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ABSTRACT 

Developing Production Methods for Different Microbial Strains and 

Beneficial Testing on Crop Species 

Linah Alghanmi 

Microorganisms will play a significant role in the agricultural revolution in the coming 

decades and help meet the growing population's needs. Hence, understanding the impact 

of beneficial bacteria on crop development is key to the future of developing microbial 

products. The ability of PGPB to increase crop yields has been recently investigated in 

agriculture, as PGPB can support and protect plants under different stresses. Since PGPB 

interactions occur naturally, finding a method to apply beneficial bacteria while 

maintaining their efficiency and quality is a topic of interest. PGPB have been used as 

microbial inoculants, biofertilizers, and also as seed coatings. Preservation of 

microorganisms through desiccation has been used as the preferred method for long-term 

storage of microbial culture. The use of dry powders is favored over liquid cultures due to 

their ease of transportation and better quality control. For microbial preservation, freeze-

drying has been defined as the most convenient and satisfactory preservation method for 

long-term storage. Freeze-drying is generally preferred over other drying techniques as it 

gives a high-quality dehydrated product. However, to reach a high-quality product, many 

parameters need to be monitored, such as bacterial cell concentration, growth medium, 

lyophilization buffer, rehydration, and duration of freeze-drying. 

In this research, SA190 was freeze-dried with 10% sucrose mixed with 5% trehalose as 

lyophilization buffer. Pseudomonas argentinensis SA190 was isolated from the root 

nodules of the desert plant Indigofera argentae in Saudi Arabia, specifically Jizan. The 
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SA190 freeze-dried product was examined by several tests to assess the product viability 

and quality, such as accelerated test and water stability test.  

For future work, the effect of freeze-dried SA190 on plant growth and crop yield will be 

investigated. Moreover, optimization of the freeze-drying process, formulation, and 

packaging for commercial will be considered. In addition, bacterial strains isolated in 

DARWIN21 project with promising effects on plant growth, will be subjected to freeze-

drying process.  
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Chapter 1 

Introduction  

1.1 Global shortages  

According to the World Hunger Clock, around 2.5 billion people are suffering from hunger 

and food shortages, including 162 million children under the age of five [1]. The world 

population is predicted to reach 9.7 billion by the year 2050, which is our planet’s assumed 

maximum capacity [2, 3]. This growth in the population requires increased agricultural 

production [4]. However, many factors affect food production and play a role in food 

security, which is a global concern. According to the Food and Agriculture Organization 

(FAO), climate change is threating and impacting food security around the globe. Climate 

change is altering the conditions where agricultural activities are carried out, and it has 

direct and indirect effects on agricultural production systems. The direct effects of climate 

change include changes in physical characteristics, such as temperature levels and rainfall. 

Changes in diseases, pests, and pollinators are indirect effects, which can play a major role 

in agricultural production. Indirect effects are more difficult to control and assess due to 

the large number of parameters that interact and link together. Climate change has an 

impact on land degradation, precipitation, temperature, ocean acidification, the sea level, 

and water availability, all of which can affect agricultural ecosystems and food production 

[5].  

Agrochemicals are products have been used in agriculture, includes plant-growth 

hormones, fertilizers, and pesticides or plant-protection chemicals. To bridge the gap 

between production and consumption of food, agrochemicals are intensively applied to 

enhance crop production [6]. However, a great number of toxic effluents were released into 
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the air, water, and soil due to agrochemicals use. Unbalanced agrochemical use, on the 

other hand, degrades the environment and presents severe threats to agricultural 

ecosystems and soil health [7]. To improve crop productivity and soil health, 

microorganisms play a key role in basic soil processes and are actively involved in nutrient 

cycling [6]. These microorganisms are foremost organic matter decomposers, and have 

other functions such as fixation and mineralization of potassium, phosphorus, nitrogen, etc. 

Hence, helping plants grow, suppressing organisms that cause diseases, harmful chemicals 

detox, and generating compounds that may act as growth stimulants for plants [7]. Recently, 

the use of biostimulants has become a topic of interest, as they have the potential to lower 

the negative environmental impacts related to the use of agrochemical fertilizers and 

pesticides [8]. Biostimulants are a group of biological substances that can improve plant 

growth and development, or reduce plant stress when applied to seeds or plants in small 

quantities. There are different groups of plant bio-stimulants, including plant-beneficial 

microorganisms, compounds containing nitrogen, and plant/animal based protein 

hydrolysates [9]. 

 

Microorganisms first appeared on earth 3.5 billion years ago, making them one of the first 

living creatures on our planet. The microbial world is the planet’s largest unexplored 

repository of biodiversity. Microorganisms vary in size, shape, and morphology. Each 

microbial group has unique characteristics, which are interesting to explore. 

Microorganisms have a wide variety of useful and harmful uses in different fields. For 

instance, microorganisms have been used in medicine, food production, protection of the 
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environment, and in agricultural sustainability [10, 11]. Microorganisms will play a major 

role in agricultural revolution in the coming decades, and help to meet the needs of growing 

population [12].  

 

1.2 Plant Growth-Promoting Bacteria (PGPB) 

Recently, plant-microbe interactions have become a topic of interest. Plant-microbe 

interactions can be beneficial or deleterious for plant growth. Plant organs, both under and 

above the ground, are colonized by microbes such as bacteria, fungi, actinomycetes, 

protozoa, and algae. However, 95% of these colonizing microbes are bacteria [13]. 

 

Microbes that promote the establishment, growth, and development of a plant are defined 

as plant-beneficial microbes (PBM). PBMs are proposed to represent an alternative natural 

way to reduce the environmental pressure caused by conventional farming [14]. For 

example, Plant-Growth Promoting Bacteria (PGPB) play a role in maintaining or 

increasing plant productivity, restoring the fertility of the soil, and/or helping plants to 

overcome abiotic and biotic stresses. These bacteria can live inside or outside their host 

plant. Bacteria that live external of their host plant are epiphytic or rhizospheric. Epiphytic 

bacteria live on the plant's leaf surface, and rhizospheric bacteria live in the plant's roots 

inside the soil. Endophytic bacteria, on the other hand, survive and grow within their host 

plant. These bacterial classes are essential for promoting plant growth and share several 

characteristics [14-16].  

Endophytic bacteria are considered as rhizospheric bacteria subclass, which is known as 

Plant Growth-Promoting Rhizobacteria. PGPR have recently been investigated for their 
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ability to promote plant growth and development. PGPR can improve plant growth quality 

and performance and protect plants from abiotic and biotic stresses by several mechanisms. 

The direct mechanisms include facilitating nutrient uptake, synthesis of phytohormones, 

and ammonia production. Indirect mechanisms such as limit or prevent plant damage. 

Many bacterial strains have been reported to be PGPR, including Azotobacter, 

Azospirillum, Arthrobacter, Alcaligenes, Bacillus, Burkholderia, Enterobacter, Klebsiella, 

Pseudomonas, and Serratia [14, 17]. 

 

1.3 Microbial Applications 

Plant inoculation with PGPB is not a new practice, yet the design of a proper inoculant is 

a long process. To develop an effective bacterial inoculant, the first thing to consider is the 

bacterial strain with a beneficial effect on the desired crop. Next, a formulation for the 

specific inoculant needs to be designed, taking into consideration farmers limitations. For 

example, farmers usually do not have low temperature fridges or freezers to preserve 

sensitive products. Bashan et al., created a flow chart that describes the procedures to 

construct bacterial inoculants for agricultural and environmental uses [18]. Microbial 

inoculants can be applied directly to the soil, to the plant, or coated over a seed. Generally, 

to achieve high amounts of bacterial inoculant in the soil, direct soil inoculation is used in 

order to avoid seed damage and, in parallel, protect the bacterial inoculant from any 

inhibitory compounds (e.g., antimicrobial compounds and fungicides) applied to, or 

produced by, the seed [18]. 

Direct soil inoculation can be performed using encapsulated, liquid, or solid formulation 

during the seeding process [19]. Plant inoculation can be accomplished by dipping the roots 
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of the plant or by foliar spraying. Both of which are economically unfeasible for large-

scale applications due to the large amount of microbial inoculant required. In contrast, seed 

coating can be an economically viable method of delivering microorganisms in large-scale 

application. Many studies reported that seed coating with PBM can promote crop growth 

or phytopathogen biocontrol [14].  

 

In the 1930s, a seed coating was applied for the first time to cereal seeds. Thirty years later, 

large-scale commercial of seed coating began [20]. In the sector of agriculture, seed coating 

with beneficial microbial inoculants gained high attention due to its low-cost and 

effectiveness. Coating seeds with beneficial bacteria allows the addition of low amounts of 

inoculant at the seed-soil surface, which can make the PGPB easily accessible during 

germination and the early stages of plant development [14]. 

 

The most common coating types are pelleting, film coating, and seed dressing. Pelleting 

increases the amount of active ingredients and enhances handling and sowing of the seeds. 

However, due to the addition of liquid binders and fillers, the seed weight and volume may 

increase significantly. Furthermore, pelleting changes the morphology of seeds to oval or 

spherical shapes [14, 21, 22]. The most recent method of seed coating is film coating - an 

enhanced version of slurry coating - where a uniform layer of a suspension or solution is 

applied over the seeds. Film coating is used to coat diverse high-value crops like soybean 

and maize [14, 21, 22]. Seed dressing is the most basic method of seed coating, in which finely 

ground solids are applied to the seed surface in small amounts. Seed dressing is usually 

used for the application of pesticides [14, 21-23]. 
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Microbial inoculant formulations typically include three fundamental elements: the 

microorganism of interest, a carrier, and several additives. The formulation significantly 

affects the survival, storability, and efficiency of the microbes when applied to the desired 

plant [24]. PGPB, especially Pseudomonas, Bacillus, Trichoderma and Rhizobia have been 

used for seed coating in many studies due to their positive effects on plant growth.  

However, certain ingredients used in seed coatings may reduce the beneficial effects of the 

microbial inoculant. For example, the use of certain fungicides (e.g., Carpathian, 

oxycarboxin, and thiram) on seeds can harm Rhizobium spp. And this depends on the 

strain/species, the concentration of fungicide, contact period between bacteria and 

fungicide before planting, and environmental factors such as dehydration and high 

temperatures. Thus, the seed coating formula is highly crucial and various parameters need 

to be taken into consideration [14].  

 

1.4 Preservation of Microbes  

Preservation of microorganisms through desiccation has been used as the preferred method 

for the long-term storage of microbial cultures [25]. The use of dry powders is favoured over 

liquid cultures due to their ease of transportation and better quality control [26]. Drying 

technologies have been applied in different fields, including medications in health care, 

degradation of oil in bioremediation, starter cultures in the dairy industry, and probiotics 

in the food industry [26]. The most commonly used drying methods are air drying, fluidized 

bed-drying, spray drying, vacuum drying, and freeze-drying. Each method has a different 

mode of action and different product characteristics [27]. 
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During the drying process, microbes are exposed to stress conditions, such as heat and 

dehydration. These stress factors have significant effects on microbial cell viability. Long 

exposure to heat unfolds cellular structural macromolecules like proteins and nucleic acids 

by breaking monomeric linkages [28, 29]. On the other hand, dehydration stress influences 

the fluidity of the cytoplasmic membrane or its physical state, resulting in oxidation that 

causes membrane leakage followed by cell viability loss [26]. 

 

For long-term storage, there are two main methods to preserve bacteria: cryopreservation 

and lyophilization (i.e., freeze-drying). The selection of the suitable method depends on 

the characteristics of the microorganism, the aim of preservation, and the storage duration. 

Cryopreservation is a process of cooling biological matter such as cells, tissues, and 

organelles to very low temperatures. Lower storage temperatures and small temperature 

variations give a high possibility of successful and stable storage. However, at -135ºC and 

above, some water may be unfrozen, which means biological matter preserved at -20ºC or 

-80ºC is unstable [30]. Cryopreservation can be sufficient to preserve samples for short-term 

storage, i.e., approximately two years. If samples need to be stored for a longer period of 

time, then the samples should be stored in liquid nitrogen containers with an ultra-low 

temperature of -196ºC [30, 31]. 

 

Lyophilization (i.e., freeze-drying) is a widely used dehydration process that depends on 

sublimation, which is the transition of matter from the solid state directly to gas state 

(Figure 1.1). This can be reached by lowering the pressure and temperature below the triple 

point of water [32]. Although freeze-drying is a high-coast operational unit, it gives the best 
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cell survival and powder yield. This is due to the fact that frozen water in the sample before 

lyophilization suppress microbiological, biochemical, and chemical processes [33]. Hence, 

freeze-drying is used as a control for other drying methods [26]. 

 

1.4.1 Freeze-drying  

Recently, freeze-drying has been known as the most convenient and satisfactory 

preservation method for long-term storage. Freeze-drying is generally preferred over other 

drying techniques as it gives a high-quality dehydrated product, in terms of cell viability, 

shelf-life, and protection against contamination during storage [34]. Although freeze-drying 

is an expensive method, bacterial strains that are properly freeze-dried, with the suitable 

formulation, can be stored for 30 years or even longer [35]. Moreover, the advantage of 

dehydrated cells does not required cold temperature when stored and distributed which 

make the product more economic [36]. After rehydration, freeze-dried bacterial cells can be 

used straight away, without any washing steps compared to cryopreservation. However, 

the process of freeze-drying is complicated and is affected by many parameters and factors, 

such as the bacterial cell density, growth medium, lyophilization buffer type and 

concentration, rehydration medium and time, and freeze-drying duration, temperature, 

pressure, freezing rate, and pre-freezing method [33, 35-37].  
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Figure 1. 1: States of matter. This figure illustrates the direct transition of matter from 

solid to liquid. 

 

The freeze-drying process can be divided into three phases: pre-freezing, primary drying, 

and secondary drying. 

Prior to placing samples in the freeze-dryer, the samples should be completely frozen.  

Converting water to ice prior to freeze-drying prevents the ingredients moving in solution, 

blocks formation of foam when pressure is reduced during the freeze-drying cycle, reduces 

biological, chemical and microbial changes in the sample, avoids concentration gradients 

in the freeze-dried matter, and shapes the morphology of the end product based on the size 

of the ice, which eases or limits water vapor movement [33]. The sublimation rate during 

freeze-drying is directly related to the shape and size of the ice crystals [38][40]. The correct 

pre-freezing method is very critical and depends on the characteristics of the sample.  

Pre-freezing can be achieved in two ways: flash freezing with liquid nitrogen and slow 

freezing at -20ºC or -80ºC. Pre-freezing in liquid nitrogen creates small ice crystals, which 
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is good for structure preservation. Small ice crystals only make small pores in the sample, 

which makes freeze-drying more difficult. Slower freezing, by placing samples at -20ºC or 

-80ºC until completely frozen, will create larger ice crystals. These large ice crystals make 

bigger pores in the freeze-dried product, which in turn facilitate water evaporation and 

reduce the duration of freeze-drying. However, large ice crystals can disrupt biological 

matter, and this needs to be taken into consideration [32, 33, 35-38].  

 

During the freeze-drying process, when the sample is entirely frozen, primary drying takes 

place. Thus, removing free water in the sample by sublimation occurs, resulting in a dried, 

structurally intact product. To obtain a well-structured product, two significant parameters 

require careful control: temperature and pressure. The ice sublimation rate of frozen 

samples is determined by the difference between the sample vapor pressure and ice 

collector vapor pressure. As water molecules move from higher pressure to lower pressure, 

it is important that the sample is warmer than the ice collector temperature. Vapor pressure 

is related to temperature, and it is important that the freeze-drying temperature maintains 

the integrity of the sample and at the same time, maximizes the sample vapor pressure [33]. 

When all free water is sublimated, secondary drying takes place. Bounded moisture in 

freeze-drying sample is removed by secondary drying in a process called isothermal 

desorption. At this point, the drying rate is decreased significantly compared to primary 

drying because of the small quantity of water, high heat resistance, mass movement, and 

water bound to the dry sample. The length of secondary drying takes up a significant part 

of the freeze-drying duration, particularly if the end product has a low moisture content [33]. 
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The moisture content is an important parameter that affects the storage stability of the 

freeze-dried product. A very high or low moisture content in the final product is 

undesirable; a high moisture is unfavorable for long-term storage while a low moisture 

content can damage microbial cells. Moreover, as the water content rises, the 

formulation Tg is reduced to a temperature lower than the storage temperature. This will 

result in a rubbery product with an increased molecules movement of the dry substance 

and decreased shelf-life. Thus, the removal of any remaining water is very important. 

Lower water content means higher Tg of the dried product, which affects storage stability 

significantly. Therefore, the dried product should be stored at a temperature below its Tg 

to ensure stability and avoid any structural collapse [33, 39]. 

 

1.4.2 Protective agents  

Preservation of bacterial cells plays an important role in scientific research and 

microbiology applications [40]. Freeze-drying processes can damage bacterial cells, 

resulting in loss of cell viability and reduced shelf-life. The survival rate differs between 

bacteria; gram-positive bacteria show higher survival percentages than gram-negative 

bacteria. The higher resistance of gram-positive bacteria to drying is suggested due to the 

difference in cell surface structure compared to gram-negative bacteria [41]. Other factor 

determining the survival rate of bacteria is physiological state. Various bacterial 

physiological states can be captured by harvesting bacterial cells at different growth phases. 

For freeze-drying, harvesting bacteria in the stationary phase leads to a higher survival rate 

compared to other phases. The survival rates of bacteria subjected to stresses such as carbon 

starvation or heat stress are higher after freeze-drying than under optimal conditions [42].  
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Protectants have been shown to prevent bacterial cell damage, enhance storage stability, 

and make rehydration easier [42]. Ice formation inside bacterial cells during the freeze-

drying process can cause cell membrane destruction. The addition of a protectant ensures 

that cells are protected during freeze-drying and stabilized during desiccation [44]. 

Protectants also improve storage stability by two mechanisms. The first mechanism is 

substitution of water, where hydrogen bonds are formed between the protectants and 

proteins or cell membrane in the freeze-dried product, instead of with water molecules. 

This pseudo-hydrate structure can maintain biomaterials, even in a state of dehydration. 

The other mechanism is glass transition, where the protectant is converted into a glassy 

state during dehydration, resulting in solids with extremely high viscosity that immobilize 

the biomaterials in the glassy protectant [37]. 

 

Commonly used freeze-drying protectants include skimmed milk, polymers, amino acids, 

polyols, sugars (e.g., glucose, sucrose, and trehalose), and others. The efficiency of 

protectants differs based on the bacterial strain (Table 1.1). For example, the gram-positive 

bacteria Lactococcus, Lactobacillus, and Bacillus have been tested with sugars, skimmed 

milk, soy milk, egg yolk, glycerol, and calcium. Skimmed milk and sugars gave the highest 

survival rates compared to other protectants [45][46][47][48][49]. On the other hand, gram-

negative bacteria such as Serratia marcescens, Pseudoalteromonas nigrifaciens, 

Escherichia coli, Pseudomonas chlororaphis, Pantoea agglomerans, Aeromonas 

salmonicida, Aliivibrio fischeri, Flavobacterium columanre, Campylobacter fetus, and 

Xanthomonas fragariae showed different survival rates with different protectants. 

Nevertheless, most of these bacteria had high survivability when tested with skimmed milk 
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and sugars, especially non-reducing disaccharides trehalose and sucrose [45][50][51][52][53][54]. 

In addition, varied concentrations of the same protectant can give different survival rates. 

The addition of trehalose or sucrose before freeze-drying reduces the transition temperature 

and preserves the structure and function of proteins during the freeze-drying process. 

Although the addition of non-reducing sugars is highly recommended, high concentrations 

of sugars can lead to an extremely sticky product that is difficult to handle. The main cause 

of stickiness, besides sugar concentration, is exceeding the glass transition temperature 

and, as a result, the freeze-dried product collapses. The lower the glass transition 

temperature, the higher the stickiness [43]. 

 

Table 1. 1: List of protectants tested with different bacterial strains used in several 

studies. 

Bacteria Protectants 
Most Effective 

Protectant 
Reference 

Escherichia coli DH5α 
100 mM Trehalos. 

100 mM Sucrose. 
Trehalose. Leslie et al., 1995 

Bacillus thuringiensis HD-1 
100 mM Trehalose.  

100 mM Sucrose. 
Trehalose. Leslie et al., 1995 

Pantoea agglomerans 

Sugars, Amino acids, 

Polymers, Polyols, and Skim 

milk. 

5% Trehalose, 

followed by 10% 

sucrose. 

Costa, E et al., 2000 

Pseudomonas chlororaphis 
Lactose, Sucrose, Trehalose, 

Glutamate, and Skim milk. 

50g – 130g/L 

Sucrose. 
Palmfeldt et al., 2003 

Lactobacillus coryniforms Si3 2%, 11%, or 20% Sucrose. 20% Sucrose Schoug et al., 2006 

Lactococcus lactis 

9.1% Skim milk, Soy milk, 

Egg yolk, Sucrose, Lactose, 

Glucose, Trehalose, and 

Sorbitol. 

Combination of 

Skim milk with 

lactose, sucrose and 

trehalose. 

Nanasombat et al., 2007 

Lactobacillus sakei 
9.1% Skim milk, Soy milk, 

Egg yolk, Sucrose, Lactose, 

Combination of 

Skim milk with 

lactose, sucrose, 

Nanasombat et al., 2007 
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Glucose, Trehalose, and 

Sorbitol. 

trehalose and soy 

milk. 

Lactobacillus salivarius 
Skim milk, Sucrose, Glycerol, 

and Calcium carbonate. 

20% Skim milk, 

followed by 9% 

Sucrose. 

Ming et al., 2009 

Aeromonas salmonicida 

Skim milk, Skim milk with 

10% Trehalose, (1:1) Skim 

milk with growth medium, 

and Horse serum with 10% 

Trehalose. 

Horse serum with 

10% Trehalose. 
Peiren et al., 2015 

Aliivibrio fischeri 

Skim milk, Skim milk with 

10% Trehalose, (1:1) Skim 

milk with growth medium, 

and Horse serum with 10% 

Trehalose. 

(1:1) Skim milk with 

growth medium. 
Peiren et al., 2015 

Flavobacterium columnare 

Skim milk, Skim milk with 

10% Trehalose, (1:1) Skim 

milk with growth medium, 

and Horse serum with 10% 

Trehalose. 

None. Peiren et al., 2015 

Campylobacter fetus 

Skim milk, Skim milk with 

10% Trehalose, (1:1) Skim 

milk with growth medium, 

and Horse serum with 10% 

Trehalose. 

Skim milk with 10% 

Trehalose. 
Peiren et al., 2015 

Xanthomonas fragariae 

Skim milk, Skim milk with 

10% Trehalose, (1:1) Skim 

milk with growth medium, 

and Horse serum with 10% 

Trehalose. 

Skim milk with 10% 

Trehalose. 
Peiren et al., 2015 

Lactobacillus paracasei 

Sucrose, Trehalose, 20% 

Maltodextrin (MD), 1% 

Bovine Serum Albumin 

(BSA), Sucrose and Trehalose 

with 20% MD, Sucrose and 

Trehalose with 1% BSA. 

Trehalose Teng et al., 2017 

Serratia marcescens 

5% Bovine Serum Albumin 

(BSA), Mannitol, 10% 

Sucrose, 10% Skim Milk, 

10% Sucrose with 5% BSA. 

10% Sucrose with 

5% BSA, followed 

by 10% Skim milk. 

Kavitha et al., 2019 

Pseudoalteromonas nigrifaciens 

Trehalose, Mannitol, Lactose, 

Fructose, Glucose, Skim 

Milk, Ascorbic Acid, and 

Gelatin. 

Skim milk, followed 

by Trehalose. 
Zhang Z et al., 2020 
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Lactococcus lactis Gh1 

Monosaccharides (Glucose, 

Fructose, Galactose). 

 

Disaccharides (Sucrose, 

Lactose, Trehalose). 

Sugar alcohol (Sorbitol, 

Nitrogen, Peptone, Soytone). 

 

Complex media (Skim milk). 

Mixture of 10% 

Galactose and 

Trehalose. 

Jawan et al., 2021 

 

The initial cell density plays an important role in the quality of the end product of freeze-

drying. The recommended optimal cell concentration is around 108 or 1010 CFU/mL 

according to many studies. However, to maintain cell viability, the protectant type and 

storage conditions also have to be considered [25].  

 

1.5 DARWIN21 – Biological solutions for sustainable desert agriculture 

The current project (DARWIN21) aims to explore and investigate the microbial diversity 

of desert pioneer plants to increase agricultural productivity in regions with little or no 

arable land. A large collection of microbes has been isolated from many pioneer desert 

plants collected. Over 2500 bacterial isolates have been isolated from Saudi Arabia, Jordan, 

and Pakistan by the DARWIN21 team. The bacterial isolates were tested for their ability 

to improve plant growth under different abiotic stresses [12, 44, 45]. For instance, Enterobacter 

sp.SA187 a gram-negative bacterium that belongs to the Enterobacteriaceae family, 

showed a noticeable effect on the model plant Arabidopsis thaliana under saline 

conditions, drought, or high temperature [46].  

The motivation of DARWIN21 is to provide a bacterial inoculum to farmers, to improve 

plant tolerance against abiotic stresses (e.g., drought, salt, and heat) as well to reduce 
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harvest loss. In this context, the preservation of selected bacterial strains by freeze-drying, 

formulation and application of the products to different crop plants are investigated. 

 

1.5.1 Pseudomonas argentinensis SA190 

Previously, a number of bacterial strains were isolated from the root nodules of the desert 

plant Indigofera argentae native to the Jizan region of Saudi Arabia [45]. Among these, 

Pseudomonas argentinensis strain SA190, a gram-negative, endophytic, non-spore-

forming bacterium, exhibited a variety of plant growth-promoting properties, such as the 

production of siderophores and indole acetic acid (IAA), and solubilization of phosphate 

[45]. Under field conditions, SA190 shows a positive enhancement of growth of different 

crops plants including cucumber, tomato, wheat, barley, and alfalfa under saline and water 

limitation condition. Based on capability of SA190 (Alwutayd et al., in preparation), 

SA190 was selected as a potential candidate for optimizing large-scale production, 

formulation and commercialization as microbial inoculant. 

 

1.6 Aim of the study  

This study aims to produce the bacterial strain SA190 in large quantities and preserve it 

using the freeze-drying process. Afterward, SA190 freeze-dried product was tested for cell 

viability, stability in water, and shelf-life.   
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Chapter 2 

Materials and Methods 

2.1 Bacterial strains, growth media, and culture growth conditions  

P. argentinensis SA190 was revived by streaking from 25% glycerol stock, stored at -80ºC, 

onto LB agar plates (Lennox Luria Bertani Agar, Sigma-Aldrich) and incubated at 28ºC 

overnight. For liquid cultures, 1.7 L of LB broth (Lennox L Broth Base, Invitrogen) in 4.0 

L Erlenmeyer flasks were autoclaved for 20 min at 121ºC, and then inoculated with one 

pure colony from the incubated LB agar plates. The cultures were then incubated at 28ºC 

and 150 rpm for 18-20 h in orbital shakers (Innova 42, New Brunswick).  

 

2.2 Sample preparation and freeze-drying 

Bacterial cells were harvested from the stationary growth phase by centrifugation of the 

liquid culture at 5,500 x g (Sorvall LYNX 4000 Superspeed Centrifuge, Thermo Scientific) 

for 10 min at 20ºC. The pellets were resuspended in lyophilization buffers, containing 10% 

sucrose (Sigma-Aldrich) mixed with 5% D-(+)-Trehalose (J&K Scientific). The buffer was 

filter sterilized using 0.2 m filters (Fisherbrand). 50 mL Falcon tubes (Fisher Scientific) 

were used for the freeze-drying process, with 5-6 mL of lyophilization buffer containing 

resuspended cells. Samples were pre-frozen by flash freezing in liquid nitrogen in the slant 

position. Samples were then placed in a manifold freeze-dryer (Labconco FreeZone 6 L, 

Labconco Corp.) after they were completely frozen. 50 mL Falcon tubes were covered by 

Kim wipes and tied using a rubber band. The freeze-dryer settings were set at vacuum 

pressure of 0.120 mBar and collector temperature of -52C for 48 h. The freeze-dried 
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materials were then crushed into fine powders, weighed and stored at -80ºC for long-term 

storage and subsequent analyses (Figure 2.1).  

 

Figure 2. 1: Schematic overview of the experimental procedure. Abbreviations: OD – 

optical density. 

 

2.3 Determination of cell viability  

Assessment of cell viability (CFU/mg) in all experiments was determined by serial dilution 

and plate count method of colony forming units (CFU). The freeze-dried product was 

rehydrated in sterile H2O, incubated for 10 min at room temperature (RT), and then 

vortexed until fully dissolved. Freeze-dried samples were serially diluted with 0.02% 

Silwet L-77 (Lehle seeds). Next, 10 µL of an appropriate range of the diluted solutions 

were spotted onto LB agar plates (12x12 cm) and incubated at 28ºC overnight.  
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2.4 Water content  

The water content of the freeze-dried samples was measured by Coulometric Karl Fischer 

titration (C30 Comact Coulometric Karl Fischer Titrator, Mettler Toledo). Approximately 

50-100 mg of freeze-dried material was added to a glass vial and placed in a KF titration 

instrument. Coulometric KF titration generates iodine electrochemically during titration. 

By measuring the amount of consumed iodine, the water content is determined.    

 

2.5 Examination of various rehydration solutions 

Rehydration was carried out using three different solutions: water, Phosphate Buffered 

Saline pH 7.4 (PBS, VWR), and LB broth in 2 mL Eppendorf tubes. After adding 2 mL of 

rehydration solution, the sample was vortexed until fully dissolved, then incubated for 10 

min at RT. Cell viability assessment were subsequently performed. 

 

2.6 Short- and long-term water stability test 

Assessment of cell viability was tested after incubating x mg of freeze-dried product in 2 

mL sterilized water at RT. In short-term test, samples were assessed after 10 min, 15 min, 

30 min, 90 min, and 120 min. In long-term test, samples were assessed for 2 weeks at 

different incubation time points: 1 hour, 6 hours, 12 hours, 1 day, 1 week, and 2 weeks. 

 

2.7 Storability test 

Accelerated storage tests were performed by determining cell viability after incubating x 

mg of freeze-dried product at 50ºC or 60ºC in a thermomixer  for 1 h, 6 h, 12 h, 1 day, 2 
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days, 4 days, 1 week and 2 weeks. Normal storage tests were performed by determining 

cell viability every month after incubation at RT for a period of 4 months.  

 

2.8 Statistical analysis  

All viability measurements were conducted using four biological replicates and two 

technical replicates per biological replicate. Values presented represent the mean, error bars 

represent the standard error of the mean (SEM), and all outliers were removed using 

Develve software (https://develve.net/). Significant results were conducted by Kruskal 

Wallis test. 

 

 

 

 

 

  

https://develve.net/
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Chapter 3 

Results and Discussion 

3.1 Viability Assessment of bacteria after freeze-drying and water content 

The viability of SA190 after freeze-drying when treated with 10% sucrose mixed with 5% 

trehalose was assessed right away. SA190 viability was 2.75E+08 CFU/mg with 8.7% 

water content measured by KF titration.  

 

 The stability of bacteria during the freeze-drying process depends on different parameters, 

such as bacterial strain, initial cell density, lyoprotectant type and concentration, and 

storage temperature.  

SA190 was harvested in the stationary phase. Since the stationary phase causes various 

physiological changes to the cell due to the consumption of nutrients and carbon starvation, 

the survival response to carbon and nutrients shortage protects the cells under different 

harsh conditions such as freeze-drying [25]. As many studies demonstrated, higher initial 

cell concentration means higher stability and longer viability. More than 108 CFU/mL is 

preferred as an initial cell concentration for freeze-drying. The reason behind preservation 

of high cell number is on the assumption that most of cells die during storing for long-term, 

yet a sufficient number of the strain survive to ensure continuation [36]. However, to increase 

the possibility of having a better freeze-dried product with high cell number a suitable 

lyoprotectant should be added. There are several types of lyoprotectants like sugars, 

proteins or complex mixtures. A study was done by Costa et al., found that there is a 

correlation between initial cell concentration and protectant type. For example, skim milk 

reached highest recovery when the starting concentration was 108 CFU/mL. On the other 
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hand, sucrose reached highest recovery when the staring concentration was 1010 CFU/mL 

[36]. Besides, the selection of lyoprotectant type depends on bacterial strain too. Based on 

different studies, sugars have great effect in protecting bacterial cells during the freeze-

drying process. Non-reducing sugars such as sucrose and trehalose have been known as a 

desiccation tolerance due to the stabilization of proteins and cell membrane, structure and 

function preservation [25]. For SA190, a mixture of 10% sucrose and 5% trehalose was 

selected as lyophilization buffer due to the efficiency of these two sugars in conserving 

bacterial structure and cell viability. The water exchange between the lipids head-groups 

lowers the transition temperatures as a result of adding sucrose and trehalose to dry 

membranes. The reduction in cell viability after freeze-drying normally occurs due to the 

extremely harsh conditions that can damage bacterial cells. The acceptable survival rate 

depends on the bacterial strain. However, gram positive bacteria survival rate tended to be 

higher than gram negative bacteria [41]. 

 

Determination of water content was performed with a coulometric KF titrator. SA190 

contained 8.7% water. The percentage of water content after freeze-drying depends on 

freeze-drying duration, pressure, and temperature. Moreover, water content may increase 

or decrease based on lyoprotectant type, and bacterial strain. According to K. Umashankar 

et al., samples containing water less than 10% considered as microbiologically stable [26, 

35].    
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3.2 Effect of several rehydration solutions on SA190 viability 

Freeze-drying product was rehydrated with 2 ml water, and incubated for 10 minutes, 15 

minutes, 30 minutes, 90 minutes, and 120 minutes at RT. Later, viability assessment was 

done after each time point. The highest cell viability was reached after 15 minutes with 

3.56E+08 CFU/mg (Figure 3.1).  

In addition, rehydration of the freeze-drying product was done using different rehydration 

solutions such as Phosphate Buffered Saline (PBS), and LB broth besides water. PBS 

buffer showed the lowest viability compared to LB broth and water. However, samples that 

were rehydrated with water showed the highest viability (Figure 3.2). 

 

Rehydration is another key factor in maintaining viability of freeze-dried bacteria, and the 

final critical step. Rehydration can be done using different solution. For example, using the 

same lyoprotectants that used for freeze-drying, complex media like skim milk, liquid 

media that was used to grow bacteria, or water. As the results suggest, the highest viability 

of SA190 freeze-dried product was when rehydrated with water. There was no significant 

difference between water rehydration and LB broth rehydration, 9.49E+06 CFU/mg and 

5.13E+06 CFU/mg, respectively. However, PBS buffer showed the lowest viability, 

3.22E+03 CFU/mg, in comparison with water and LB broth. As the main goal was to reach 

high cell viability after rehydration, water have been selected as the rehydration solution 

for SA190 freeze-dried product. 
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Figure 3. 1: SA190 viability using different rehydration solutions. Viability 

assessment of SA190 was done after rehydration with water, LB broth, and PBS buffer 

for 10 min at RT. Viability assessment was caried using four biological replicates, and 

two technical replicates per biological replicate. Stars indicate statistically significant 

values. *P=0.03, **P=0.02. 

 

3.3 Short- and long-term water stability tests   

In short-term test, freeze-drying product was rehydrated with 2 ml water, and incubated at 

different RT for 2 h. Later, viability assessment was done after each time point (10 min, 15 

min, 30 min, 90 min, and 120 min). The highest cell viability was reached after 15 minutes 

with 3.56E+08 CFU/mg (Figure 3.2). 

 



 

 

34 

 

 
Figure 3. 2: SA190 short-term water stability test. Viability assessment was done after 

the rehydration of the freeze-dried product with water for different time points at RT. 

Viability assessment was caried using four biological replicates, and two technical 

replicates. 

 
In long-term test, the viability of freeze-dried SA190 in water was tested for 2 weeks at 

RT. Bacterial freeze-dried product lost 4 log units in one week. However, after 2 weeks 

there was a 1 log unit increase. Assessment of viability showed a fast reduction rate in the 

beginning, 3 log units only on the first day. What is interesting is that SA190 increased by 

1 log unit after two weeks (Figure 3.3). According to Poirier et al., the slow rehydration of 

dried cells can increase cell recovery [47].  

Short-term water stability test 
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Figure 3. 3: Figure 3.3: SA190 long-term water stability test. Viability assessment was 

done after the rehydration of the freeze-dried product with water for different time points 

at RT. Viability assessment was caried using four biological replicates, and two technical 

replicates per biological replicate. Stars indicate statistically significant values. 

 

3.4 Shelf-life viability of freeze-dried bacteria 

Accelerated test and normal storage test were carried out for SA190 when freeze-dried with 

10% sucrose and 5% trehalose. Normal storage test was done at RT, and accelerated test 

was done at 50°C and 60°C.  

 

The viability of SA190 was tested under different temperatures and for several durations. 

Since storage temperature plays an essential role in bacterial cell viability, examining 

freeze-dried products under different conditions is needed. The accelerated test is a method 

used to predict storage stability and estimate bacterial shelf-life. This test is carried out by 

Long-term water stability 
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sample incubation at a higher temperature than the average storage temperature. This test 

was done at 50ºC and 60ºC. Although many papers accelerated test is conducted at 37ºC, 

SA190 seems to tolerate 37ºC without any significant effect (Data not shown). This might 

be because SA190 was originally isolated from the root of the desert plant in Saudi Arabia, 

a high-temperature area. The survival rate of SA190 at 50°C was 0.06% with 3 log units 

decrease, and at 60°C the survival rate 0.02% with 4 log units decrease (Figure 3.4). This 

indicates that SA190 is more sensitive to high heat. The data were collected at different 

time points for two weeks.  

 

Normal storage test was conducted monthly at RT. The survival rate of SA190 was 0.01% 

for four months. SA190 lost 1 log unit every month (Figure 3.5). The loss of cell viability 

after 3 months at RT is almost the same as the reduction after 2 weeks at 50°C in accelerated 

test. On the other hand, the reduction of cell viability after 2 weeks at 60°C is equal to the 

loss after 4 months at RT. This means that in four weeks at 50°C the viability of 6 months 

will be determined, and at 60°C the viability of 8 months will be determined. 
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Figure 3. 4: SA190 accelerated test. SA190 freeze-dried product viability was assessed 

after incubation at 50ºC and 60ºC at different time points. Viability assessment was caried 

using four biological replicates, and two technical replicates per biological replicates per 

biological replicate. 
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Figure 3. 5: SA190 normal storage test. SA190 viability was assessed monthly after 

incubation at RT. Viability assessment was caried using four biological replicates, and two 

technical replicates per biological replicate. 
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General conclusion and future work 

The world is shifting toward sustainable and ecologically friendly solutions due to 

environmental concerns influencing food production. For instance, the use of PGPB is 

rising due to its ability to improve yield quality, quantity and stress resistance. Recently, 

many studies have focused on an achievable delivery system for microbial inoculation in 

agriculture on a large scale.  

 

Freeze-drying is a valuable technology for bacterial preservation for the long-term. The 

freeze-drying product can be applied as a biofertilizer, coated over a seed, or directly to the 

soil. In order to get high cell viability, which can last for a long time, selection of protectant 

play a significant role as well as bacterial strain. The freeze-drying product can be 

preserved up to 30 years when freeze-dried properly.  

 

In addition to long-term preservation, which is the core aspect, several other parameters 

are involved in the formulation of inoculants. For instance, when the initial cell 

concentration, lyophilization buffer, pre-freezing method, primary and secondary drying 

durations, and storage conditions are optimized, a high-quality product will be produced. 

Optimization can be achieved using a stepwise approach, starting with straightforward, 

cheap inspection of a wide range of variables. By the end of each step, the tested parameter 

is added to the next step of testing. This procedure has been applied to identify suitable 

parameters for various strains, such as P. phytofirmans, Enterobacter cloacae, and P. 

fluorescens. 
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Pseudomonas argentinensis SA190 was treated with a mixture of 10% sucrose and 5% 

trehalose. The selection of protectants was based on literature and preliminary experiments. 

SA190 freeze-dried product viability was assessed after freeze-drying, at RT and high 

temperatures (i.e., 50ºC and 60ºC). Also, rehydration tests were carried out. For instance, 

SA190 freeze-dried product was rehydrated with water, LB broth, and PBS buffer. The 

viability and storability tests showed that SA190 could handle freeze-drying.  

 

For future work, SA190 freeze-dried product effect on plant growth will be tested 

compared to bacterial liquid culture inoculation. First, the growth of the model plant A. 

thaliana will be examined when inoculated with freeze-dried SA190. Second, the freeze-

dried SA190 effect will be tested on other plants such as cucumber, latus, and tomatoes. 

In addition, the freeze-drying protocol will be investigated. Moreover, SA190 will be 

freeze-dried using different lyoprotetcants and different freeze-dryer settings (vacuum 

pressure, collector temperature, and duration). Later, SA190 viability and shelf-life will be 

tested as well. Finally, the best product – in terms of quality, viability, and cost – will be 

packaged for safe transportation and commercialization. This flow will also be applied to 

different bacterial strains showing promising results in supporting plant growth under 

abiotic stress. 
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