such as IAA production, with satisfying performance while reducing ANN complexity (Fan et
al., 2018). Few studies have been reported concerning the ANN-GA for optimizing 1AA
production from Streptomyces strains using low-cost substrates.
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Table 4. Statistical and Al-based optimization approaches for specific microbial metabolites.

Approach Design Microorganism Metabolite Reference

RSM CCD Bacillus subtilis Jiean-peptide Zhong et al. (2014)

RSM CCD Streptomyces Oxytetracycline Singh and Rai (2012)
NMDS, ANN CCD Streptomyces Actinomycin D Tripathi et al. (2012)
RSM BBD, PBD Streptomyces Antibiotic Rajeswari et al. (2014)
RSM CCD, PBD Streptomyces olivaceus Olivanic acid Singh and Tripathi (2008)
RSM BBD, PBD Streptomyces Milbemycin Baoxin et al. (2011)
ANN, PSO, RSM CCD Bacillus licheniformis &-Polylysine Bhattacharya et al. (2017)
RSM BBD, PBD Streptomyces sp. 1-14 Antibacterials Yun et al. (2018)

RSM CCD, PBD Streptomyces fradiae NKZ-259 IAA Myo et al. (2019)

RSM CCD Rhizobium sp. IAA Lebrazi et al. (2020)
RSM BBD Pichia fermentans IAA Giri and Sharma (2020)
ANN, MOGA CCD Kazakonia pseudosacchari TCPS-4 IAA Chaudhary et al. (2021)
RSM BBD Rhodosporidiobolus fluvialis DMKU-CP293  IAA Bunsangiam et al. (2021)
RSM CCD Saccharothrix texasensis MB15 IAA Benadjila et al. (2022)
RSM, ANN-GA BBD, PBD Streptomyces rubrogriseus AW22 IAA Alloun et al. (2023)
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2. Materials and Methods

2.1. Isolation of Streptomyces-Like isolates

Actinobacteria were isolated from soil samples originating from two different sites in Algeria
(Appendix A: Figure S1). The first consists of a semi-arid, nonsaline rhizospheric soil collected
from wheat-growing fields in the Tiffeche Region (36° 9’ 24" N; 7° 41’ 56" E) of Souk-Ahras
Province. The second was the aquatic sediments of Lake Oubeira, EI Kala region of Taref,
Algeria (36°50'26.3"N 8°23'07.9"E).

After detaching the healthy wheat roots from the soil without visible damage, the bulk soil was
withdrawn by shaking the roots. The still firmly adhered soil was recovered as rhizospheric
soil and safely transferred. Soil samples of aquatic sediments were collected at 15 cm depth

from different points, merged, transported to the laboratory, and kept at 4°C until use.

Upon processing, after a pre-incubation of 1 h at 45°C three replicates of 4-5 g of soil samples
were mixed with 1 g of CaCOs and processed for actinobacteria isolation (Suarez-Moreno et
al., 2019). Starch Casein Agar (Starch 10 g/L, Casein 1 g/L, K;HPO4 0.5 ¢g/L, Agar 13 g/L, pH
7.2) and yeast extract-malt extract agar (International Streptomyces Project medium 2 [ISP 2]
(Malt extract 10.0 g, yeast extract 4.0 g, glucose 4.0 g, agar 18.0 g, and distilled water 1000
mL; pH 7.0 £ 0.2) were used as the isolation media, and plates were incubated for 7-21 days at
28°C, as described previously by Kusuma et al. (2020). Streptomyces-like isolates were
selected based on their microscopic and macroscopic features, purified by subculturing, and
subsequently characterized on International Streptomyces Project media (ISP2, ISP3, and ISP4)
(van der Aart et al., 2019; Yan et al., 2018). Pure colonies were maintained on yeast extract-
malt extract agar (International Streptomyces Project medium 2 [ISP 2] (Shirling and Gottlieb,

1966) and as mixtures of hyphal fragments and spores in 20%, v/v glycerol at -20°C and -80°C.
2.2. Plant growth-promoting traits

All isolates were investigated for their plant growth-promoting activities including their ability
to produce catalase, IAA, ammonia (NH3) and hydrogen cyanide acid (HCN) and in vitro

biocontrol potential.
2.2.1. Antagonism assay

The antifungal activity of the Actinobacteria-like isolates was assessed in vitro against
Fusarium culmorum according to the dual culture method. The wheat root-rot causing fungi

was obtained from the LaMyBAM culture collection. Briefly, a six-day old fungal plug of 6
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mm was deposited 3cm apart from the Actinobacterial streak performed 3 days before on PDA.
After 7 days of incubation at 30°C, and until fungal mycelia completely covered the agar
surface in the control plate, the percentage of inhibition of fungal growth was calculated
according to Montealegre et al. (2003).

1%= (Rc-Ra/Rc) x100%

Where, Rc = Radial growth of fungus in control plates (mm). Ra = Radial growth of fungus on
the plate inoculated with Antagonist (mm). Results are expressed as means +standard deviation
of three replicates of inhibition rates (%) of the fungal growth in the presence and absence of

the potential Actinobacteria antagonist.
2.2.2. Auxin production and quantification assay

IAA production of Actinobacteria isolates was screened on yeast extract-tryptone broth (YTB)
[in g L : Yeast extract, 5 ; Tryptone, 10 ; NaCl, 5; pH 7.0+0.2] in the presence of 0.2% (w/v)
L-tryptophan. Flasks were inoculated with a spore suspension of a concentration of (~ 108
spores ml™t) followed by incubation at 28+0.2°C for 8 days under the agitation of 150 rpm
(Alloun et al., 2023). The higher IAA producer was selected for further studies.

The eight days culture supernatants were obtained via filtration through Whatman No. 1 filter
paper, followed by centrifugation (30 min at 4000xg). The auxin colorimetric assay was
performed according to Sadeghi et al. (2012) using the Salkowski reagent at a ratio of (1:2)
(V).

The development of a pink-red colour after 30 min of incubation in the darkness indicates
indole compound production by the Actinobacteria. The optical density of the samples was
measured at 530 nm using a Helios epsilon UV-vis spectrophotometer (Germany), and 1IAA
concentration was estimated using a standard curve prepared with a synthetic IAA purchased
from Sigma, USA (Passari et al., 2015).

2.2.3. Ammonia production

Ammonia production was investigated as described by Cappuccino and Sherman (1992).
Briefly, 100 pL of Actinobacteria cultures (~10° spores.ml™®) were inoculated into 10 ml
peptone water and cultures were incubated on a rotary shaker (150 rpm, 30°C) for five days.
After the addition of Nessler’s reagent (0.5 mL), the development of a yellowish to brownish

colour indicated ammonia production.
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2.2.4. Hydrogen Cyanide production

Hydrogen Cyanide production by Actinobacteria isolates was monitored following the
procedure described by Farda et al. (2022) and Lorck (1948). Briefly, five days-old-cultures
were inoculated on HCN medium (Nutrient agar supplemented with 4.4 g L™ of glycine) to
investigate Cyanide production. A Whatman No. 1 filter paper (9 mm in diam.) was
impregnated with picric acid (0.5%) in 2% sodium carbonate solution for 1 min and placed
underside of the Petri dish lids. The plates were sealed with parafilm and subsequently
incubated for seven days at 30°C. The development of orange to red colour on the filter paper

margins indicated the production of HCN (Passar et al., 2015).
2.3. Polyphasic characterization of isolate AW?22

Based on metabolic and bacteriological characterization, and plant-growth promoting traits
screening, isolate AW22 was selected and further investigated for morphological, biochemical,
and PGP (i.e., IAA quantification, lytic enzymes production) traits. The isolate was also

identified by molecular approach.
2.3.1. Bacteriological characterization

Morphological and cultural characteristics, such as the pigmentation of aerial and substrate
mycelia colony size, growth rate and the presence of the diffusible and melanoid pigments,
were examined after 8 days of incubation at 28°C on different culture ISP media (ISP1, ISP2,
ISP3, ISP4, ISP5, ISP7) according to the descriptions provided by Bergey’s Manual of
Systematic bacteriology (Goodfellow et al., 2012; Shirling and Gottlieb, 1966).

2.3.2. Carbon sources utilization profile

Determination of sugar utilization profile of selected isolate was adapted to a 96-well
microplate using Minimal medium (MM) [in g L% NaNOs, 1.2 ; K;HPOq, 6 ; KH2PO4, 3 ;
MgS0O47H20, 0.2 ; CaCl,, 0.05 ; MnSO47H20, 0.01 ; Zn SO47H20, 0.001 ; pH 7.0+0.2]
amended with 0.2% (w/v) of Fructose, Mannose, Maltose, Xylose, Arabinose, Lactose,
Galactose, Sucrose, Mannitol, Ribose and Rhamnose. Phenol red (PR) was used as a pH
indicator instead of Bromocresol purple (BCP). All sugars were filter-sterilized into the MM
after autoclaving. The positive control consisted of MM supplemented with 0.2% (w/v)
glucose, while MM devoid of any added carbon source was employed as a negative control. 96

well Microplates were UV-sterilized for 20min before utilization.
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Each well was filled with 180ul MM (with and without C source) completed to a volume of
200l with spore suspension (10 spore/ml). The assay was performed in triplicates. For five
days, parafilm-sealed microplates were incubated at 28°C under slow agitation (100 rpm) and
examined periodically. The colour change of the PR into yellow indicated a positive result.

2.3.3. Nitrogen source utilization profile

The utilization of amino acids as the sole nitrogen source by the selected Actinobacteria strain
was also evaluated (Williams et al., 1983). Each nitrogen source (proline, glycine, leucine, and
L-asparagine) was introduced to the basal medium (pH of 7.0+0.2) at final concentration of
0.1% (w/v) and incubated for 14 to 21 days at 30°C.

2.3.4. Physiological and biochemical characterization

The biochemical and physiological characteristics were evaluated according to Williams et al.
(1983) with modifications. The ability of Actinobacteria isolate to grow at different
temperatures (4, 15, 20, 25, 30, 35, 40 and 45°C), at different pH (5.0, 7.0 13.0 £0.2 pH unit)
and to tolerate Phenol 0.5%, Tellurite 0.5%, Sodium azide 0.1% and NaCl concentration from
0-10% (w/v) at 1.0 NaCl unit intervals) were examined. These characteristics were evaluated
on GYM agar after 14 days of incubation. The assessment of nitrate reduction, urease
production and skim milk peptonization were also performed.

2.4. Lytic enzymes production

2.4.1. Protease assay

Actinobacteria isolates were spot inoculated on 10% (v/v) skimmed milk agar (SMA) to detect
extracellular proteases. SMA consists of a stock solution of skimmed milk and agar solution
autoclaved individually at 115°C for 10 minutes and 121°C for 20 minutes, respectively. The
two solutions were mixed at 60°C to a 1% final concentration of skimmed milk. After
incubation at 30°C for 48-72 hours, the formation of clear zones around the colonies

indicated extracellular caseinase production (Abdelmoteleb et al., 2017).
2.4.2. Cellulase production

The cellulolytic activity, the cleavage of amorphous cellulose, was assessed semi-
quantitatively on the minimal medium agar amended with 1% (w/v) Carboxymethyl cellulose
(CMC) as the sole energy and carbon source [in g/L: NaNOs, 1.2; KoHPO4, 6; KH2PO4, 3;
MgS0O47H0, 0.2; CaCly, 0.05; MnSO47H20, 0.01; Zn SO47H20, 0.001; Agar, 15; pH 7.0].
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CMC plates were spot inoculated with 5-day-old cultures in the petri dish centre, then incubated
for five days at 30°C (Ahirwar et al., 2017). The CMC degradation ability of the strain was
detected after flooding plates with 0.1% Red Congo (aqueous) solution for 30 minutes, then
destained using 1 M NaCl solution to make the hydrolyzed zone visible and clear. Cellulase
activity was revealed by the colonies developing a visible halo (Slama et al., 2019; Suarez-
Moreno et al., 2019).

2.4.3. Lignin oxidation activity

The ability of the strain to develop on purified lignin was evaluated on the minimal medium
containing 0.5% (w/v) craft Lignin as the sole carbon source [in g L% NaNOs, 1.2; KoHPOsu,
6; KH2PO4, 3; MgS047H20, 0.2; CaClz, 0.05; MnSO47H0, 0.01; Zn SO47H20, 0.001; Agar,
15; pH 7.0]. The colony growth after incubation at 30°C for five to seven days indicates a
positive result (Alloun et al., 2023).

2.4.4. Amylolytic activity

Spot inoculation of the Actinobacteria isolate on Starch-Casein Agar media containing 1%
(w/v) of soluble starch was performed [in g L Starch, 10; Casein, 0.3; KNOs, 2;
MgS0O47H20, 0.05; K2HPO4, 2; NaCl, 2; CaCOs, 0.02; FeSO47H20, 0.01; Agar, 15; pH 7.0].
This Method enables the assessment of starch hydrolyzation mediated by Amylase activity.
After incubation for three to four days at 30°C, Lugol’s iodine solution [ in (w/v) iodine, 5%
and KI/L, 10%) was poured on the plates’ surface. Prominent halo development around the

colonies is an indicator of a positive amylolytic activity of the isolated (Slama et al., 2019).
2.4.5. Chitinolytic activity

The chitinolytic activity of Streptomyces-like strain was detected according to Gonzalez-
Franco et al. (2003). The isolate (10uL of five-day-old cultures, 10® spore/mL) were spot
inoculated on colloidal chitin agar medium (0.4%) (w/v) then incubated for five to seven days
at 30 °C.

The colloidal chitin agar media (pH 7.0+ 0.2) consisted of [in g L: (K2HPO4, 0.7; KH2PO4,
0.3; MgSO45H,0, 0.5; FeSO47H20, 0.01; ZnSOs 0.001; MnCl,, 0.001; agar, 15),
supplemented with 0.4% moist colloidal chitin as the sole carbon supplier (Gémez Ramirez et
al., 2004; Murthy and Bleakley, 2012). A halo surrounding the colonies revealed the
chitinolytic activity of the test strain (Murthy and Bleakley, 2012; Zamoum et al., 2015).
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2.4.6. Lipolytic activity

Lipase, Lipoproteinases, and Lecithinases production were evaluated on Braid Parker agar after
4 days of incubation at 28°C. Esterase production was examined on Twain 20 and 80 after

incubation at 28°C for 8 days.
2.5. Molecular identification

The isolate AW22 was identified taxonomically using 16S rRNA gene sequencing ALVALAB,
Spain). Genomic DNA was extracted and the 16S rRNA gene was amplified by PCR using the
universal  primers 27F  (5'-GAGTTTGATCCTGGCTCAG-3’) and 1492R (5’
TACGGYTACCTTGTTACGACTT-3') as described by (Girdo et al., 2019). Purified PCR
products were sequenced by Sanger method. The 16S rRNA gene sequences were processed,
and the isolate's taxonomic affiliation was determined using the NCBI BLAST tool and
validated using the identity tool from EzTaxon and the sequence match tool from the
Ribosomal Database Project. In addition, a phylogenetic tree was constructed to supplement
the taxonomic assessment of the isolates. BLAST results were used to determine the nearest
neighbor sequences in GenBank. MUSCLE was used to align all sequences that met these
requirements (a Geneious software package). The phylogenic tree was then built with 1000
bootstraps using the Maximum Likelihood approach and the Tamura-Nei model. The tree was
created using the Molecular Evolutionary Genetics Analysis software Version 11 (MEGAL11)
(Kumar et al., 2016).

2.6. Time course of IAA and biomass yields from strain AW 22

The optimal incubation period for IAA and biomass yield by AW 22 was determined over ten
days on GYM broth supplemented with 0.2% (w/v) L-tryptophan. The conventional oven
method measured biomass development (Buono and Erickson, 1985). The AW 22 cultures
were filtered using Whatman No. 1 filter paper and dried at 70 °C for 12 hours. All tests were
carried out in triplicate with an inoculum size of 3.8x10® CFU/mL of AW 22 cells to obtain

average values.
2.7. Extraction and TLC confirmation of IAA

The synthesis of IAA was confirmed by thin-layer chromatography (TLC), as Goudjal et al.
(2013) reported. Fractions were extracted with Ethyl Acetate (EA) at a ratio of (1:3) (v/v) and
vacuum evaporated at 40°C. Further, EA fractions of 10-20 pl were spot-deposited on TLC
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plates (silica gel GF254, thickness 0.25 mm, Merck, Germany) and developed in ethyl acetate:
chloroform: formic acid (55:35:10, by volume). TLC plates were treated with Ehmann’s
reagent before their visualization under UV light (254 nm), displaying spots with identical Rf
values to the standard IAA.

2.8. High-Performance Liquid Chromatography (HPLC) for IAA quantification

EA fractions were subjected to a High-Performance Liquid Chromatography (HPLC, Agilent
Technologies, USA) equipped with a UV detector and a column model Cosmosil SC18-MS-11
(Nacalai Tesque, Japan). The elution system and the flow rate were optimized and adapted
from (Bunsangiam et al., 2021; Kaur and Kaur, 2021; Myo et al., 2019; Nutaratat et al., 2015).

The mobile phase's solvent system consisted of acetonitrile: water: acetic acid (35:65:1 v/v/v)
ata 1 mL/min flow rate (Nakurte et al., 2012) with a 20 pL injection volume. Thus, the isocratic
elution method was preferred over gradient elution while the column temperature was sustained
at 25°C. As the standard, authentic IAA (Sigma, USA) was used to quantify IAA in the sample.
IAA detection was monitored at 280 nm.

2.9. Medium preparation and culture conditions

Samples of SCG were collected from coffee shop consumption of Robusta coffee beans at
85°C, Algeria. Carob extracts were obtained from freshly collected carob beans. Substrates
were either air-dried for fifteen days or heat-dried for eight hours at 60°C for, and Carob beans
were chopped, ground and sieved. Extracts were obtained from air-dried SCG by hydrothermal
method at 121°C at a concentration of 0.2% (w/v) of distilled water. Subsequently, aqueous
solutions were filtered using 8 layers of cheesecloth and Whatman No. 1 filter paper to obtain
clear extracts and stocked at 4°C (Wu et al., 2019).

2.10. Screening for the best-suited carbon source for 1AA yield

Different culture media were tested, consisting of the minimal medium (MM1) [in g L™
NaNOs, 1.2; KoHPOs, 6; KH2POs, 3; MgS047H20, 0.2; CaClz, 0.05; MnSO47H20, 0.01; Zn
S047H20, 0.001; Agar, 15; pH 7.0] supplemented with different carbon sources at 1% (w/v).
These substrates consist of carboxymethyl cellulose (CMC), collected carob beans powder
(CCB), spent coffee grounds (SCG), oatmeal (Oat), wheat straw fibres (W.S) and starch (Sta).
The MM containing glucose as a carbon source was used as the positive control. All media

were supplemented with 0.2% (w/v) L-tryptophan (Khamna et al. 2010). Culture media were
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inoculated with one millilitre of spore suspensions (~ 108 spores.ml™!) and incubated under

permanent agitation at 150 rpm and 30 °C for eight days.
2.11. Effect of selected carbon source on IAA production

The effect of substrate concentration on the isolate AW 22's ability to generate IAA was
investigated. Glucose at 0.2%, 0.5%, and 1% (v/v), Carob Beans Powder extract at 10-50%
(v/v), SCG extract medium at 10-50% (v/v), and L-Trp at 0.2% (w/v) were added to the MM.
The negative control consisted of a MM devoid of L-Trp, while the positive control was
Glucose 0.5%. AW 22 cultures were inoculated and incubated at 28 °C for 8 days under

permanent shaking at 150 rpm.

2.12. Statistical optimization of IAA generation
2.12.1. Significant parameters screen using PBD

After obtaining the maximal IAA production using the time course experiment, applying the
Plackett-Burman experimental design aims to screen fourteen independent variables. This
approach attempts to determine the most influential media components in the IAA generation
(Khosravi-Darani and Zoghi, 2008; Purama and Goyal, 2008). Eleven nutrient factors (L-
Tryptophan, SCGE, CBPE, CaCOs, Yeast extract, soluble starch, Tryptone, NaCl, KoHPOs,
MgSOQa), three culture conditions (pH, growth temperature, incubation time), and inoculum
amount (in%) (v /v) are included in these parameters (Zhao et al., 2013).

All independent factors were examined at two widely-spaced intervals, represented as negative
values (low level, — 1) and positive values (high level, + 1) in 20 experiments. Each row
represents a trial with a response value consisting of IAA yield.

The factors' actual levels are listed in Table 5, while the PBD matrix in uncoded units is

summarized in Table 6.

All experiments were performed in triplicate, and the mean value constituted the response. The
statistical metrics of the model were determined via the analysis of variance (ANOVA). The
variables’ significance was estimated by calculating the p-value and confidence levels using
the standard regression analysis. Factors presenting a 5% level of significance (p <0.05) were
further optimized with BBD to increase 1AA yield.
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The PBD first order model is given in equation (1):

Y =By + X Bix; (Eq. 1)

where Y stands for the dependent variable (response = IAA production), o corresponds to the
model' intercept, Bi represents the regression coefficient, and x; is the independent variable.

Minitab 19.0 statistical software package was used for the PBD and results analysis.

Table 5. Actual values of independent variables screened by PBD.

Facto label Variables Unit level

-1 1
X1 CBP % 30 50
X2 SCG % 30 50
X3 Starch gLt 2 5
X4 Tryptone gLt 3 6
X5 Yeast E gLt 2.5 5
X6 L-Trp % 0.3 0.6
X7 NaCl gLt 1 5
X8 K2HPO4 gLt 0.3 0.7
X9 MgSO4 gLt 0.2 0.5
X10 CaCOs gL? 1.0 1.5
X11 Incub. Time Day 6 10
X12 T °C 26 35
X13 pH - 740.1 9+0.1
X14 Inoc. amount % 2 4

Note: X1-X14 correspond to various impact variables; "1" and "-1" are two different levels.
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Table 6. Plackett-Burman experimental design matrix in uncoded units.

RunN° X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 X14

1 + -+ o+ o+ 4+ - -+ o+ - + + -
2 -+ -+ + + + - - + + - + o+
3 + -+ o+ - - - -+ -+ - + o+
4 - - - - - - . - - - - - -
5 + o+ - - - -+ -+ -+ o+ + o+
6 + - - - -+ - + -+ o+ o+ + :
7 + -+ -+ 4+ o+ o+ - -+ o+ - +
8 + + -+ o+ - - - -+ - + - +
9 + - -+ o+ - o+ o+ - - - - + -
10 -+ -+ -+ 4+ o+ o+ - - + + -
11 - + o+ - - - - + -+ - + + +
12 - - - -+ -+ -+ 4+ o+ o+ : :
13 - -+ o+ -+ 4+ S + - +
14 + + + + - - 4+ + - 4+ + - - -
15 -+ o+ -+ o+ - - - -+ - + -
16 - + 4+ + + - - + + - + + - -
17 - - - + -+ - + + + o+ = = +
18 + o+ - -+ o+ - + + - - - - +
19 - -+ -+ -+ + o+ o+ - = + +
20 + + o+ - -+ o+ -+ o+ - - - -

Note: X1 ~ X14 represent the impact variables; "+" and "-" correspond to two different levels; 1 to 20
represent 20 different sets of fermentation conditions.

2.12.2. RSM-BBD: Model elaboration

The four highly significant process parameters obtained from PBD (SCG, L- tryptophan
concentration, incubation temperature and pH) were later subjected to RSM analysis using the
Box-Behnken design (Lanka and Latha, 2015). Twenty-eight trials with four central points
were generated with the statistical software package Minitab 19.0 to maximize response and
correlate mathematically independent variables (Vasseghian et al., 2017).

Each element was evaluated on a level of +1, 0 and -1, where O represents the central coded

value, +1 represents a high value, and -1 represents a low value (Actual and coded values are
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given in table 7 and 8, respectively). The actual response of the IAA yield was selected as the
triplicate set's mean. Further, each response was fitted to an independent second-order

polynomial model represented in the equation (2):

Y = Bo+ X Bix; + X Puxixj + X Pijxix; (Eq. 2)
where the forecasted response value Y represents IAA production, Bo is the constant term
coefficient, i is the primary term coefficient, Bii is the quadratic term coefficient, and xi is the

independent variable.

The following equation (Eq. 3) describes the relationship between xi the independent variable

and its actual value X;:

X;i—X
X =50 (Eq.3)
where Xo and 6X stands for the actual value of the independent variable at the test center point,

and the step change of the independent variable, respectively.

The regression equation was also used to calculate predicted response values and the statistical
competency of the model was resolved using variance analysis (One-way ANOVA). The
significance of each factor and the regression model are assessed using the F- and p-values. As
a result, a high Student's t-test with a low p-value attests to the regression model's high
reliability (Vasseghian et al., 2020). The coefficient of determination (R?) and the adjusted R?
statistically assessed the precision of the polynomial model equation.

2D surface plots were generated to demonstrate the interconnections between the responses
and the experimental levels of each independent variable. The software's response optimizer

tool aimed to determine the best value for each variable to provide the greatest IAA.

Table 7. Actual and coded values for the independent variables evaluated in the BBD.

Factors
Level L-Trp (%) SCG (%) Temperature (°C) pH
-1 0.2 30 26 7.1
0 0.4 40 30 8.05
1 0.6 50 35 9

Note: "1", "0" and "-1" correspond to three different level.
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Table 8. Experimental matrix of BBD in uncoded units and experimental data.

Variables IAA yield (ug. mL™?)

Run A B C D Y (Test value) Y (Fit value)  Residual
1 1 0 1 0 173.06+6.23 179.99 -6.93
2 0 0 0 0 177.18+6.34 120.29 56.88
3 0 1 1 0 86.28+2.74 102.29 -16.01
4 0 1 0 1 74.11+4.63 82.33 -8.22
5 1 0 -1 0 64.20£1.82 98.62 -34.41
6 0 1 -1 0 80.87+3.57 54.46 26.41
7 -1 0 1 0 77.37£10.03 46.89 30.48
8 -1 0 -1 0 34.36+1.54 31.37 3.00
9 0 0 0 0 76.99+4.96 120.29 -43.31
10 -1 0 0 1 31.20£1.37 50.43 -19.22
11 -1 1 0 0 18.56+1.26 22.21 -3.66
12 1 0 0 -1 184.36+7.85 184.02 0.35
13 0 0 1 -1 159.27+6.94 138.15 21.12
14 1 1 0 0 115.35+7.31 92.36 22.99
15 0 -1 0 1 94.23+4.82 76.65 17.58
16 0 0 0 0 155.68+9.42 120.29 35.38
17 -1 0 0 -1 25.31+2.88 35.73 -10.42
18 1 -1 0 0 176.60+7.12 150.14 26.47
19 0 -1 -1 0 78.71£5.71 81.58 -2.87
20 0 -1 1 0 85.37+1.96 130.66 -45.29
21 0 0 -1 -1 129.96+2.80 123.77 6.19
22 0 0 0 0 71.3415.05 120.29 -48.96
23 0 0 -1 1 57.971£6.20 56.28 1.69
24 0 1 0 -1 60.80+9.14 82.32 -21.52
25 0 0 1 1 155.44+9.00 138.81 16.63
26 -1 -1 0 0 19.76+2.61 19.93 -0.18
27 1 0 0 1 94.04+3.59 102.49 -8.46
28 0 -1 0 -1 147.77+12.37 143.49 4.28

Note: 1 to 28 represent 28 different sets of fermentation conditions.
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2.13. Machine learning modeling of IAA generation

The feed-forward back propagation (BP) or Levenberg-Marquardt (trainlm) algorithm was
used to generate and train an ANN model using the previously reported BBD data. The distinct
divisions of the several neurons that comprise an ANN are the input, hidden, and output layers.
The hidden layers, single or multi-architecture, are the operating units serving as feature
detectors and introducing nonlinearity into the network (Lépez et al., 2017). The development
of an ANN model is divided into multiple phases—the training and validation phases (input
feed-forward multilayer and error backpropagation).

Nevertheless, as indicated by (Maji et al., 2014), the total number of data points was increased
to 200 and generated using the second-order polynomial equation because the insufficient
experimental data sets from BBD that doesn’t allow to develop an effective network
architecture. During the training phase, the validation technique intends to reset the built-in
model's reliability. The model can be used in subsequent applications only when the validation

findings match expectations.
2.13.1. Artificial neural network (ANN) modeling

At this level, the conventional input feed-forward multilayer ANN (MLP) is combined with a
training algorithm for ANN model development. MLPs are simple universal approximators
aiming at modeling physicochemical processes (Jasso-Salcedo et al., 2017; Moghri et al.,
2017).

The datasets are divided into three subdivisions. Each subset includes 70% of the data for
testing, 15% for validating, and 15% for training the network. In the ANN topology
(architecture), inputs and outputs are fixed components. At the same time, the number of hidden
layers and their neurons form a series of variable elements. Bias and weights enable the
expression of the connections between each layer. In addition to network architecture, internal
parameters are chosen based on empirical data to achieve the best ANN identification. As a
result, 11 alternative training algorithms and a five-fold cross-validation strategy were
employed to determine the ANN core parameters and the optimal number of hidden neurons.

The current process's inputs are the initial concentrations of L-Trp (X1), operating temperature
(X2), initial pH (X3), and SCG concentration (X4), and the system's output is the yield of IAA.

Two hidden layers were chosen, each with a neuron number ranging from [1-10].
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Figure 4 shows the present ANN simple structure, and Table 9 summarizes the design

parameters adopted in developing the present ANN model.

Bias

Bias
L-Trp (%)
T°(°C)
pH ° 5 |AAyield
_______ (ug/mL)
SCGs (%)

Weights
Conncetion
thresholds

Weights
Conncetion
thresholds

Input
layer

Hidden
layer

Output
layer

Figure 4. Typical design of the current artificial neural network (ANN).

Table 9. Parameters adopted in creating the ANN model.

Type Description

Inputs layer 4 neurons (L-Trp concentration, SCG concentration, T°, pH)
Hidden layer n= 2 layers; m=12 neurons

Output layer 1 neuron (1AA yield)

Learning rate 0.01

Epoch 1000

MSE goal 0.001

Algorithms Levenberg-Marquardt (trainlm)

Sigmoid (tansig): preferred between input and hidden layers
Function Linear: preferred between hidden and output layers

This work developed a three-layered BP-ANN. An activation function operates to generate

simulated output on a network that has been trained using random weights and bias values. The
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activation functions generate the output by converting the weighted sum of the input (Celekli
etal., 2013).

As indicated by equation (4), the signals emitted by the hidden layer are expressed in weights
and thresholds via a transferring function.

Still, the hidden-to-output layer-oriented signals constitute the predicted value that may be

expressed by the equation (5).

Xj = F(Z?:l X; X Wi + P]) (Eq 4)

Yi—pred = FI(Z?:l v; X x; + Q) (Eg. 5)

where:

Xi, bj represent the input and the hidden neuron values, respectively.

wij and vj correspond, respectively, to the weights between xi (input neuron) and xj (hidden
neuron) and xj (hidden neuron) and the output neuron.

Pj and Q represent the connection thresholds of the hidden and output neurons, respectively.
F means the transfer function between xi and xj; £’ means the transfer function between xj and
the output neurons.

Yi-pred IS the IAA concentration predicted value.

wij, Pj, vj, and Q are first arbitrarily designated low values for subsequent readjustments during

the feedback process.

The output and hidden layers have linear and tangent sigmoid transfer functions, respectively.
All the ANN model’s training values were normalized between 0 and 1 via the min-max
method expressed in equation (6) to prevent numerical overflows brought on by larger or

smaller weights:

Xi—Xmin

(Eq. 6)

X=X
max min

where Xi, Xmin and Xmax represent the normalized, least and highest values of X (original value),

respectively.
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Upon training, the BP algorithm is executed with the error backwards propagation to minimize
the prediction mean squared error (MSE) iteratively between experimental and simulated

output data and constantly adjust weights and biases between neurons.

The MSE (Eq. 7) and the determination coefficient (R?) (Eq. 8) served as metrics for
performance to develop an ideal ANN model capable of evaluating the accuracy of predictions
made between the ANN outputs and the targets (Dhanarajan et al., 2014; Sivapathasekaran et
al., 2010; Vasseghian and Dragoi, 2018). The number of hidden neurons was determined based
on the minimum value of MSE (Rajendra et al., 2009). An optimum network architecture was
chosen based on the least MSE and maximum R-values to prevent data over-fitting and

improve output accuracy and predictability (Dhanarajan et al., 2014; Huang et al., 2007).

MSE = Z?zlw (Eq. 7)

n

no(y. . 2
RZ — Zl=1(3’z J’L—pred) (Eq 8)

2z
Z?zo(yl'—av_Yi—pred)

where Yi.pred @and y;i correspond to the predicted and provided output values, respectively, and n
is the respective number of provided data points for the corresponding phase (training, testing,

or validation), yi-av is the average value.

The hidden neuron weight (Wj) can be computed according to equation (9), which can be put

forward:

W = X, wijx; (Eq. 9)

where k represents the input layer-related number of neurons, wj; is the connection weight
between x (output neuron) and b (hidden neuron).

I is the input layer neuron, and x; represents its value.
Similarly, the output neuron weight (WKk) can be computed according to equation (10):
Wi = X521 WjieX; (Eq. 10)
where z represents the hidden layer-related number of neurons, wijx is the connection weight
between j (hidden neuron) and k (output neuron).

J is the hidden layer neuron, and x; represents its value.

55



Materials and Methods

The activation function generates the predicted output using the neuron's weight in the hidden

or output layer according to equation (11).

y=fW+B) (Eq. 11)

Where:

y stands for the predicted output.

f is the activation function.

W and B represent the weight and bias in the hidden or output layer.

The cross-validation procedure was performed ten times to improve predictability and
accuracy, with the results averaged.

2.13.2. Sensitivity analysis

The connection weights were examined, and the relative influence of the input factors on the
output was evaluated using the Garson algorithm's sensitivity analysis (Zhang and Pan, 2014).
The Garson equation (Eq. 12) and potential variable combinations were employed for this type
of analysis (Aleboyeh et al., 2008; Yetilmezsoy and Demirel, 2008).

Z]L-=1(M|vjk|)

2r=a|wr]
N L |Wij| )
e Cimmid))

The Qik stands for the impact percentage of the input variable. The connection weight between

Qi = (Eq. 12)

i and j, the input and the hidden neuron, respectively, is indicated by wij;.

The connection weight between j and k the hidden and the output neuron, respectively, is
represented by vj, and the connection weight between the input neuron N and the hidden
neuron j is defined by wr;.

N, L, and M are the neurons' numbers in the input, hidden, and output layers.

w and v are the connection weights between the input and the hidden layers and between the

hidden and the output layers.
2.13.3. Genetic algorithm (GA)

The genetic algorithm constitutes an Al-based stochastic nonlinear optimization formalism that

simulates natural selection and genetic patterns (Jiang et al., 2014). GA prevents models from
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being trapped by local optima by selecting appropriate initial weights and thresholds for the
previously created ANN model and applying it as a fitness function (Eq. 13).

The fitness function can be expressed as follows:
F = Purelin(JW * tansig (KW = [x;; x,; X3; x4] + bj) +b) (Eq.13)

Where F denotes the IAA yield, by and JW stand for the output layer’s bias and weight, and b;
and KW represent the hidden layer’s bias and weight, respectively.

The GA algorithm optimized the IAA production bioprocess in numerous steps, including
initialization, selection, crossover, and mutation, using varied parameters and rules based on

specific characteristics.

In MATLAB, the default "ga" function interprets and treats the elementary data of the
parameters requiring optimization, such as initial weights and thresholds, as chromosomes. The
best-fitting chromosomes will be chosen through genetic reproduction, which includes
crossover and mutation, whereas the least-fitted ones are substituted (Jiang et al., 2014). GA is

reportedly adept at global searching to achieve convergence, independent of the initial value.

A) The GA starts by providing an initial population of solutions or individuals using initial
operating temperature, pH, and L-Trp and SCG concentrations as optimization inputs. The
ANN model-related initial weight and threshold were obtained and encoded into binary

strings forming the chromosomes.

B) Then, a subsequent selection of outstanding chromosomes with high fitness from the
present population is based on the coefficient of fitness for every chromosome. This
operation helps to propagate excellent offspring and eliminates the low fitness

chromosomes (Jiang et al., 2014).

C) The remaining chromosomes are treated using evolutionary operators crossover and
mutation to improve the offspring of parents and produce the next generation
(Yetilmezsoy and Demirel, 2008). Crossover aims to exchange data and genes among
individuals, whereas mutation randomly affects individuals from the population and alters
their genes (Bagheri et al., 2015).

D) The fitness function (step B) is carried out iteratively until the chromosomes have attained

the maximum fitness level, and the convergence forms the optimal solution.
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E) The last step entails decoding all chromosomes and substituting the ANN model’s starting

weights and threshold with these upgraded ones.

For this work's purpose, the settings considered are summarized in Table 10. Nonetheless, the
selection function output is multiplied by-1 since the GA algorithm aims to minimize and not

maximize outcomes.

Table 10. Configuration of the GA for the IAA production model implementation.

Parameters Value
Population size 200
Number of elite 2

Crossing fraction 1
Migration fraction 0.2000
Migration interval 20
Direction of migration forward
Stall generation limit 20
Stall time limit 20
Plot Interval 1
Generations 100

2.14. Validation of the postulated model

The postulated model validation was investigated empirically through a triplicate set of
fermentations in the optimized conditions suggested by BBD with desirability 1 and by ANN-
GA. The in silico-optimized culture conditions and the target response are recorded in the Table
9.

2.15. Statistical analysis and metrics

All experimental data were expressed as the mean of three replicates + standard deviation (SD).
Statistical significance of differences between groups was analyzed by one-way analysis of
variance (ANOVA) followed by a Tukey post hoc test, comparing mean values at a 5% level
of significance (p < 0.05). Differences between the two groups were investigated by Tukey’s
test. All statistical calculations and graphical representations for data visualization were

performed using the Python 3.11 software and the package ggplot2 implemented in RStudio.

58



3-Results
and
Discussion



Results and Discussion

3. Results and Discussion

3.1. Streptomyces-like isolates

The morphological and physiological properties of Actinobacteria isolates, which enable the
determination of the genus, are of interest. According to previous research, all isolates that
were Gram-positive filamentous rods and exhibited the odor of wet soil were kept (data not
shown). Wrinkled and colored colonies with waxy, powdery, or velvety surfaces were among
the traits obtained from both isolation sites.

Upon enrichment with CaCOs, isolation, purification, and initial PGP screening, soil samples
yielded nine isolates from Lake Oubeira, and twenty-eight from wheat rhizospheric soil
samples from Tiffech province of Souk-Ahras, Algeria. These isolates were putatively
identified as Streptomyces spp. based on morphological and bacteriological characteristics.
Streptomyces represents the dominant genus of Actinobacteria in soil ecosystems (Thakur et
al. 2007). This genus' members are typically isolated from plant tissues and the rhizosphere,
indicating their highly compatible nature with various host organisms and contributing to
improving their growth (Goudjal et al., 2014; Verma et al., 2009). Our findings revealed that
the prevalence and distribution of Streptomyces-like isolates in the newly uncovered province
of Souk-Ahras deviate slightly from other known niches, such as the river sand environment,
regarding metabolism. Previous research has shown that the environment affects
Actinobacteria diversity in soil more than microbial communities (Abbasi et al., 2019).
Interestingly, various nutrient constraints in the soil play an essential role in the diversification

dynamics of soil microbiomes due to natural selection.
3.2. Plant growth promotion and biocontrol activities

Table 11 displays the HCN and NHs production ability and in vitro antagonism against F.

culmorum of Streptomyces-like isolates from Lake Oubeira and the wheat rhizosphere.

According to Table 11, most isolates showed good HCN and NHz production and were all
catalase-positive. These abilities are usually described for Actinobacteria (Chukwuneme et al.,
2020; Jog et al., 2012) and have been reported for isolates obtained from Algerian ecosystems
(Djebaili et al., 2020).
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Table 11. Plant growth promoting activities and in vitro biocontrol of F. culmorum of Streptomyces-

like isolates.
Isolation site Isolates HCN NH3 Catalase Anti- E. culmorum
Mean  SD  sig (p <0.05)
RZB + + + 0.000 0.00 f
RZB 11 + - + 35.817 0.68 bc
RZB 13 + + + 0.000 0.00 f
RZB 24 + + + 39.031 074 b
RZBF + + + 0.000 0.00 f
RZB A 10 + + + 35.817 0.68 bc
RZB G 12 + + + 37.124 0.68 bc
RZBC + + + 32.621 6.58 cd
RZB D + - + 0.000 0.00
AW 11 + + + 0.000 0.00
AW 12 + + + 36.209 1.80 bc
AW 18 + - + 0.000 0.00 f
AW 17 + + + 33.740 1.22 bcd
Wheat AW 16 + + + 32418 12.69 cd
rhizosphere RZB G + + + 0.000 0.00 f
RZB G100 + + + 0.000 0.00 f
AW 22 + + + 67.320 8.99 a
S27 + + + 0.000 0.00 f
S28 + + + 0.000 0.00 f
RPN102 + ND + 34.118 3.11 bcd
AW 25 + + + 0.000 0.00 f
AW 29 + + + 0.000 0.00 f
AW 28 + + + 0.000 0.00
AW 01 + + + 0.000 0.00 f
AW 2A + + + 38.431 4.08 bc
AW 21 + + + 0.000 0.00 bcd
AW 1F2 + ND + 0.000 0.00 f
AW 08 + + + 29.114 0.00 de
AWGS + + + 37.255 2.04 bc
AW34 + + + 0.000 0.00
AWA4?2 + + + 0.000 0.00
K . AW13 + - + 0.000 0.00
Lake Oubelra A3 ¥ " ¥ 34940  0.00 bed
AW59 + + + 0.000 0.00 f
AW37 + - + 24.706 0.00 e
AWO05 + + + 32.922 2.14 cd
AW21 + + + 34.771 1.80 bcd
Note 1: "+" indicates positive result, "-" indicates negative result and Sig stands for Significance.

Note 2: Each assay was done three times with three biological replicates, and values represent their means and standard deviation
(SD). Values followed by the same letter are not statistically different according to Tukey post hoc test (p <0.05) (Rstudio).
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In vitro antagonism assay

Several studies advocated that Streptomyces species have emerged as biocontrol agents that are
safe alternatives to synthetic fungicides for managing phytopathogens. Out of twenty-eight
isolates, twelve (43%) rhizospheric Actinobacteria isolates displayed a positive inhibitory
effect against F. culmorum, with isolate AW22 exhibiting the highest I (%) of 67.320+8.99.
Meanwhile, five (55%) aquatic Actinobacteria isolates originated from Lake Oubeira
sediments were antagonists. According to Lee and Hwang (2002), these isolates are promising
since most antagonists with in vitro antifungal activity also exhibit in vivo activity.
Concerning F. oxysporum, Rios-Mufiiz and Evangelista-Martinez (2022) have also reported
the in vitro sensitivity of these pathogens when facing rhizospheric Streptomyces sp. CACIS-
2 15CA isolate.

Similarly, Le et al. (2022) have revealed the broad-spectrum activity of Streptomyces sp.
ANO090126, isolated from agricultural soil in Korea, against various phytopathogenic fungi.
This study also revealed that a higher proportion of native rhizospheric Actinobacteria exert

solid antagonistic activity than aquatic isolates.

Auxin production

Figure 5 (a, b) represents IAA production form rhizosphere and the aquatic Actinobacteria

isolates, respectively.

In the present study, the quantitative assessment of IAA synthesis by Streptomyces-like isolates
found that all the wheat-associated isolates and the aquatic isolates (100%) possess the ability
to yield 1AA ranging between 1.8534+ 0.1724-23.999+1.126 pg. mL™? and 12.553+0.06 -
26.116+0.61 ng. mL* after eight days of incubation, respectively.

Our results agree with previous studies (0.2-15 mg L™). However, IAA production from
both Streptomyces and non-Streptomyces spp. with L-tryptophan remain moderate compared
to other plant-associated bacterial phyla (Nimnoi et al., 2010).
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Figure 5. Auxin yields from rhizospheric (a) and aquatic (b) Streptomyces-like isolates on YTB (ug.
mL1). One-way ANOVA was used to compare means. Each assay was done three times with three
biological replicates, and values represent their means + standard deviation. Values followed by the
same letter are not statistically different according to Tukey post hoc test (p <0.05) (Rstudio).

From the wheat rhizosphere, six isolates comprising RZB13, AW25, S27, RZB, S28 and AW22
were the highest producers (in the range 16.44+2.05-23.999+1.126 ug. mL™). Isolate AW22
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exhibited maximum IAA production with 23.999+1.126 pug. mL™* with 0.2% (w/v) L-Trp
added. Thus, AW22 was selected for further studies. Moreover, nine isolates, RZBD, AW11,
AWO01, AW17, RZB11, RZB24, AW88, AW1F2 and AW12 were moderate producers (in the
range 8.185+1.045-12.735+1.038 nug. mL™?) and the rest were the least producers (in the
rangel.8534+ 0.1724- 7.843+0.612 ng. mL™).

Accordingly, among the Lake Oubeira sediments isolates, AW68 exhibited maximum IAA
production. Isolates AW13, AW59, AW63, AWO05, and AW21 were moderate producers (in
the range 19.076+0.69 - 20.4360.14 ng. mL™Y). Isolates AW34, AW37, and AW42 were minor
producers (in the range 12.553+0.06 - 15.302+0.06 ug. mL™).

Several studies have reported the capacity of rhizospheric Streptomyces to synthesize IAA (Ali
et al.,, 2021; Olenska et al., 2020) and can be considered a common feature amongst
rhizospheric Streptomyces species. However, few studies reported the production of IAA from
aquatic ecosystems-originated Actinobacteria.

According to Passari et al. (2016), S. thermocarboxydus DBT219, a tomato-associated
endophyte (Solanum lycopersicum) yielded 43.8 pg. mL™ of IAA. This production was slightly
higher than the minimal concentration reported by Goudjal et al. (2016), ranging from 35.9-
117 pg. mL™. Abbasi et al. (2019) reported production ranges of 7.0 - 40.9 pg. mL? of IAA

from cucumber and tomato rhizosphere-originated Actinobacteria.

Nafis et al. (2019) reported IAA concentrations ranging from 6.70 to 75.54 ug. mL™* within
eight days of incubation with Streptomyces sp. MNC-1 produces the most.

Several investigations have described the synthesis of IAA by Actinobacteria strains isolated
from Algerian environments. Toumatia et al. (2016) described the potential of the Saharan soil-
derived Streptomyces mutabilis IA1 to release a considerable amount of 1AA at a maximum
level of 74.39 (ug. mL™), adding to its biocontrol properties against Fusarium and rhizosphere

competence.

Djebaili et al. (2020) reported significant IAA synthesis from a Saharan soil-derived
Streptomyces strain and salty water (Sebkha) in Northeast Algeria. For example, Nocardiopsis
aegyptica H14 had the highest score, followed by Nocardiopsis dassonvillei subsp. dassonvillei
T45, Streptomyces xantholiticus G22, and Streptomyces iakyrus G10 had 14.75, 12.37, and
12.25 pg. mL?, respectively. Streptomyces xantholiticus G33, on the other hand, produced the
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least quantity at 7.44 pg. mL™. These findings are marginally lower than those found in our

study.

3.3. Polyphasic characterization of isolate AW?22

3.3.1. Morphological and physiological characterization

The cultural aspects of AW22 are noted in Table 12, in Appendix A (Figure S2) and Appendix
B (Table S1). Isolate AW 22 displayed typical morphological features of Streptomyces genus
(van der Aart et al., 2019) and exhibited abundant growth on ISP2, ISP3, ISP5, ISP6 and ISP7,
and various pigments were observed on integral test media. Soluble and diffusible pigments
from dark brown to navy blue, reddish-orange, and pink to purple were observed on ISP2, ISP3
and ISP5. However, AW 22 growth was moderate on ISP1, good on ISP4 and ISP9, with light
blue pigment observed exclusively on ISP1. Colony diameter and phenotype of aerial
mycelium vary from one medium to another, with an abundant coloured sporulation rate

observed on all tested media.

Table 13 records the primary physiological and biochemical attributes of AW 22, as these
evaluations are critical assets for classifying and identifying Actinobacteria. A pH ranging
between 5-11 enabled the isolate to grow.

No growth at pH13, with optimum growth at pH comprised between 6.8-9.2. Besides, AW22
displayed up to 7% NaCl tolerance. AW 22 was able to grow at temperatures ranging between
15- 40 °C. However, no bacterial development was noticed at 4°C or 45°C. The optimum
temperature was revealed to be 28°C. After correlating the physiological and biochemical traits
of isolate AW 22 to those of model organisms belonging to the genus, the strain was

categorized as a Streptomyces.

3.3.2. Enzyme production and biochemical characteristics

Phenotyping for enzyme production from AW 22 under in vitro conditions showed that most

results were positive (Table 13).

Isolate AW 22 showed significant proteolytic activity and produced cellulase, amylase, lipase,
lipoproteinase, and esterase. The isolate AW 22 exhibited nitrate reduction and positive
responses to the catalase and urease tests. Amylases, the thermostable enzymes, efficiently

degrade organic matter and hasten the composting process (Turan et al., 2017). Through the
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cleavage of cell wall proteins, microbial proteases play a crucial part in the interactions between

the various soil microbiomes (Stach et al., 2018; Vranova et al., 2013).
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Table 12. Relative cultural characteristics of isolate AW 22 on nine ISP media.

Medium  Aerial mycelium Spore color Substrate mycelium  Soluble pigment  Colony size Growth status

ISP1 White to light greyish  Light blue Creamy white to light Light blue to green Small +
blue blue

ISP2 Light blue to light Dark grey Orange to intense Brown, then Navy Big +++
grey, then dark grey brown blue to purple

ISP3 Creamy white to Dark Grey Orange, burgundy, Pink to light blue ~ Medium +++
Orange then to reddish-purple

dark brown

ISP4 Salmon to reddish Light Grey Orange to red to grey  None Medium ++
grey

ISP5 Greyish white Greyish white Pink to dark red Pink to purple Small +++

ISP6 Creamy to orange Orange Creamy white None Small +++

ISP7 Reddish orange to White to grey Orange to red to None Small +++
yellow to grey brown

ISP9 Creamy white to grey ~ White to grey Creamy white None Small ++

Note: "+++" indicates abundant growth, "++" indicates good growth, "+" indicates moderate growth, "-" indicates no growth.

66



Results and Discussion

Table 13. Enzymatic profile, biochemical and physiological characteristics of isolate AW 22.

Physiological tests Result Enzyme production Result Biochemical tests Result

Temperature Amylases ++ Toletrance to [NaCl]

4°C - Cellulases ++ 1% +++

15°C + Lignin oxidases ub 2% +++

20°C ++ Xylanases ubD 2.5% +++

25°C +++ Urease + 3% +++

30°C +++ Chitinases + 4% +++

35°C + Catalase + 5% +++

40°C +/- Protease (Caseinase) + 6% ++

45°C - Gelatinase - 7% +
Lipase - 8% +

Tolerance to Lipoproteinases ++ 9% +

Tellurite 0.5% + Lecithinase ++ 10% -

Sodium Azide 0.1% - Esterase

Phenol 0.2% + Twain 20 + Simmons Citrate +

Twain 80 + Peptonisation of SM +

Growth at Nitrate reductase ++

pH 5.6 +++ HCN +

pH 6.8 +++ Ammonia

pH 9.2 +++

pH 11 +++

pH 13 -

Note: In the Enzymes test items, the "+" means positive, "-" indicates negative, and "UD" indicates undetectable activity. In the other tests, "+++" indicates growth very good,

"++" indicates growth good, "+" indicates growth is moderate, "-" indicates no growth.
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Lipases are extensively prevalent amongst microbes with substantial industrial value since
triglycerides’ hydrolysis considerably contributes to the composting of sewage sludge (Pascoal
et al., 2018). Catalase preserves cells from reactive oxygen species oxidative damages by
catalyzing the destruction of hydrogen peroxide into H.O and O.. This feature gives the isolate
remarkable resilience to several external mechanical and chemical limitations (Mushtag et al.,
2019). Furthermore, biosynthesis of the chitinolytic enzymes was detectable in the CCA

medium.

Actinobacteria isolates’s enzymatic activities exert a direct phytostimulation and biocontrol of
pathogens, thus preventing plant pathologies. Nonetheless, degradation of lignin and xylan was
undetectable in this isolate, despite the moderate growth of this isolate on their respective test
media. Hydrolytic enzymes are essential for improving soil fertility and characteristics. Soil
enzymes degrade complex polysaccharides and proteins into simpler molecules (Turan et al.,
2017). These enzymes are biotechnologically interesting and of significant commercial value
(Islam et al., 2015; Reetha et al., 2014).

The chitinolytic activity of Streptomyces AW 22 may be implicated in the fungal cell wall
digestion. The chitinases synthesis effectively inhibits fungal growth. The aptitude of AW22
to secrete chitinases suggests its implication in the biocontrol of fungal phytopathogens and
nutrient competition (Gherbawy et al., 2012). However, different mechanisms, like antibiosis,
hyperparasitism, proteolytic and lipolytic enzymes (Xu et al., 2017), are less studied.
Nonetheless, these mechanisms are also involved in the antagonism of plant-associated fungi.

3.3.3. Plant sugar and nitrogen utilization profile

Physiologically, most reported Actinobacteria isolates utilised different carbohydrates as the
carbon source. This characteristic is pivotal in the Actinobacteria taxonomic analysis (Pridham
and Gottlieb, 1948). For instance, isolate AW 22 efficiently assimilated D-glucose, D-Xylose,
D-Galactose, D- Mannose, Maltose, a-Lactose, D-fructose, D- Ribose, L-Rhamnose, Inositol
and D-Mannitol.

The isolate could utilize a low proportion of L-Arabinose, Melibiose, Sucrose and Sorbitol as
carbon sources. However, AW 22 was unable to metabolise Raffinose. The results indicate

broad carbon assimilation from various vegetal substrates and SCG (Table 14).

AW 22 showed an extensive plant sugar utilization profile and a wide array of hydrolytic

enzymes. This multi-functionality of Streptomyces isolate may be accredited to their large
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genome and epigenetic factors, such as the location and the high contents of organic matter in

wheat fields.

Table 14. Carbon and nitrogen source utilization profile of AW 22.

Carbon test items Result Carbon test Result  Nitrogen test Result
items items

L-Rhamnose +++ D-Mannitol +++ Glycine +

Sucrose ++ D-Xylose +++ Tyrosine +++

D-Glucose +++ L-Arabinose + L-Asparagine ++

Maltose +++ Raffinose - Proline ++

D- Ribose +++ D- Mannose ++ Casein ++

Melibiose ++ D- Galactose +++ L-Methionine +

Lactose anhydrous +++ Starch +++ a- Lactose +++

Inositol +++ D-Fructose +++ Sorbitol ++

Note: "+++" indicates growth in carbon or nitrogen source is excellent, "++" indicates growth in carbon or nitrogen
source is good in general, "+" indicates growth in carbon or nitrogen source is weak, "-" indicates no growth in
carbon or nitrogen sources.

3.3.4. Molecular identification and phylogenetic analysis

The AW22-related 16S rDNA sequence was deposited in the NCBI GenBank under the
accession ID OP176004. Taxonomical analyses derived from 16S rRNA gene sequencing of
AW?22, the higher IAA producer, were compared with 98-99,99% similar sequences retrieved
from the GenBank database. Sequence alignment confirmed that the isolate belongs to the
order Streptomycetales and the genus Streptomyces. 16S rRNA locus similarity calculations,
based on neighbor-joining analysis, specified that the neighboring relatives for strain AW22
were: S. rubrogriseus (KX431235) and S. fradiae (AB184063) with similarity values of 99.22
%, and Streptomyces violaceoruber (MH155969) and Streptomyces lividans (KY767029) with
99.04% similarity.

The phylogenetic tree constructed with the neighbor-joining method and Tamura-Nei model is
shown in Figure 6. Strain AW22 formed an independent clade with S. anthocyanicus
KU973991 separated from S. rubrogriseus CS3KG4LA166 (OM971238).
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Figure 6. Phylogenetic tree of S. rubrogriseus AW22 and related strains.

Neighbor-joining-based tree displaying the taxonomic position of AW 22 compared to its
interrelated Streptomyces species. The records at nodes indicate the percentage of replicate
trees where associated taxonomic units clustered via the bootstrap test relying on 1000
replicates, with collapsed bootstrap replicates when values < 50%. The p-distance served to
compute developmental distances representing the units of the number of base differences per
site. Less than 50% of placement gaps and alignment openings, incomplete data or ambiguous
bases were permitted at any position. Subsequently, positions with < 50% site coverage were
eliminated. The scale bar illustrates 0.0524 substitutions per position of nucleotide.

3.4. TLC and HPLC analysis of putative IAA

The TLC plates were examined under UV light at 245 nm to visualize the spots developed
separately. The results demonstrated that authentic IAA and putative IAA fractions extracted
with EA from AW 22 filtrate exhibited similar retention factor (Ry) values of 0.69.

Moreover, the HPLC profile of the authentic IAA peaked at a retention time of 3.508 min, and
putative 1AA recovered from AW 22 showed up as a prominent area peak at a comparable
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retention time of 3.711 min with 0.761 mg/mL, confirming that strain AW 22 produced I1AA.

These results correspond with previous studies (Myo et al., 2019).

3.5. Time course of IAA and biomass production from strain AW 22

Evolution in AW22’s biomass and IAA production over ten days of incubation are represented

in Figure 7.
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Figure 7. Time course for IAA and Biomass production under standard conditions.

Under optimal conditions, two growth phases of the growth cycle can be identified, a long
phase and a short phase. The strain's growth rate peaked at 714.06+3.64 mg of dry weight on
the fifth day of incubation and then stabilized for two days. Thus, the cell dry weight decreased
by the seventh day to reach 434.53+£1.40 mg. However, the biomass remained stable until the

last day of incubation, where the germination of new spores may explain this phenomenon.

Furthermore, the 1AA synthesis time course of AW 22 was studied over ten days. L-Trp was
supplemented with 0.2% (w/v) at an early stage of cell growth. On the first day of incubation,
AW?2?2 yielded only 8.84+1.18 pg. mL™ of IAA followed by a gradual enhancement in IAA
secretion parallelly with cell growth over the first seven incubation days to attain 37.52+2.18

pg. mL™ to reach its maximum yield of 41.79+1.73 pg. mL* by the day 9.

The growth of Streptomyces rubrogriseus AW22 was almost identical whether L-Trp was
present or absent in the medium. Meanwhile, only the cultures fed with L-Trp exhibited

increased IAA content. The comparison of the evolution of biomass and IAA production
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indicates that this strain's synthesis of secondary metabolites was closely proportional to cell

proliferation.

3.6. Influence of carbon sources on IAA production

Previous tests showed that GYM broth containing 0.2% (w/v) L-tryptophan vyielded a
maximum IAA of 41.79+1.73 pug. mL* under ideal media and growing conditions. According
to Figure 8, the generation of IAA from S. rubrogriseus AW 22 in the presence of 0.2% L-
tryptophan was evaluated using various carbon sources. Thus, SCG extract and Glucose
(positive control) yielded the highest output, with significant differences according to the
Tukey test at p <0.05.

Compared to the positive control, the strain recorded medium output on corn starch, CCB, and
oat. Even though CMC and WS are both complicated carbon sources, IAA synthesis was
neglected on CMC and absent on WS. These findings point to the significance of carbon
sources and L-Trp as a precursor in IAA synthesis. As a result, SCG was selected for future
optimization research. The high proportion of sugars present in SCG, notably mannose,
galactose, glucose, and arabinose, could explain the isolate’s ability to develop on an SCG
extract broth. Further, the IAA production of this isolate on SCG extract has been described

for the first time in this report.

As a natural, safe, cost-effective agricultural product, cost-effective IAA production has been
white biotechnology's significant priority. Thus, IAA-producing Streptomyces strains have
been exploited using diverse agro-wastes to lower the charges associated with IAA production
while keeping the same level of bioactivity. Scaling up the bioprocess, on the other hand, may

necessitate the identification of optimal growth parameters.

Other investigations have reported IAA synthesis from different carbon sources.
Actinobacteria, for instance, have been shown to degrade lignocellulose and create IAA. When
starch and KNO3 were present, Streptomyces fradiae NKZ-259 yielded 42.345 pg. mL™ of IAA
(Myo et al., 2019). Another study found significant levels of IAA (148 pg. mL 1) generated by
Saccharothrix texasensis MB15 on wheat waste, including cellulose and hemicellulose-rich
leaves and roots (Benadjila et al., 2022). A recent study found similar IAA levels using raw
feedstocks as economical alternatives for analytical-grade medium components (Bunsangiam
et al., 2021). However, only our prior study reported on the production of IAA on SCG or
CCB.
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Figure 8. Effect of the variation of carbon sources on IAA production (pug. mL?). One-way ANOVA
was used to compare means. Each assay was done three times with three biological replicates, and
values represent their means + standard deviation. Values followed by the same letter are not
statistically different according to Tukey post hoc test (p < 0.05) (Rstudio). The labels in the x axis
stands for: CCB: Collected Carob Bean; CMC: Carboxymethyl cellulose; GLU: Glucose; SCG: Spent
Coffee Grounds; OAT: Oatmeal; Sta: Starch; W.S: Wheat straw.

3.7. Effect of substrate concentration on 1AA production

Our previous experiments indicated that GYM broth containing 0.2% L-tryptophan resulted in
the maximum IAA yield of 41.79+1.73 pg. mL* under optimal media and culture conditions.
SCG was chosen as an alternative economical fermentation substrate to replace laboratory-
grade carbon sources to achieve low-cost IAA synthesis (Tran et al., 2023). Subsequently, we
briefly assessed the ability of strain AW 22 to produce IAA on a MM containing different
carbon source concentrations. Fermentation performed with crude SCG and CBP extracts
obtained with the hydrothermal method showed greater IAA yield after the same incubation

period (data shown in Figure 9).

Nonetheless, depending on the strain, various carbon sources affect IAA production differently.
In some cases, different bacteria have other preferences for using sugars, which can also impact
auxin production through bacterial growth (Mohite, 2013; Sridevi et al., 2008).

The optimal 1AA yield was detected at 50% CBP and 50% SCG, with respectively, 82.3 +2.18
pg. mL?t and 81.5 +1.47 pg. mL, being 10-fold higher than the negative control and about 2-
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fold more elevated than the positive control. Nevertheless, no significant difference was
observed between both IAA productivity on these two components when they were amended

to the medium at a concentration of 50%.

The greater the concentration of SCG and CBP, the greater the 1AA yield from strain AW 22.
From the experimental data, we postulate a favourable impact of gradient concentration of CBP

and SCG as the only carbon suppliers on 1AA synthesis.

The glucose concentration had a smaller effect on IAA production than SCG and CBP.
Conversely, IAA production was minimal in the medium containing SCG 10% with 8.4+0.14
ng. mL*and reaching only 17.5+0.14 pug. mL™, 27.3+0.22 ug. mL?, 23.3+0.17 pg. mL* with
SCG 20 %, 30%, CBP 10 %, respectively.

Moderate IAA concentrations were obtained in medium containing Glucose 0.2%, SCG 40%
and CBP 20% with respectively, 30.0+0.08 pg. mL?, 39.8+0.22 pg. mL' and 48.2+0.17 ug.
mL. Therefore, 30-50% SCG and CBP concentrations were selected for IAA production by
strain AW 22,

Additionally, the production of IAA was significantly impacted by the precursor L-Trp, as
indicated by the increased IAA level in the positive control consisting of Glucose 0.5%
containing L-Trp compared with the negative control devoid of L-Trp. IAA content augmented
from 8.7+0.30 to 41.4+0.96 pg. mL™ in the broth containing 0.2% L-Trp.
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Figure 9. Effect of substrate concentrations on IAA production (ug. mL1). One-way ANOVA was used to compare means. Each assay was done
three times with three biological replicates, and values represent their means * standard deviation. Values followed by the same letter are not
statistically different according to Tukey post hoc test (p < 0.05) (Rstudio).
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These findings suggest that this strain may use both L-Trp dependant and independent
pathways to synthesize Auxin in the culture medium. The low amount of IAA produced in the
minimal medium from which carbon and nitrogen supplies were omitted demonstrates

illustrates how these macronutrients affect the formation of IAA in AW22.

The increase in the carbon source (CBP, SCG or glucose) is followed by an increase in IAA
productivity. These results advocate the critical role of carbon source concentration and L-Trp
serving as a precursor in IAA production. Moreover, it highlights the positive correlation
between carbon source concertation and 1AA yield. This influence may not be directly related
to 1AA production but indirectly by stimulating bacterial growth suggested earlier from the

kinetic of IAA production and biomass production.

Therefore, carbon sources (CBP and SCG) and L-Trp concentrations were optimized using the
following statistical approaches to develop a low-cost medium. A recent study by Chaudhary
et al. (2021) reported 18.74 mg/L mixing corn flour and soybean meal by Kosakonia
pseudosacchari TCPS-4.

3.8. Influential factors selected by PBD

The PBD strategy investigated the fermentation parameters most significantly affecting I1AA
generation. The previous experiments identified four potentially important variables (SCG,
CBP, tryptophan and incubation time) and were subject to the statistical screen using the PBD

methodology.

Figure 10 illustrates the IAA yield from the PBD trials and the Table 15 records the statistical

metrics of the PBD approach and factor effects on Y, the response value (IAA production in

ug. mL ).
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Figure 10. PBD trials related I1AA production (ug. mL?). One-way ANOVA was used to compare means. Each assay was done three times with three
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Table 15. ANOVA analysis and coded coefficients of the tested factors for IAA yield.

Terms Fd SS SM Effect Coef SE T- F- p-
Coef value value Value

Model 14 28449.8 2032.1 6.78 0.022
Linear 14 28449.8 2032.1 6.78 0.022
Constant 103.67 3.87 26.78 0.00 0.000
X1: CBP (%) 1 0.4 04 -029 -0.14 3.87 -0.04 885 0.972
X2: SCG (%) 1 2651.2 2651.2 23.03 1151 3.87 297 0.04 0.031
X3: Starch 1 131 131 -162 -081 3.87 -0.21 1.70 0.843
X4: Tryptone (g/L) 1 509.6 509.6 10.10 5.05 3.87 1.30 0.01 0.249
X5: Yeast E (g/L) 1 3.3 33 -0.81 -041 3.87 -0.11 41.16 0.920
X6: L-Trp (%) 1 123329 12332.9 49.66 24.83 3.87 6.42 0.22 0.001
X7 : NaCl (g/L) 1 67.3 673 3.67 183 387 047 0.55 0.656
X8: K2HPO4 (g/L) 1 1640 1640 -573 -2.86 3.87 -0.74 0.30 0.493
X9: MgSO4 (g/L) 1 90.4 904 425 213 387 055 194 0.606
X10 : CaCO3 (g/L) 1 580.6 580.6 -10.78 -5.39 3.87 -1.39 3.57 0.223
X11: Incub. Time 1 1068.3 1068.3 14.62 7.31 3.87 189 20.32 0.118
(Days)
X12:T° 1 6088.2 6088.2 34.89 17.45 3.87 451 16.20 0.006
X13: pH 1 48544 48544 31.16 1558 3.87 4.03 0.09 0.010
X14: Inoc. amount % 1 26.0 260 228 114 387 029 6.78 0.780

Error 5 1498.2 299.6

Total 19 29948.0

Figure 10 shows that factor combination 10 exhibited optimum IAA production values,
reaching 161.95+3.96 pg. mL™. Nonetheless, strain AW22 produced 33.26+2.01 pg. mL™* from
medium composition 4.

According to one-way ANOVA, SCG, tryptophan, pH, and temperature, all had significant p-
values (0.031, 0.001, 0.010, and 0.006, respectively). Based on this analysis, four of the
fourteen variables significantly impact the IAA yield and have been recognized as essential for
the RSM approach.

Temperature physiologically affects fermentation and ATP control (Yan et al., 2018). Due to

their slow growth, Actinobacteria may be affected by high or low temperatures (Kanimozhi et
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al., 2017; Sohn et al., 2023). This change, in turn, modulates the regulatory metabolic pathways
and the cell wall composition, resulting in a diversity of metabolic responses and the production

of a diverse range of products (Talukdar et al., 2016).

Different IAA biogenesis mechanisms evolve in microbiomes and their hosts (Di et al., 2016)
identified unique 1AA production routes in multiple species. In contrast to dietary effects, L-
Trp plays an essential role in practically all bacterial strains that generate IAA. L-Trp is
converted to indole-3-acetamide by tryptophan monooxygenase before being converted to IAA
by indole acetamide hydrolase. The iaaM gene encodes tryptophan monooxygenase, whereas
indole acetamide hydrolase is encoded by the iaaH gene (Casanova et al., 2005; Park et al.,
2021). The researchers discovered three new L-Trp -dependent pathways. According to reports,
plants can maintain a baseline level of auxin via L-Trp -independent mechanisms (Ribnicky
etal., 2002).

L-tryptophan is required for bacteria to generate IAA, but the optimal concentration and
optimum productivity vary depending on the species. Nonetheless, studies on these bacterial
IAA biosynthetic pathways are limited. Furthermore, researchers still need to fully explain the
Trp-independent route in plants (Di et al., 2016).

Although this, the p-values for CBP, Starch, Tryptone, Yeast E, NaCl, K;HPO4, MgSQg,
CaCOg, Incubation time and Inoculation amount % were > 0,05, indicating that none of these
factors was significant. Subsequently, in the following RSM experiment, these components

were kept at their central (zero) level, and not excluded from the culture medium.

The Pareto chart (Figure 11) summarizes the elements that have the most significant influence
on IAA productivity (Hymavathi et al., 2010).

The t-value reveals each factor's positive and negative effects (Talhi et al., 2022). A positive
value indicates that the factor positively impacts IAA yield; if the value is negative, the opposite
is true. Table 15 demonstrates that SCG, Tryptone, L-Trp, NaCl, MgS0a, Inc. Time, T°, pH,
and Inoculation amount had positive effects on the IAA production, while the CBP, Starch,
Yeast E, Ko2HPO4, CaCOs3 had adverse effects.

Organic and inorganic nitrogen sources also impact IAA productivity by bacteria differently.
According to Chandra et al. (2018), combining dextrose and beef extract as carbon and nitrogen
sources was optimal for higher IAA productivity. Nonetheless, organic and inorganic nitrogen

sources had no significant effect on IAA production from strain AW 22.
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The variance of the actual response was explained accordingly with the decision coefficient R?
values to verify the accuracy and fitness of the model. The model's ability to explain the
variation in dependent variables reduces as the R-squared value decreases. In our case, R?
values could account for 95% of the variation in the data (the model could not explain only 5%
of the variation), indicating the suitability of the analysis and prediction of changes in 1AA

generation during fermentation.

Pareto Chart of the Normalized Effects
(response = Auxin pg/mL_1; o = 0,05)
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Figure 11. Pareto chart describing the normalized effects for IAA production.

3.9. Model elaborated by RSM-BBD

The microbial fermentation process is complex, nonlinear, and unstructured. The vyields of
specific compounds can be affected by slight changes in the fermentation media composition

and the operating culture parameters, altering the strain's metabolic profile (Kaur et al., 2014).

Ideal fermentation conditions can be challenging to determine, requiring experimental designs.
RSM helps improve the culture medium composition and operating conditions, enhances IAA
productivity and participates in the search for natural physiologically active substitutes for
chemical agro-actives (Arul Jose and Jebakumar, 2014; Mazarei et al., 2017).
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The primary function of the Box-Behnken experimental design from RSM is to forecast which
suitable quadratic model will better elucidate the correlation between inputs and outputs. BBD
was carried out to optimise further the concentration of the four factors defined as significant
using PBD analysis at three levels to identify the best fermentation conditions for the low-cost
process. Figure 12 shows the IAA yield obtained from BBD trials.

In this design, run 12 comprising in (w/v) L-Trp, 0.6% and SCG, 30% with T°, 30.5 and pH
8.05 was ideal for IAA secretion, peaking to 184.36+7.85 ug. mL™.. Nonetheless, the least IAA
amount of 18.56+1.26 pg. mL™* was noticed in run 11 containing in (w/v) L-Trp, 0.2% and
SCG, 40% with T°, 35 and pH 8.05, which is about 10-fold.
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Tukey post hoc test (p < 0.05) (Rstudio).
82




Results and Discussion

3.10. Postulated model and statistical validation

The statistical metrics of factor significance, the coded coefficients of variables and other model
details obtained from ANOVA are summarized in Table 16. In contrast, Table 7 lists the actual

and predicted response values for IAA productivity.

A p-value of less than 0.05 reveals the significance of the model. Furthermore, the probability
value also shows that the model suits and fits the experimental data. Nevertheless, the low

model F-value of 2.99 suggests a low model accuracy.

3.11. Factors effects and fitted model

From these data, the model terms L-Trp and pH were significant (p <0.05), while values greater
than 0.1000 were insignificant. The linear effects were substantial, as revealed by the monomial
coefficients L-Trp and pH having a p-value less than 0.05. The other terms' p-value was greater
than 0.05, indicating a negligible linear impact. The lack of a significant interaction between
L-Trp and pH shows no interaction between the two variables.

In our investigation, the Fo of 0.29 is inferior to Fcritic (0.05, 10.3) = 8.79. Moreover, an F-
value and a p-value of the lack of fit of the response function are respectively 0.29 and 0.938,
suggesting the model fitting was not satisfying. Therefore, we cannot settle that the model
adequately fits the data (Montgomery, 2019).

An ANN-GA modeling based on nonlinear regression will be implemented to understand the
data. The determination coefficient R2, which had a value of 76.28% and indicated that the
model did not account for 23.72% of the total variation in IAA production, was used to evaluate
the significance and correctness of the model developed in this study. The adj R? value of
50.73% indicates low reliability between the experimental output values and those predicted

by the model.

These results further demonstrated the model's low accuracy, suggesting that the equation used
to create the model must suitably reflect the test value. As a result, the regression model was
assumed to not adequately and effectively analyze and predict the IAA generation of S.

rubrogriseus AW 22.
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Table 16. Statistical metrics of the tested factors on IAA production for BBD experiment.

Terms Fd SS SM  Coef SE Coef T-value F-value p-Value

Model 14  55808.6 3986.3 2.99 0.028
Linear 4 42806.9 10701.7 8.02 0.002
Constant 120.3 18.3 6.58  0.000 0.000
L-Trp 1 30105.5 301055 50.1 10.5 4.75 0.000 0.000
T° 1 2309.5 2309.5 -13.9 10.5 -1.32 0.211 0.211
pH 1 70426 70426 24.2 10.5 230  0.039 0.039
SCG 1 3349.3 3349.3 -16.7 10.5 -1.58 0.137 0.137
Squares 4 6422.4 1605.6 1.20 0.356
L-Trp*L-Trp 1 4081.5 40815 -26.1 14.9 -1.75 3.06 0.104
T°*T® 1 3188.5 3188.5 -23.1 14.9 -1.55 2.39 0.146
pH*pH 1 149.8 1498 -5.0 14.9 -0.33 0.11 0.743
SCG*SCG 1 6.6 6.6 -1.0 14.9 -0.07 0.00 0.945
Interactions 6 6579.3 1096.6 0.82 0.573
L-Trp*T® 1 901.7 901.7 -15.0 18.3 -0.82 0.68 0.426
L-Trp*pH 1 1084.1 1084.1 16.5 18.3 0.90 0.81 0.384
L-Trp*SCG 1 23144 23144 -241 18.3 -1.32 1.73 0.211
T°*pH 1 0.4 0.4 -0.3 18.3 -0.02 0.00 0.987
T°*SCG 1 11175 11175 16.7 18.3 0.91 0.84 0.377
pH*SCG 1 1161.2 1161.2 17.0 18.3 0.93 0.87 0.368

Error 13 17357.1 1335.2

Lack of fit 10 8597.1 859.7 0.29 0.938

Pure error 3 8760.1 2920.0

Total 27  73165.8

Model S R?  R?(adj) R? (pred)
36.5399 76.28% 50.73% 11.03%

The regression was conducted to fit the response function to the empirical data. Subsequently,

the second-order polynomial regression equation analyzing the regression model and

describing the predicted response (Yprea=IAA in pg. mL™Y) generated from RSM is represented

as follows (Eqg. 14).
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IAA (ug. mLY) = 1203 +50.1 L-Trp —13.9T° +24.2pH —16.7SCG —26.1 L-Trp*L
Trp- 23.1 T°*T° - 5.0 pH*pH — 1.0 SCG*SCG — 15.0 L-Trp*T° + 16.5 L-Trp*pH — 24.1 L-
Trp*SCG — 0.3 T®*pH + 16.7 T°*SCG + 17.0 pH*SCG (Eq. 14)

3.12. Contour plots

The contour plots (2D) in Figure 13 designate the graphical representation of the correlations
between the significant process factors, optimal values and the specific output variability (Bas
and Boya, 2007). These graphics help understand and describe the two variables' combined
effect on IAA production by AW 22.

a 50 c Auxin (Ug/ml)

34 < 30

20 - 60
45_

324 60 - 90

I 90 - 120

30 407 ™ 120 - 150

W 150 - 180

28 35 L] > 180
26- 30-

0.30 0.45 0.60 0.30 0.45 0.60
SCG*pH

Hold values

L-Trp 04

T 30,5

pH 805

sSCG 40

Figure 13. Contour plots IAA production. Plots (a-f) represents IAA production responses
implicating binary independent variables as the coordinates.

According to the contour plot forms, it is possible to instantly verify the significance of the
interaction, which may be high if the contour plot is elliptical and saddle or, on the contrary,
low if it represents a circular shape (Berkani et al., 2019). At the same time, the remaining pair
of factors were kept at their centre point, thus efficiently determining the maximum response
value under the influence of the operating inputs. The elliptical contour plots describe the
significant impact of interactions between (T°, L-Trp), (pH, L-Trp) and (SCG, L-Trp). The
maximum IAA yield was achieved at low temperatures, and high L-Trp with pH and SCG were

fixed at the zero level, as shown in Figure 13 (a). However, Figure 13 (b) explains a maximum
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production at alkaline pH and high L-Trp concentration. Moreover, when SCG concentration
was low and accompanied by a high concentration of the precursor L-Trp, IAA reached its
maximum level, as shown in Figure 13 (c). Elliptical interactions were also noticed for (pH,
T°), (SCG, T°), represented respectively in Figure 13 (d), (e), inform that low T° with alkaline
pH and low T° with low SCG concentration respectively can lead to elevated 1AA
concentrations. For SCG and pH, represented in Figure 13 (f), contour lines were rounded,

suggesting the absence of significance.
3.13. Data visualization and Correlations between variables

The relationships between four significant factors (SCG, T°, L-Trp and pH) and the ideal values
for each variable impacting IAA output were also examined using a Matrix plot and a

Scatterplot Matrix represented in Figure 14 (a,b).

The matrix plot (Figure 14a) represents the data clustering and distribution of the output
variable Y=IAA (ug. mL™) and displays a visual representation of the relationship between
four input variables (SCG, T°, L-Trp and pH) and the output. However, the scatterplot matrix
(Figure 14b) displays different correlations between inputs and outputs and depicts pairwise

dependencies between attributes.

The matrix (Figure 14a) shows plots exhibiting the relationships for all pairs of variables. From
the matrix, some correlations may be observed between the pairs of variables. These types of
correlations include linear (positive or negative), curved (quadratic or cubic), or no relationship

at all.

The scatterplot (Figure 14b) suggests a significant positive correlation exists between L-Trp
and IAA, where most data were clustered around the maxima. Moreover, the scatterplot
suggests a moderate positive correlation between pH and IAA. Higher temperatures had a
negative effect on IAA production. In contrast, moderate and medium temperatures around
26°C had a positive effect. However, no significant effect was noted for SCG on the variation
of 1AA production displayed by a more homogenous distribution of the data points on the

interval range of values, suggesting a random or noisy influence.
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3.14. Process modeling using ANN-GA

For modeling the IAA production process, (1-10) hidden neurons were tested to select the
optimal network topology according to the MSE value/number of neurons relationship. The
one hidden layer standard multilayer feed-forward network has been considered a universal
approximator (Lin et al., 2021; Zhang and Pan, 2014). However, this study configures the
model with two hidden layers.

Figure 15 (a,b) displays the performance of the ANN model at the last stage of the training
phase. According to Figure 15 (a,b), the training converged after 129 epochs with the lowest

mean square error. Thus, upon iterative training of the ANN, the model achieved a maximum

R-value of 0.999 (Figure 15a) along with a minimum MSE value of 1.86x10-2 (Figure 15b) at
129 epochs for 6 neurons in the hidden layer with tangent-sigmoidal transfer function.

Therefore, the best network architecture of 4-6-1 is used for process optimization, representing

4 inputs in the first layer, 6 neurons in the hidden layer, and one output in the last layer. The

R’ value close to 1 and a low MSE value indicate that the performance of the developed model

was satisfying and suitably fits the IAA experimental values.

88



Results and Discussion

43 Training: R=0.99994 > Validation: R=0.99986
=3 S 1
= S O Dala
¥ ¥ 08 e
= Tk i Y = T
L Y
2 206
© ©
& &
— - 04
lll l'l
- - 0.2
> =
g g
> = 0
O 0 0.5 1 (@) 0.5 1
Target Target
- Test: R=0.99977 - All: R=0.9999
=
S 1 S
=] O Data < O Data
* Fit oy Fit
= @
506 206
©
e 3
~ 04 «— 04
¢ t
< 0.2 - 0.2
=]
=3 g
3 0 s> 0
0 0.5 1 O o 0.5 1
Target Target

Best Validation performance is 1.8638 e-5 at epoch 129

10°F ,
= Train
Validation
. Test
0
e R e Best
£
-2
wl
= 0
E |
To® |
g |
[1] H
a_ i
Mot
c !
E iy
= = pu
10 ——
10'6 1 ] | 1 1 1
0 20 40 an 100 120

&0
135 Epochs
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3.15. GA-assisted optimization

The GA algorithm was used to optimize the ANN model and find the stationary points of the
operating conditions that would provide the maximum IAA yield. Starting with a population
of random regimes, the GA technique optimized temperature, initial pH, initial concentration
of L-Trp, and SCG as input parameters. The optimum points for the process variables were
chosen between the lower and upper ranges shown in Table 7. Likewise, Table 17 summarizes
the data, demonstrating that the maximum IAA level was 226.04 pug. mL *under the optimal

circumstances of the four variables.

3.16. Experimental validation of the models

Predicted optimum levels of inputs, adjusted target output values, and actual response values
for RSM-BBD and ANN-GA postulated models are illustrated in Table 17.

Table 17. Factors configuration with the predicted and experimental response values.

Factors Actual value of Predicted max. Y Desirability Expreimental Y
predicted optimum  value (ug. mL™) value (ug. mL™Y)
RSM-BBD
L-Trp 0.572 184.363 1 183.45+0.18
T° 31.25
pH 9
SCG 30
ANN-GA
L-Trp 0.6 226.04 188.290+0.38
T® 25.8
pH 9
SCG 30

The accuracy of both proposed models in predicting maximum output data was verified. For
occurrence, triplicate experiment sets were run, with the results of RSM-assisted optimization
utilizing the desirability function and the ANN-GA-predicted optimal levels of process
parameters. The experimental output values were then compared to the simulated responses
predicted by the RSM-BBD and ANN-GA models.

According to Table 17, the experimentally recorded IAA was 183.45+0.18 pug. mL™, close to
the RSM-BBD model's predicted value (184.363 pg. mL™). For the ANN-GA, the observed
IAA concentration obtained from validation experiments (188.290+0.38 pg. mL™?) closely

matched the expected value (226.04 pg. mL™?) with a slight difference. These results suggest
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the adequacy and validity of the model. However, the optimums obtained from ANN-GA
permitted an even higher IAA yield than with RSM-BBD-based modeling.

Moreover, strain AW22 produced substantially more 1AA while utilizing the improved
medium. Enhancement in IAA productivity was up to 4.55-fold and 4.46-fold with ANN-GA
and RSM, respectively, compared with the one obtained using the unoptimized medium. This
difference between predicted and experimental values may be due to the genotyping source
and some epigenetic factors, such as medium characteristics. This is the maximum yield strain

AW?22 can achieve on an SCG medium.

The ANN-GA presents higher prediction accuracy regarding IAA response prediction, the
higher R? and the lower MSE compared to RSM, regarding the neglected possibility of the
model getting into overfitting or underfitting after optimization. This performance is attributed
to the overall ability of ANN-GA to analyze the nonlinear behaviour of the system. At the same
time, the response surface model is limited by second-order polynomial regression. Therefore,
these findings confirm the suitability of the ANN-GA-assisted modeling as an alternative to

RSM-based models in predicting microbial metabolic profiles, such as IAA.
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Conclusion and perspectives
Summary of key results

Evidence is growing on auxin's role in mediating abiotic stress tolerance in plants and
physiological responses. The capacity of root-associated Actinobacteria to produce auxin/IAA,
mainly native rhizospheric Streptomyces strains, has been studied. However, no reports on
aquatic strains' auxin production ability have yet been described. Likewise, as plant inoculants,
Actinobacteria may play a significant role and conquer their host rhizosphere. These strains
constitute singular metabolic engineering targets as an alternative to synthetic auxin for the

onset of growth stimulation and the induction of host tolerance to abiotic stresses.

This study aimed at isolating Actinobacteria strains with a growth promotion ability and the
biocontrol potential of Fusarium culmorum, the wheat root rot-causing fungi from terrestrial
and aquatic Algerian ecosystems, i.e. the wheat rhizosphere in the Tiffeche region (Souk-

Ahras) and the aquatic sediments of Lake Oubeira (El Taref).

This report is the first to investigate and explore the IAA production potential of Streptomyces
rubrogriseus AW 22 isolated for the first time from wheat rhizosphere. In addition, AW 22
displayed relevant enzymatic activities, in vitro biocontrol potential against F. culmorum and

distinctive pigments on different culture media.

Furthermore, this study describes the valorization of coffee waste (SCGs) for in vitro and silico
cost-effective medium engineering with machine learning tools like RSM-BBD and ANN-GA.
These novel advanced approaches aimed at predicting the ideal operating conditions for
maximizing organic IAA yield while decreasing process costs, processing time, and the number
of experiments using SCG hydrothermal extract as a low-cost substrate. Our results show the
higher accuracy of the ANN-GA-based model in comparison with RSM. The complexity and

nonlinearity of microbial development and metabolism could cause such a contrast.

Interestingly, S. rubrogriseus AW 22's multifunctionality offers new opportunities for
agricultural management strategies as an organic plant stimulant and its industrial-scale

production.

Ongoing works and prospects
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The main perspectives of the current work that needs to be regarded in our future research

should focus on:

1-
2-

Identifying the IAA biosynthetic pathway in S. rubrogriseus AW 22.

Elaborating a metabolic profile to study S. rubrogriseus AW 22's improved plant
nutrient uptake, such as phosphate solubilization, and assess soil-borne pathogens' in
vivo biocontrol potential. This inquiry provides fascinating insights into how this
bioprocess might be oriented to produce Streptomyces-originated IAA on an industrial
scale for phytostimulant production for business users

Formulating an agroactive/biocontrol product based on the biomass of the strain
constituting the active principle with an extended shelf life. Indeed, organic products
can reduce environmental contamination and raise revenue while minimizing chemical

fertilizer production costs and related threats.
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Appendix A: Supplementary figures

-‘\Lake Oubeira El Kala, El Taref

. 36°50'26.3"N 823'07.9"E

Figure S1. Sampling sites for the isolation of antagonist Actinobacteria strains

(Google maps : https://www.google.com/maps).

Figure S2. Morpho-cultural aspects of AW22 on GYM agar. Represented in this figure
the front (A) and reverse (B) of the culture showing aerial and substrate mycelium,
respectively, and the single colony shape of the isolate (C).
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Appendix B: Supplementary tables

Table S1. Phenotype of AW22 on various culture media.
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ISP9 (Galactose)
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Abstract

This work aims to isolate Actinobacteria strains with a growth promotion ability and the biocontrol potential
of Fusarium culmorum, the wheat root rot-causing fungi. The exploration of terrestrial and aquatic Algerian
ecosystems, i.e. the wheat rhizosphere in the Tiffeche region (Souk-Ahras) and the aquatic sediments of Lake
Oubeira (EI Taref), respectively, resulted in 102 native isolates. Therefore, 37 have morphological and cultural
characteristics similar to the genus Streptomyces. These isolates were screened for their plant growth-promoting
traits. These activities consist of the production of hydrogen cyanide (HCN), ammonia (NHs), and indole-3-
acetic acid (IAA), as well as in vitro antagonism against F. culmorum. Among the auxin family, IAA constitutes
a crucial phytohormone regulating specific tropic responses of plants and functions as a chemical signal between
host plants and their symbionts. IAA derived from Actinobacteria grown on agricultural waste represents a more
economical alternative than its synthetic homologous. Rhizospheric isolate AW 22 was positive for HCN and
NHs production, growth inhibition of F. culmorum with an index of 67.320+8.99% and high IAA content of
23.999+1.126 pug. mL* in standard growth conditions on yeast-tryptone broth (YTB) amended with 0.2% (w/v)
L-Tryptophan. Thus, the AW22 isolate was selected for a polyphasic chemotaxonomic characterization and the
optimization of the production process of this phytohormone. Molecular and phylogenetic analysis identified
isolate AW22 as Streptomyces rubrogriseus, and its sequence was deposited in Genbank under accession 1D
OP176004. Analysis of the putative IAA produced by S. rubrogriseus AW22 on YTB using thin-layer
chromatography (TLC) and (HPLC) revealed Rf values equal to 0.69 and a retention time of 3.711 min,
equivalent to the authentic IAA. Artificial intelligence-based approaches (i.e. Behnken design from response
surface methodology (BBD-RSM) with artificial neural networks (ANNSs) coupled with the genetic algorithm
(GA)) were employed to bioengineer in vitro and silico a suitable medium for maximum IAA bioproduction.
According to the Box Behnken Design matrix, data were based on empirical studies involving the inoculation
of AW22 in various cultural conditions and low-cost feedstocks notably, the spent coffee grounds (SCGs). Four
input variables comprising L-Trp (X1), incubation T° (X2), initial pH (X3) and SCG concentration (X4) were
screened via Plackett-Burman design (PBD) and served as BBD and ANN-GA inputs. The IAA yield constituted
the output variable (Y in pg. mL™?). Upon training the model, the optimal conditions suggested by the ANN-GA
model were X1= 0.6%, X2= 25.8°C, X3 = 9, X4=30%). An R? of 99.98%, adding to an MSE of 1.86x10° at
129 epochs, postulated higher reliability of the ANN-GA approach in predicting responses, compared with
BBD-RSM modeling exhibiting an R? of 76,28%. Using the process parameters generated by ANN-GA AW 22
achieved a maximum IAA yield of 188.290+0.38 pug. mL™. This optimization resulted in a 4.55-fold and 4.46-
fold increase in IAA secretion after eight days of incubation, corresponding to ANN-GA and BBD-RSM models,
respectively. These results confirm the validity of both models in maximizing IAA vyield from the
multifunctional S. rubrogriseus AW22 isolated for the first time in Algeria.

Keywords. Streptomyces; Indole-3-acetic acid (IAA); Artificial intelligence (Al); Response surface
methodology (RSM); Artificial neural networks (ANNSs); Mathematical Modeling.
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