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Abstract 

 

Research on the use of biomaterials in the area of health 

continues to focus on solving the main drawbacks of the grafts 

currently in use: immunological reactions, the risks of 

contamination, the need for several surgical interventions and the 

risk of disease transmission, hence the importance of knowing 

the properties of the various types of biomaterials in order to give 

them the appropriate use. In medical terms, a Biomaterial is a 

pharmacologically inert compound designed to be implanted or 

incorporated into the living system. The biomaterial is implanted 

with the aim of replacing or regenerating living tissues and their 

functions. Currently, scientific and technological advances have 

contributed decisively to the use of biomaterials to improve 

human health and quality of life. Biomaterials are natural or man-

made (synthetic) substances. They are systemically and 

pharmacologically inert, capable of being in intimate contact 

with living tissues (muscle, bone, blood, body fluids, etc.) 

without affecting their properties. treat various diseases and 

wounds (sutures, catheters, needles, plates, etc.). The objective 

of this study is to present the properties of different types of 

biomaterials for a specific use, contributing to sustainable 

development. 

 

 

 

Biomaterial, Properties, Implant 

 

Resumen 

 

Las investigaciones del uso de biomateriales en el área de la salud 

continúan encaminándose a la solución de los principales 

inconvenientes que presentan los injertos que se utilizan 

actualmente: las reacciones inmunológicas, los riesgos de 

contaminación, la necesidad de varias intervenciones quirúrgicas 

y el riesgo de transmisión de enfermedades, de ahí la importancia 

del conocimiento de las propiedades de los diversos tipos de 

biomateriales para darles el uso adecuado. En términos médicos, 

un biomaterial es un compuesto farmacológicamente inerte 

diseñado para ser implantado o incorporado dentro del sistema 

vivo. El biomaterial se implanta con el objeto de sustituir o 

regenerar tejidos vivientes y sus funciones. Actualmente los 

avances científicos y tecnológicos han contribuido de forma 

determinante en el uso de los biomateriales para mejorar la salud 

humana y la calidad de vida. Los biomateriales son sustancias 

naturales o artificiales (sintéticas). Son sistémica y 

farmacológicamente inertes, capaces de estar en íntimo contacto 

con tejidos vivos (músculo, hueso, sangre, fluidos corporales, 

etc.) sin ver afectadas sus propiedades. tratar distintas 

enfermedades y heridas (suturas, catéteres, agujas, placas, etc.). 

El objetivo de este estudio es dar a conocer las propiedades de 

los diferentes tipos de biomateriales para un uso especifico, 

contribuyendo al desarrollo sustentable. 

 

Biomaterial, Propiedades, Implante 
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Introduction 

 

Biomaterial is defined as that natural or synthetic 

material used to be in contact with a living being, 

which is why it must have specific properties to 

perform its function adequately, which is why it 

must be biocompatible. 

 

The study of Biomaterials is a highly 

complex discipline, it is multidisciplinary, 

because its study involves areas such as physics, 

chemistry, biochemistry, materials science and 

engineering, and medicine, with respect to 

biocompatibility, material must be able to be 

accepted by the human body without causing 

inflammatory reactions, allergic reactions in the 

surrounding tissues, in addition to not causing 

cancer [12, 13]. 

 

Previously, biomaterials were, 

essentially, industrial materials selected on the 

basis that they were capable of meeting certain 

biological acceptability requirements. However, 

currently many of them are designed, 

synthesized, and processed with the purpose of 

being used in the medical field. 

 

Research in biomaterials, as materials 

used in the repair or replacement of damaged 

organs or tissues, began to develop, as a science, 

around the 1960s. At firs,t they were inert 

materials and from the 80s a second generation 

began: bioactive materials [19]. These materials 

are characterized by having the property of 

replacing tissues. Currently, scientific research 

develops cell and tissue activating materials, that 

is, regenerative biomaterials.  

 

They promote cell activation and induce 

the regeneration of specific tissues. In this way, 

the science of biomaterials is linked to tissue 

engineering, a branch of bioengineering that 

focuses on the recovery of biological functions, 

since these materials require supports or 

scaffolds, in the form of a solid or gel, to guide 

the cell proliferation [11, 13]. To achieve this 

operation, the supports must be porous and 

biodegradable. Polymeric or ceramic supports, 

or composite materials, are used. Currently, 

research focuses on the development of 

nanocomposite supports. Their ceramic phase is 

bioactive glasses, compounds of silica (SiO2), 

calcium oxide (CaO) and phosphorus oxide 

(P2O5). In recent years, biomimetic approaches 

have been used to develop nanomaterials for 

inclusion in a wide variety of oral health 

products.  

For example, rinses and toothpastes that 

contain nanoapatites to interact with the biolayer 

and precipitate on the tooth surface, products 

containing nanomaterials for the treatment of 

larger cavities with nanomaterials are under 

investigation (15, 19). 

 

Currently its use concerns such broad 

fields in its clinical use that can range from 

rehabilitation and well-being to health 

convenience and aesthetics, there are entire 

academic groups dedicated to biomaterials, 

many biomaterials study programs in various 

universities and institutes. research centers are 

dedicated to education and exploration in the 

science and engineering of biomaterials, many 

biomaterials study programs at various 

universities and Research centers are dedicated 

to education and exploration in biomaterials 

science and engineering.  

 

In parallel with the research and 

educational effort, hundreds of companies have 

been developed that use biomaterials to 

manufacture biomedical devices. It is worth 

mentioning that current biomaterials lend 

themselves to multiple applications, from the 

replacement of intraocular lenses to artificial 

hearts [20]. Hence the importance of studying its 

antecedents, properties, and applications. 

 

This study was approached in 8 sections 

as follows: 

  

1. Historical development of Biomaterials 

2. Types of Biomaterials 

3. Properties of Biomaterials 

4. Uses of Biomaterials in the health sector 

5. Analysis of results 

6. Conclusions 

7. Acknowledgments 

8. References 

 

1. Historical Developments 

 

Since prehistory, men and some living beings 

have developed materials according to their 

needs. In the Stone Age, materials obtained from 

nature, for example stone or bone, were 

hammered, cut, or heated to obtain a material 

with the desired properties for use, for example 

tools. Later, with the advancement of 

technology, men began to use metals to create 

tools with better properties, this period is called 

the Age of Metals. 
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The metals that were used to develop this 

technology were copper, bronze and iron. Here 

we must highlight the discovery of alloys. 

 

Improvement in metal technology is still 

present today thanks to the development of new 

alloys. The most alloy important, due to the 

number of applications it has, is steel, which has 

been used, especially in construction. The next 

important moment in the history of materials for 

humans was the discovery of plastics in the mid-

19th century. Today, materials technology is 

being focused on polymers and composite 

materials, since with them it is possible to obtain 

a material with optimal properties for a specific 

use. Some time ago, the remains of a human 

were found in the state of Washington, in the 

United States of America, dating back 

approximately 9,000 years. This individual, 

known as “The Kennewick Man,” was described 

as a tall, healthy, and active person; and that he 

moved with the tip of an arrow stuck in his hip.  

 

The wound had healed and the presence 

of that arrow in his body, apparently, did not 

prevent him from carrying out his activity. This 

“implant” shows the ability of the human body 

to interact with foreign materials. Arrowhead 

tolerance demonstrates how the human body can 

tolerate a foreign material, due to its power of 

adaptability. 

 

More than 2000 years ago, the 

Phoenicians, the Aztecs, and the Chinese used 

gold in dental surgery. 

 

In 1829, H. S. Levert conducted the first 

studies to determine the biological compatibility 

of implant materials, using platinum, silver, 

gold, and lead in dogs. 

 

In 1870, Lord Joseph Lister introduced 

aseptic surgical techniques to reduce infection. 

 

In 1886, the German surgeon H. 

Hansmann used steel plates for the first time to 

the repair of bone fractures. 

 

In 1893, W. A. Lane developed a carbon 

screw system for bone fracture fixation plates 

and a couple of years later, William Roentgen 

discovered Rays X, which are a useful diagnostic 

tool in traumatology and orthopedics. 

 

In 1912, work began with stainless steels, 

corrosion-resistant materials suitable for use in 

orthopedic devices. 

In 1928, Alexander Fleming introduced 

the first antibiotic, penicillin. 

 

In 1931, a Boston surgeon, Marius 

Smith-Petersen, developed a glass device 

intended for application in partial hip 

replacements and bone fixation pins. 

 

In 1932, the use of sulfonamides 

emerged. 

 

In 1936, the use of cobalt-based alloys 

for orthopedic surgery was introduced, thanks to 

the works of C. S. Venable and W. G. Stuck. 

 

In 1938, British surgeons performed the 

first total hip replacement. 

 

Sir Harold Ridley invented acrylic 

intraocular lenses. This arises from careful 

observations made on aviators, who, because of 

accidents, had fragments of windshields from 

the Spitfire and Hurricane fighter planes 

implanted in their eyes. These aviators did not 

have an allergic reaction to the implanted 

material, which is currently known as 

biocompatibility. 

 

Ridley found out the origin of said 

material (called ICI Perspex) and with it, 

manufactured the first intraocular lenses to be 

applied after cataract operations. The first 

implantation was carried out in November 1949, 

and despite initial failures, Ridley's ingenious 

observations, creativity and talent have allowed 

the implantation of more than 7 million 

intraocular lenses per year. 

 

In 1943, P. H. Harmon experimented 

with acrylic cups for hip joint replacement and, 

three years later, the Judet brothers introduced an 

acrylic hip, which proved to be very weak. 

 

In the 1950s, titanium-based alloys were 

developed, which are still used today in 

implants. In that same decade, stainless steel 

hips began to be implanted on a regular basis. 

 

In 1959, the English orthopedic surgeon 

Sir John Charnley began a systematic study of 

low-friction total hip replacement, being the first 

to introduce the use of the polymer Teflon for 

hip replacement and polymethylmethacrylate as 

bone cement. These cements were subsequently 

refined to produce long-term adhesion. 
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In 1969, the Biomaterials Society of the 

United States of America was formed and held 

its first meeting in 1975, attended by 382 

participants from 15 countries: there were 

already researchers and engineers who designed 

materials with specific criteria; and scientists 

exploring the nature of biocompatibility. 

 

In the 70s, the use of porous materials 

began to ensure bone growth around the implant. 

 

In the 80s, the use of materials, as well as 

surgical techniques, improved. 

 

In 1984, surgeon William Harris, in 

collaboration with MIT (Massachusetts Institute 

of Technology) developed the necessary 

equipment to measure the real pressure to which 

a functional hip is subjected in the body of a 

living being, and, Finally, in that same year, the 

modular hip replacement system was introduced, 

which consisted of a prosthesis made up of 

several changeable parts. 

 

Currently, its use concerns such broad 

fields in its clinical use that can range from 

rehabilitation and well-being to health 

convenience and aesthetics, there are entire 

academic groups dedicated to biomaterials, 

many biomaterials study programs at various 

universities and research institutes that are 

dedicated to education and exploration in 

biomaterials science and engineering. In parallel 

with the research and educational effort, 

hundreds of companies that use biomaterials to 

manufacture biomedical devices have been 

developed. Current biomaterials lend themselves 

to multiple applications, from replacement of 

intraocular lenses to artificial hearts. 

 

In 1990, the publication of textbooks on 

biomaterials science began. Over the past 30 

years, prosthetic heart valves have undergone 

many design changes, testing the 

biocompatibility and durability of many new 

materials. The first mechanical valves were 

made of stainless steel and silicone rubber; Their 

duration was reasonable, but they required 

anticoagulant treatment to prevent the formation 

of blood clots. In the 1970s, a new model was 

introduced: chemically modified animal tissues. 

Recently, valves have been manufactured with 

pyrolytic carbon, to give them solid mechanical 

resistance and greater compatibility with blood.  

 

 

 

While most materials for the 

cardiovascular system must be elastic and 

compatible with blood, materials used for bone 

implants must be rigid and resistant to loading. 

In addition, it is necessary that bone implants 

reside in the bone, without obstructing the 

remineralization process, the mechanism by 

which the body restores bone. Metal prostheses 

have long been the mainstay of orthopedic 

doctors, traumatologists and dentists.  

 

It is worth mentioning that many dental, 

joint and bone implants contain titanium or 

chromium and cobalt alloys, among others. The 

first biomaterial, in the sense in which this term 

is known today, was developed in the 1920s. 

Reiner Erdle and Charles Prange, combined their 

knowledge of dentistry and metallurgy, 

respectively, to develop the first metallic 

biomaterial, the Vitallium alloy. Since then, this 

area has experienced rapid growth. 

 

The 21st century has been characterized 

by a dynamic development of new areas, which 

combine knowledge from various sciences and 

disciplines: medicine-engineering, psychology-

logistics, marketing economics, materials 

science, among others. 

 

Such development is the direct result of 

the combination of the needs of the world  

contemporary and the admirable capacity for 

ingenuity of the human being, which has been 

distinguished by innovation in different areas of 

knowledge. Such has been the case of 

bioengineering, where many biomedical 

applications have been developed with the aim 

of increasing the quality of life of many patients. 

 

To cultivate professionals capable of this 

type of development, universities around the 

world opened several courses that combine 

knowledge in various areas of engineering with 

medicine, biotechnology, bioengineering, 

biomechanics and biomedical engineering, 

training in biomaterials is one of the important 

subjects in the education process of experts in 

biomedical engineering and materials 

engineering. The structure of matter is what 

gives each biomaterial its characteristics. This 

term includes specific aspects or properties to 

consider and study. 
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2. Clasification of Biomaterials 

 

2.1 Metallic Biomaterials  

 

They are those biomaterials that contain one or 

more metallic elements such as, for example, 

those from the group of iron (Fe), nickel (Ni), 

aluminum (Al), copper (Cu), zinc (Zn) and 

titanium (Ti), mixed with small amounts of other 

non-metallic elements such as carbon (C), 

nitrogen (N) and oxygen (O) [1, 2. 3, 11]. 

 

In metallic biomaterials or their alloys, 

the atoms are highly ordered, linked together 

thanks to attractive electrostatic forces between 

the negatively charged electronic clouds and the 

positively charged metal ions, as if the free 

electrons worked like an “adhesive”. 

 

Consequently, these materials are 

characterized by being good conductors of both 

heat and electricity, as well as by their hardness 

and ductility. However, like any material, they 

degrade over time when exposed to humidity, 

salt water, soil and living tissues, since metal 

ions react spontaneously with oxygen, hydrogen, 

and salts to form metal oxides. For this reason, 

its durability and use depend on its resistance to 

corrosion. 

 

There are multiple uses for these 

materials in medicine to solve problems with the 

human body: 

 

Dental amalgams, stainless steel screws 

for bone fixation, pacemaker shell made of 

titanium allies, coronary endoprosthesis made of 

a mixture of titanium and nickel, Complete hip 

prosthesis made of cobalt alloy, among others 

[17, 18, 24]. 

 

2.2 Polymeric Biomaterials  

 

These are materials, natural or synthetic, 

organic, or inorganic, that are made up of 

multiple repetitive units of a type of molecule, 

which are commonly used in medicine [11,15]. 

Among which are nylon, polyethylene (PE), 

polycarbonate (PC), polyvinyl chloride (PVC), 

polystyrene (PS) and silicone. 

 

They are generally unreactive substances 

in a wide variety of conditions: they have little 

electrical conductivity and are not magnetic. 

 

 

They differ from metallic biomaterials in 

many properties, particularly in their flexibility 

and softness, so they can take different shapes; 

however, at relatively high temperatures, these 

materials tend to soften and/or decompose or 

degrade, so this aspect is considered when using 

them for different uses. Common applications 

include contact lenses, latex surgical gloves, and 

surgical sutures [4, 5, 6, 15].   

 

2.3 Ceramic Biomaterials 

 

They are fundamentally inorganic materials, 

they are composed of metallic and non-metallic 

elements such as oxides, nitrides, carbides, salts, 

etc. They can have a completely or partially 

crystalline structure, although they can also be 

completely amorphous [5, 7, 8]. 

 

These materials are generally thermal 

and electrical insulators, since they do not 

usually have large numbers of conductive 

electrons, they are inert and more resistant to 

corrosion than metals. However, in some cases 

they can be prone to degradation under certain 

conditions. 

 

They are generally very rigid, hard, and 

brittle. The main medical applications of 

ceramics include corrective lenses, dental 

implants, part of hip replacement prostheses, 

ceramic bone scaffold, among others [3, 4, 20]. 

 

2.4 Composite Biomateriales  

 

These are biomaterials formed by two or more 

materials from the three previous groups: metals, 

ceramics, and polymers. They have a 

combination of properties and characteristics, 

due to the mixture of materials, which could not 

be obtained in each material separately. 

 

The most common applications of these 

biomaterials are white fillings for teeth and 

pastes or cements used to join bones. It is worth 

mentioning that something that must be taken 

into consideration for the use of any type of 

material mentioned above is its biocompatibility 

[13, 21, 22, 23]. 
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3. Properties of Biomaterials 

 

3.1 Physical Properties of Biomaterials  

 

They are those that cover handling properties, 

adhesion, thermal or electrical dimensional 

variations, weight, color, odor, size, shape, 

density, electric charge, magnetic charge, 

thermal properties, porosity, etc. 

 

3.2. Mechanical Propierties:  

 

Are those properties of the material to resist the 

application of a force (ductility, hardness, 

elasticity, tensile strength, fatigue resistance, 

wear resistance, elongation). 

 

The use of a specific material will depend 

on its properties, as well as the type of device to 

be manufactured. A hip prosthesis must be 

strong and rigid; a material to replace a tendon 

must be strong and flexible; a heart valve must 

be flexible and hard; a dialysis membrane must 

be strong and flexible; A joint cartilage 

replacement should be soft and elastic (these 

materials have high elasticity and can deform 

long before they break, such as an elastic band) 

[12, 19, 24]. 

 

3.3.Chemical Properties 

 

These properties are the resistance of the 

biomaterial to the reactions that the material 

undergoes against changes in pH, ionic or 

electrical stimuli, elemental and molecular 

composition, corrosion, degradation, 

sterilization, types of chemical bonds, etc. 

 

3.4. Biological Properties 

 

Which is the result or reaction of a hard or soft 

tissue against a material used. Among which we 

can mention Cytotoxicity, Genotoxicity, 

Mutagenicity,   Hemocompatibility, Cell 

adhesion, among others. 

 

4. Use of biomaterials in the health Sector  

 

Table 1 shows the application of biomaterials in 

general.  

 

 

 

 

 

 

 

Biomaterial Applications 

Titanium alloys, stainless 

steel, Polyethylene (PE) 

Joint reemplacement 

  Synthetic hydroxyapatite 

(Ca10(PO4)6(OH)2 

Repair of osseous defects 

Teflón, Dacrón Artificial ligaments and 

tendons 

Stainless steel, Cobalt 

alloys with chromium 

Fracture Fixation Plates 

Polymethylmethacrylate Bone cement 

Polyurethane Artificial Heart 

Polyacrylonitrile, cellulose Artificial kidney 

Silicone rubber  Artificial respirator 

Hydrogels, Silicone-

acrylate 

Contact lenses 

Titanium, calcium 

phosphate, (CaPO4), 

alumina (Al2O3),  

Dental implants 

Stainless steel and Dacron Heart valves 

Teflon, Polyurethane 

(PUR) 

Catheter  

 
Table 1 Applications of Biomaterials in general 

  

Some specific examples are cited below: 

 

4.1. In hip prosthesis 

 

It is recommended in the case of fracture, and 

diseases such as arthritis. This joint can be 

manufactured with an acetabular cup of (Co-Cr, 

Al2O3, ZrO2), which is fixed in the pelvis and 

serves as a seat for a sphere whose stem is (Co-

Cr, 316LQ, Ti6Al4V) is embedded in the femur. 

The two artificial elements restore the patella-

type joint system, with which the patient can 

walk again. Figure 1. 

 

 
 

Figure 1 Huckle Prosthesis. Directory of medical 

specialists  

 

4.2. Heart valve 

 

The heart is a fundamental part of the human 

anatomy, as it is a pump for recirculating blood 

throughout the body. The heart's valves allow it 

to pump blood efficiently. These valves are 

prone to failure due to disease; however, they 

can be replaced by artificial valves [9, 10].  
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Mechanical valves are excellent in terms 

of durability, but are hampered by their tendency 

to clot blood. Biological valves are less durable 

and must be replaced periodically. Figure 2. 

 

 
 

Figure 2 Heart valve replacementn. Wikicardio. Org. Ar. 
   

4.3 Spine 

 

The first surgical procedure for a herniated 

thoracic disc was reported by Middleton and 

Teacher in 1911. From the 1930s to the present, 

metallic material is used in prostheses in 

surgeries. In 1966, the first prosthetic surgery 

was performed, replacing a cervical disc. 

 

The development of medicine is possible 

thanks to equipment and implants especially 

designed and built by specialists in various 

areas: medicine, mechanics, electronics, 

materials engineering, among others. 

 

A multidisciplinary group of specialists 

is capable of designing and manufacturing 

devices and implants necessary for patients who 

require total or partial replacement of an element 

of their body: lungs, artificial heart, cardiac 

stimulators, various types of prostheses, etc. 

 

University scientists study the use of 

biomaterials, such as bovine condyle cellular 

scaffolds, which are produced and designed by 

the team of María Cristina Piña, from the 

Materials Research Institute (IIM) of the 

UNAM, to promote functional recovery and 

structural of the liver. Figure 3. 

 

 
 
Figure 3 Cervical prosthesis. Grupo protesa.mx 

4.4 Knee implant 

 

This type of orthopedic surgery has been 

performed since 1968. Figure 4. 

 

 
 

Figure 4 Knee implant. Dr. Ángel Vega Curiel. 

 

4.5 Dental implants. 

 

The emergence of dental implants has influenced 

major changes in clinical dentistry in the second 

half of the 20th century. Through specific 

surgical techniques, it is possible to replace lost 

teeth with synthetic ones, with the same 

functions and great durability. The prosthesis 

consists of three fundamental parts, called 

crown, post or stump, which will support the 

crown and the implant itself that will replace the 

root of the tooth Figure. 5. 

 

 
 

Figure 5 Dental Implant. (Clínica dental 

drjhonsondds.com) 

 

5. Analysis of Results 

 

According to the background addressed in this 

study, it can be known that the use of 

biomaterials has been present from prehistory to 

the present day. 
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Biomaterials are materials or 

combinations of natural or synthetic materials 

that can be used in a biological system for a 

certain time, fulfilling a specific and particular 

function. 

 

In the field of medicine, a biomaterial is 

a material used for therapeutic or diagnostic 

purposes, widely recognized in the field of 

biological and chemical sciences, as well as in 

Materials Engineering. 

 

Biomaterials can be used to: replace 

limbs, areas of tissues and organs of the human 

body, for repairs and fractures in bones, repair 

and replacement of teeth, equipment to support 

vision and hearing, to improve body appearance 

such as This is the case of cosmetic surgery, to 

correct defects and improve the function of some 

organs. 

 

The study undertaken has allowed us to 

visualize the relevance of biomaterials in our 

daily lives. 
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7. Conclusions 

 

This study concludes that currently there are 

multiple types of implants that can be used in 

different body segments, as well as there are 

various surgical techniques to perform the 

modeling procedure using the body's own 

tissues. Within the generalities of implants, it 

was relevant to know that they can be made of 

different materials, that they are manufactured in 

different shapes and that they come in various 

sizes.  

Each of these materials has advantages 

and disadvantages for its use, however the 

surgeon together with the Engineer in Materials 

will choose the implant of the most suitable 

material, shape and size to be able to give the 

optimal result to the body segment that you want 

to model. 

 

The types of implants most frequently 

used are synthetic, since they represent simpler, 

less aggressive, cheaper procedures and with 

good results. However, day by day the study of 

biomaterials continues to be addressed to 

innovate biomaterials that are a tailored suit for 

a specific use. In the case of Metallic 

Biomaterials, they are considered almost inert; 

their bioactivity regarding the formation of a 

bone-implant interface is much lower than that 

of other materials, such as calcium phosphates. 

Metals continue to be the most used in implants 

where load support is required (dental or 

arthroplasties) due to their high resistance.  

 

The main biocompatible metals are 

stainless steel, cobalt-based alloys and titanium-

based alloys. Titanium-based alloys have high 

mechanical strength and a low elastic modulus 

that more closely resembles that of bone than 

other metal alloys, and at the same time has high 

resistance to corrosion as a consequence of the 

spontaneous formation of the passive titanium 

oxide layer titanium, which has made them the 

most used alloys for orthopedic applications. 

This study lays the foundation for other later 

ones. 
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Abstract  

 

The increase in world population and food demand has led to the 

search for alternative food products with nutritional properties 

equal to or better than those in use. Dioscorea genus tubers 

present important nutritional and pharmaceutical characteristics 

due to the large number of compounds present in them. These 

tubers are cultivated mainly in South America, Africa, and Asia, 

some of them are established by asexual propagation through 

tuber segments, although this method has some phytosanitary 

problems and low potential. One alternative to this method is 

microtuberization based on obtaining a clean quality vegetable 

seed. The aim of this work was to evaluate the effect of different 

sucrose and paclobutrazol concentrations, and photoperiods for 

obtaining Dioscorea alata and D. sparsiflora microtubers using 

solidified MS as culture medium. Results showed that sucrose 

concentrations higher than 90 g/L favored microtuberization in 

both species, and that using low paclobutrazol (0.1-1.0 mg/L) 

concentrations combined with sucrose can favor it. Regarding 

photoperiod, a short day (8 h light / 16 h darkness) only favored 

D. alata, microtuberization while long photoperiods (16 h light / 

8 h darkness) favored D. sparsiflora microtuberization. 

 

 

 

 

 

Dioscoreacea, Yam, Camote de cerro, in vitro culture 

 

Resumen  

 

El aumento de la población mundial y de la demanda de 

alimentos ha conducido a la búsqueda de productos alimenticios 

alternativos con propiedades nutricionales iguales o mejores que 

los utilizados. Los tubérculos del género Dioscorea presentan 

importantes características nutricionales y farmacéuticas debido 

al gran número de compuestos presentes en ellos. Estos 

tubérculos se cultivan principalmente en Sudamérica, África y 

Asia, algunos de ellos se establecen por propagación asexual a 

través de segmentos de tubérculos, aunque este método presenta 

algunos problemas fitosanitarios y un bajo potencial. Una 

alternativa a este método es la microtuberización basada en la 

obtención de una semilla vegetal limpia y de calidad. El objetivo 

de este trabajo fue evaluar el efecto de diferentes concentraciones 

de sacarosa y paclobutrazol, y fotoperiodos para la obtención de 

microtubérculos de Dioscorea alata y D. sparsiflora utilizando 

MS solidificado como medio de cultivo. Los resultados 

mostraron que concentraciones de sacarosa superiores a 90 g/L 

favorecieron la microtuberización en ambas especies, y que el 

uso de concentraciones bajas de paclobutrazol (0.1-1.0 mg/L) 

combinadas con sacarosa pueden favorecerla. En cuanto al 

fotoperíodo, un día corto (8 h de luz / 16 h de oscuridad) sólo 

favoreció la microtuberización de D. alata, mientras que los 

fotoperíodos largos (16 h de luz / 8 h de oscuridad) favorecieron 

la microtuberización de D. sparsiflora. 

 

Dioscoreacea, Ñame, Camote de cerro, cultivo in vitro 
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1. Introduction 

 

Food world demand has been increasing due to 

exponential population growth. At the same time 

free pathogen seed availability, in which growth 

and yield are not affected by climatological 

changes, has created a challenge in the agri-food 

industry. The search for alternative food 

products with equal or better characteristics to 

those currently in use has led to the usage of 

biotechnological tools allowing the development 

of larger-scale production techniques, reducing 

losses, and preserving characteristics of interest. 

 

The camote de cerro (Dioscorea 

sparsiflora) is a tuber that, just as yam (D. alata), 

belongs to the Dioscoraceae family (Jiang et al., 

2014), both are considered annual, have high 

starch, fiber, protein, essential amino acids and 

saponins contents (Rodríguez et al., 2008; 

González, 2012; Scarcelli et al., 2017), and are 

distributed pantropically. In the case of yam, a 

low-quality cultivation system with 

phytosanitary problems due to the use of tuber 

segments not suitable for sale is used, while for 

camote de cerro a commercial cultivation system 

has not been reported, it is extracted from wild 

areas making wild populations regeneration and 

conservation impossible (Rodríguez, 2000; 

Ignatius et al., 2019). 

 

In vitro biotechnological culture 

techniques for Dioscorea genus, allowing for 

massive propagation in aseptic conditions have 

been reported; these techniques ensure 

pathogen-free, exceptional material (Wheatley et 

al., 2003; Borges et al., 2004); nevertheless, in 

the last decade microtuber production has 

become more important due to its posterior use 

as seed for yielding plants.  

 

The technique has evaluated nutrient use, 

carbon sources, growth regulators, and other 

chemical substances to promote 

microtuberization of different species of 

Dioscorea genus, especially D. alata (Jean and 

Cappadocia, 1991; John et al., 1993; Young and 

Ng, 1998; Cabrera et al., 2004; Cabrera et al., 

2009; Cabrera et al., 2011). There has been no 

work presenting D. sparsiflora evaluation.  

 

 

 

 

 

 

 

Due to this, the objective of this work 

was to evaluate the effect of sucrose and 

paclobutrazol concentrations as well as 

photoperiod in D. sparsiflora microtuber 

production and its comparison with two D. alata 

varieties.  

 

2. Methodology  
 

2.1. Vegetal material 

 

Dioscorea sparsiflora, D. alata and D. alata var. 

Purpura plants were contributed by Laboratorio 

de Cultivo de Tejidos del Centro Universitario 

de Ciencias Biológicas y Agropecuarias de la 

Universidad de Guadalajara. This material in 

vitro conditions, in Murashige and Skoog (MS) 

(1962) medium, with 30 g/L sucrose (SAC), 2 

mg/L Kinetine (KIN), gelled with 8 g/L agar and 

adjusted pH to 5.8 was used.   

 

2.2. In vitro propagation 

 

Vegetal material preparation and propagation 

took approximately three months and was 

carried out in aseptic conditions. The culture 

medium was composed of MS, 30 g/L sucrose 

(SAC), 2 mg/L KIN and 8 g/L agar. Plants were 

incubated at 25+ 2°C with a 16 h light / 8 h 

darkness period.  

 

2.3. Experimentation 

 

Four experiments were carried out to evaluate 

sucrose and paclobutrazol (PBZ) concentrations, 

along with different photoperiods at micro 

tuberization stage for the three Dioscorea. In all 

experiments, young segments with two axillary 

buds were used. They were all carried out in MS 

medium, with pH 5.8 and 8 g/L agar as a gelling 

agent. Ten repetitions were carried out for each 

experiment.  

 

2.3.1. Sucrose and PBZ concentrations 

evaluation in D. alata microtuberization 

 

A bifactorial 3 × 4 was designed to evaluate three 

sucrose concentrations (30, 60, and 90 g/L) and 

four PBZ concentrations (0.0, 0.1, 1.0, and 2.0 

mg/L). Treatments were incubated at 25 + 2°C 

with 16 h light / 8 h dark photoperiod for 90 d.  
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2.3.2. PBZ and photoperiod evaluation in D. 

alata microtuberization 

 

Based on the results from a previous experiment, 

this one was designed as a bifactorial  

experiment 5 × 5 where five PBZ concentrations 

(0.00, 0.025, 0.50, 0.75, and 1.00 mg/L) and five 

photoperiod conditions: (a) 8 h light / 16 h dark 

for 90 d, (b) 12 h light/ 12 h dark 90 d, (c) 16 h 

light / 8 h dark also 90 , (d) 16 h light / 8 h dark 

for 30 d and then 8 h light / 16 h dark for 60 d, 

and (e)16 h light/ 8 h dark for 30 d, and 16 h light 

/ 8 h dark 60 d were carried out. Treatments were 

incubated at 25 + 2°C. 

 

2.3.3. Sucrose, PBZ, and photoperiod 

evaluation in D. alata var. Purpura 

microtuberization process 

 

Segments were established in a trifactorial 4 × 4 

× 2 experiment, evaluating four sucrose 

concentrations (30, 60, 90, and 120 g/L), four 

PBZ concentrations (0.00, 0.10, 1.00, and 2.00 

mg/L), and two photoperiods (8 h light / 16 h 

dark and 16 h light / 8 h dark) all for 90d. Plants 

were incubated at 25 + 2°C.  

 

2.3.4. Sucrose, PBZ, and photoperiod 

evaluation in D. sparsiflora tuber production 

 

A trifactorial 2 × 2 × 3 experiment was carried 

out evaluating two sucrose concentrations (30 

and 90 g/L), two PBZ concentrations (0.00 and 

0.10 mg/L), and three photoperiods (8 h light / 

16 h dark, 12 h light / 12 h dark and 16 h light 

and 8 h dark). Plants were incubated at 25 + 2°C. 

 

2.4. Microtuber evaluation  

 

Evaluated variables were number of 

microtubers, their length, diameter, and fresh 

weight.  

 

2.5. Statistical analysis  

 

Statistical analysis was carried out using 

Statgraphics software. A normality test was 

performed, and data adjusted by normality were 

analyzed using ANOVA, while for those whose 

normality was not adjusted Kruskal-Wallis test 

was used along with Mood median analysis. 

 

 

 

 

 

 

3. Results and Discussion  

 

3.1. Sucrose and PBZ evaluation in D. alata 

microtuberization  

 

Significant differences were found when 

evaluating sucrose and PBZ concentration 

interactions in microtuber length and diameter 

factors. Results showed that microtubers 

obtained for sucrose concentrations higher (90 

g/L), combined with any PBZ concentration 

were longer and had greater diameter compared 

to all other combinations (Graphic 1). It was also 

found that when using 30 g/L sucrose, there was 

no microtuber formation regardless of PBZ 

concentrations used. Li et al. (2014) reported 

they obtained microtubers when using low PBZ 

concentrations (0.01-0.10 mg/L). For D. 

deltoidea, Nazir et al. (2022) reported 

microtubers length and weight increased when 

using 0.9 mg/L Benzyl aminopurine (BAP) 

concentrations combined with sucrose 

concentrations of 40, 60 and 80 g/L.  

 

Regarding microtuber fresh weight, 

significant differences were only found when 

using different sucrose concentrations.  

 

 

 
Graphic 1 Effect of PBZ and sucrose concentration on 

length and diameter of D. alata microtubers. Data 

presenting different letters are statistically different 

(P>0.05) 

Source: Díaz-Godínez 2022 
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Due to data not being adjusted by 

normality a median Mood analysis was carried 

out and it showed that using 90 g/L sucrose 

favored fresh weight in the microtubers (Table 

1). García-Corria et al. (2004) reported that 

optimal concentration for producing quality 

microtubers can be achieved using 60-80 g/L.  

 
 n<= n> PF (mg) 

SAC (g/L)    

30 16 0 0.000a 

60 10 6 0.005ª 

90 11 30 0.0579b* 

 

SAC=Sucrose; PF= fresh weight. 

*Statistically highly significant (P=<0.05) 

Higher median= 0.0329 

n<==Number of events higher than the higher median  

n>=Number of events lesser than higher median  

In the last column, data presenting different letters are 

statistically different (P>0.05) Mood test. 

 

Table 1 D. alata sucrose concentration effect in 

microtuber fresh weight  

Source: Díaz-Godínez 2022 

 

3.2. PBZ and photoperiod evaluation in D. 

alata microtuberization. 

 

Significant differences were found in the 

interaction between PBZ and photoperiod. 

Results showed that longer and with greater 

diameter and weight microtubers were obtained 

with a treatment not containing PBZ and with a 

photoperiod of 16 h light / 8 h dark (Table 2). 

Mantell and Hugo (1989) obtained 

microtuberization for D. alata using the same 

photoperiod. Nevertheless, they found that for 

other species, such as D. bulbifera, 

microtuberization is favored by shorter-day 

photoperiods. 

 

3.3. Sucrose, PBZ and photoperiod in D. alata 

var. Purpura microtuberization process  

 

Just as for D. alata, the purpura variety presented 

significant differences for the three evaluated 

factors in length and diameter of the obtained 

microtubers. Treatments with 60 and 120 g/L 

sucrose, 0.10 mg/L PBZ, and photoperiods 8 h 

light / 16 h dark and 12 h light / 12 h dark 

presented longer microtubers. Treatment 60 g/L 

sucrose, 0.10 mg/L PBZ and a photoperiod of the 

short day (8 h light / 16 h dark) generated 

microtubers with a greater diameter (Table 3), 

contrasting with what has been reported of 

longer microtubers in D. alata when reducing 

sucrose concentration (20 g/L) in combination 

with jasmonic acid (Jasik and Mantell, 2000).  

While for microtubers fresh weight some 

significant differences were found in the 

interaction of the three factors. Analysis showed 

that treatment with 120 g/L sucrose, 1.00 mg/L 

PBZ and photoperiod with short days favored 

microtuber weight (Table 3) that treatment with 

120 g/L sucrose, 1.00 mg/L PBZ, and 

photoperiod with short days favored microtuber 

weight (Table 3). 

 

For the variable number of microtubers, 

there were significant differences only in sucrose 

and PBZ concentrations but not for their 

interaction, and just as in the last variety 90 g/L 

concentration showed the highest microtuber 

production (Graphic 2), while when not using 

PBZ a higher number of microtubers was 

obtained (Graphic 3). Fotso et al. (2013) 

reported the use of low concentrations of PBZ 

for D. alata microtuberization (20-30 g/L) 

combined with growth regulators, such as KIN 

and naphthalene acid (ANA). The use of other 

regulators has also been reported, as in the case 

of benzylamine (BA) combined with 30 g/L 

sucrose (Yan et al., 2011). For D. opposite. The 

use of a photoperiod of 16 h light / 8 h dark and 

60 g/L sucrose for microtuber induction has been 

reported (Li, et al., 2020). 

 

 
 

Graphic 2 Effect of sucrose concentration on number of 

microtubers of D. alata var. Purpura. Data presenting 

different letters are statistically different (P>0.05) 

Source: Díaz-Godínez, 2022 

 

 
 
Graphic 3 Effect of PBZ concentration on number of 

microtubers of D. alata var. Purpura. Data presenting 

different letters are statistically different (P>0.05) 

Source: Díaz-Godínez 2022 
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Microtuber length (mm) 

  Photoperiod (h light / h dark)  

PBZ (mg /L) 8/16 12/12 16/8 16/8-8/16 16/8-12/12 

0.0 5.41 + 1.93ab 5.24 + 3.24ab 11.10 + 6.75c 5.68 + 0.0ab 3.42 + 0.0a 

0.25 4.57 + 1.33ab 0.0 d 0.0 d 7.28b + 0.35b 0.0 d 

0.50 0.0d 0.0 d 0.0 d 0.0 d 0.0 d 

0.75 0.0 d 0.0 d 4.71 + 1.54ab 0.0 d 0.0 d 

1.0 0.0 d 0.0 d 0.0 d 0.0 d 0.0 d 

Microtuber diameter (mm) 

 

PBZ (mg /L) 

 Photoperiod (h light / h dark)  

8/16 12/12 16/8 16/8-8/16 16/8-12/12 

0.0 3.69 + 0.73b 3.25 + 1.20ab 5.92 + 3.7c 3.48 + 0.0ab 2.24 + 0.0a 

0.25 3.70 + 1.33ab 0.0 d 0.0 d 3.59 + 0.48b 0.0 d 

0.50 0.0 d 0.0 d 0.0 d 0.0 d 0.0 d 

0.75 0.0 d 0.0 d 3.56 + 1.54b 0.0 d 0.0 d 

1.0 0.0 d 0.0 d 0.0 d 0.0 d 0.0 d 

Fresh weight (mg) 

 

PBZ (mg /L) 

 Photoperiod (h light / h dark)  

8/16 12/12 16/8 16/8-8/16 16/8-12/12 

0.0 0.10 + 0.06b 0.07 + 0.04ab 0.51 + 0.42c 0.18+ 0.0b 0.05+ 0.0ab 

0.25 0.08 + 0.04ab 0.0 a 0.0a 0.20 + 0.07b 0.0a 

0.50 0.0a 0.0 a 0.0a 0.0a 0.0a 

0.75 0.0 a 0.0 a 0.14 + 0.04b 0.0a 0.0a 

1.0 0.0 a 0.0 a 0.0a 0.0a 0.0a 

 

Table 2 PBZ and photoperiod effect in length, diameter, 

and fresh weight in D. alata microtubers 

Multiple range test (LSD) + Standard deviation 

*Data presenting different letters in columns are 

statistically significant 

Source: Díaz-Godínez 2022 

 
Treatment Length 

(mm) 

Diameter 

(mm) 

PF (mg) 

SAC 

g/L 

PBZ 

mg/L 

H light/ h 

dark 

30 0.0 8/16 0.0a 0.0a 0.0a 

60 0.0 8/16 0.0a 0.0a 0.0a 

90 0.0 8/16 5.31 + 

1.75b 

3.72 + 1.21b 0.079 + 0.07c 

120 0.0 8/16 5.99 + 0.0b 3.95 + 0.0b 0.101 + 0.0c 

30 0.1 8/16 0.0a 0.0a 0.0a 

60 0.1 8/16 13.07 + 

0.0d 

7.63 + 0.0c 0.322 + 0.0c 

90 0.1 8/16 0.0a 0.0a 0.0a 

120 0.1 8/16 0.0a 0.0a 0.0a 

30 1.0 8/16 0.0a 0.0a 0.0a 

60 1.0 8/16 0.0a 0.0a 0.0a 

90 1.0 8/16 0.0a 0.0a 0.0a 

120 1.0 8/16 8.02 + 0.0c 3.45 + 0.0b 0.573 + 0.0d 

30 2.0 8/16 0.0a 0.0a 0.0a 

60 2.0 8/16 0.0a 0.0a 0.0a 

90 2.0 8/16 6.26 + 

2.46bc 

4.29 + 2.18b 0.061 + 0.05c 

120 2.0 8/16 0.0a 0.0a 0.0a 

30 0.0 12/12 0.0a 0.0a 0.0a 

60 0.0 12/12 0.0a 0.0a 0.0a 

90 0.0 12/12 5.71 + 3.8b 3.77 + 1.47b 0.081 + 0.11c 

120 0.0 12/12 0.0a 0.0a 0.0a 

30 0.1 12/12 0.0a 0.0a 0.0a 

60 0.1 12/12 0.0a 0.0a 0.0a 

90 0.1 12/12 0.0a 0.0a 0.0a 

120 0.1 12/12 12.35 + 

0.0d 

4.35 + 0.0b 0.129 + 0.0c 

30 1.0 12/12 0.0a 0.0a 0.0a 

60 1.0 12/12 0.0a 0.0a 0.0a 

90 1.0 12/12 0.0a 0.0a 0.0a 

120 1.0 12/12 0.0a 0.0a 0.0a 

30 2.0 12/12 0.0a 0.0a 0.0a 

60 2.0 12/12 0.0a 0.0a 0.0a 

90 2.0 12/12 0.0a 0.0a 0.0a 

120 2.0 12/12 0.0a 0.0a 0.0a 

 
Table 3 Sucrose and PBZ concentrations and photoperiod 

effect in D. alata var. Purpura microtubers length, 

diameter, and fresh weight  

Multiple range test (LSD) + Standard deviation 

*Data presenting different letters in columns are 

statistically significant 

Source: Díaz-Godínez, 2022 

 

 

 

 

3.4. Sucrose, PBZ, and photoperiod 

evaluation in producing D. sparsiflora 

microtubers 

 

In contrast to D. alata, differences in D. 

sparsiflora were only found in sucrose and PBZ 

concentrations for variables length, diameter, 

and total number of microtubers, photoperiod 

had no influence. Analysis showed that using 90 

g/L sucrose or 0.10 mg/L PBZ influenced 

microtubers length and diameter (Table 4), 

which contrasts with a report from Jean and 

Cappadocia (1991) who stated that short 

photoperiods had an influence in increasing 

microtuber length. 

 

For fresh weight, significant differences 

were only found for the sucrose factor, and 

despite no significant differences being found 

for PBZ, averages were higher when used (Table 

4).  

 

Espíritu (2018) reported that photoperiod 

affects microtuberization in D. sparsiflora 

accessions and found significant differences 

when using 90 g/L sucrose and concentrations 

up to 1.0 mg/L PBZ. 

 
Factor MTTP Length (mm) Diameter (mm) PF (mg) 

P-value 0.0046 0.000 0.0132 0.0224 

Sucrose 

(g/L
1
) 

    

30 0.54 + 

1.85a 

9.82 + 9.70a 0.817 + 0.54a 0.01 + 0.02a 

90 1.79 + 

2.85b 

20.78 + 9.81b 1.66 + 1.44b 0.06 + 0.09b 

P-value 0.0015 0.0008 0.0395 0.0805 

PBZ (mg/L)     

0.0 0.46 + 

1.31a 

10.96 + 11.35a 0.89 + 0.71a 0.01 + 0.02++ 

0.1 1.87 + 

3.04b 

19.65 + 9.27b 1.59 + 1.36b 0.05 + 0.09++ 

 
Table 4 Sucrose and PBZ concentration effect in D. 

sparsiflora microtuberization. 

Multiple range test (LSD) + Standard deviation ++ Averages 

Data presenting different letters in each factor column are 

statistically significant. 

MTPP: Total microtubers per plant, PF: tuber fresh weight 

Source: Díaz-Godínez, 2022. 
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Conclusions 

 

High sucrose concentrations (60-90 g /L) and 

short photoperiods (8, 12 h) favored Dioscorea 

alata microtuberization process, for White and 

Purpura varieties, while long photoperiods 

favored D. sparsiflora microtuber formation. 

 

 PBZ use for D. sparsiflora in lower than 

0.1 mg/L concentrations favored microtuber 

number and size. It would be important to 

evaluate its use in other species as in the case of 

D. alata, concentrations higher than 2.0 mg/L 

helped microtuber formation. 
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Abstract  

 

The objectives of sustainable development demand 

ecosystem-friendly agricultural practices, so the use of 

entomopathogenic fungi as a technology for pest control is 

very convenient. Oxidant pulses are an alternative method 

for improving the quality of conidia that could be 

implemented in the production chain. However, it has not 

been determined at what time their implementation could 

be more convenient, either during the cultivation stages or 

when the conidia have already been separated from the 

culture medium. Therefore, the objective of this study was 

to compare for the first time the effect of oxidant pulses on 

the quality of conidia of entomopathogenic fungi, making 

a simultaneous evaluation in both conditions (conidia in 

culture medium vs. free conidia). Using three genera of 

fungi of common commercial use, under the study 

conditions it is concluded that it is better to apply the 

treatment on free conidia of Beauveria bassiana and 

Metarhizium robertsii. On the contrary, with Cordyceps 

fumosorosea, it is better to apply the treatment on the 

conidia that remain in the culture medium. 

 

 

 

Biopesticides, Sustainable Agriculture, Conidia  

 

Resumen  

 

Los objetivos del desarrollo sostenible demandan 

prácticas agrícolas amigables con los ecosistemas, por lo 

que el uso de hongos entomopatógenos como tecnología 

para el control de plagas resulta muy conveniente. Los 

pulsos oxidantes son una alternativa como método de 

mejora de la calidad de los conidios que podría ser 

implementado en la cadena de producción. Sin embargo, 

no se ha determinado en qué momento podría ser más 

conveniente su implementación, ya sea durante las etapas 

de cultivo o cuando los conidios ya han sido separados del 

medio de cultivo. Por lo tanto, el objetivo de este estudio 

fue comparar por primera vez el efecto de pulsos oxidantes 

sobre la calidad de conidios de hongos entomopatógenos, 

haciendo una evaluación simultánea en ambas condiciones 

(conidios en medio de cultivo vs conidios libres). 

Empleando tres géneros de hongos de uso comercial 

común, bajo las condiciones de estudio  se concluye que, 

es mejor aplicar el tratamiento sobre los conidios libres de 

Beauveria bassiana y Metarhizium robertsii. Por el 

contrario, con Cordyceps fumosorosea, es mejor aplicar el 

tratamiento sobre los conidios que se mantienen en el 

medio de cultivo. 

 

Bioplaguicidas, Agricultura Sostenible, Conidios
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Introduction  

 

Achieving the sustainability vision outlined in 

the 2030 Agenda demands a transformative shift 

in how we apply new technologies, particularly 

in agriculture. As United Nations (UN) 

Secretary-General António Guterres stated, "We 

must transform the way we produce, consume, 

and waste food." Sustainable Development Goal 

2 (SDG2) demands that we end hunger and 

achieve food security by 2030. This includes not 

only improved nutrition and eradicated hunger, 

but also fostering sustainable agricultural 

practices that protect ecosystems (United 

Nations, 2018). One promising approach to 

achieving these interconnected goals lies in 

utilizing entomopathogenic fungal conidia as 

biopesticides for pest control. This offers a safer 

and more environmentally friendly alternative to 

conventional chemical pesticides (Méndez-

González et al., 2022; Miranda-Hernández et al., 

2016). 

 

The success of biopesticides in the field, 

hinges on the diverse arsenal of traits possessed 

by the fungal conidia. These adaptations equip 

them to overcome numerous environmental 

challenges, including insect defense 

mechanisms, harsh temperatures, salinity 

fluctuations, humidity extremes, and ultraviolet 

radiation. Essentially, a conidia's ability to 

navigate these hurdles determines its ultimate 

success as a biocontrol agent (Castillo-Minjarez 

et al., 2019; Miranda-Hernández et al., 2016).  

 

Desirable quality conidial traits for 

biocontrol, such as high virulence, 

thermotolerance, and resistance to osmotic stress 

and UV-B radiation, can be influenced by the 

fungus's growth conditions (Rangel et al., 2015). 

Notably, this ability to adapt is particularly 

relevant in the context of oxidative stress, which 

can be induced by sublethal treatment with 

gaseous pulses rich in oxygen (oxidant pulses). 

This adaptation can offer significant benefits for 

conidial production. For instance, Tlecuitl-

Beristain et al. (2010) found that exposing 

Metarhizium anisopliae to oxidant pulses with 

26 % oxygen during growth resulted in a 100 % 

increase in conidial production without affecting 

germination, hydrophobicity, or infectivity 

against Tenebrio molitor. Such enhanced 

conidial traits hold promise for improving the 

efficacy and cost-effectiveness of biopesticides, 

leading to a more sustainable approach to pest 

control. 

 

The impact of oxidant pulses on conidia 

varies depending on fungal species and 

treatment´s parameters. Studies reveal both 

positive and strain-specific outcomes. García-

Ortiz et al. (2015) observed a remarkable 

increase in conidia production and enhanced 

thermotolerance in Metarhizium anisopliae 

exposed to 30 % oxygen pulses, without 

compromising viability, hydrophobicity, or 

infectivity. Conversely, Miranda-Hernández et 

al. (2014) reported contrasting responses in two 

Cordyceps fumosorosea (also known as Isaria 

fumosorosea), subjected pulses with 26 % 

oxygen: one strain exhibited a fivefold increase 

in conidia production, while the other showed a 

50 % decrease. However, both strains displayed 

an improved infectivity against Galleria 

mellonella larvae, germination rate, and stress 

resistance thermal, and osmotic.  

 

These divergent responses highlight the 

complex interplay between fungal biology and 

oxidative stress. Notably, the potential benefits 

of oxidant pulses extend beyond the growth 

phase. Notably, Castillo-Minjarez et al. (2019) 

demonstrated the benefits of oxidant pulses even 

for harvested conidia (free conidia),  treating 

them with 26 % oxygen significantly increased 

osmotic stress resistance in Metarhizium 

robertsii, Beauveria bassiana, and one 

Cordyceps javanica strain. Additionally, 

germination and thermotolerance improved in 

M. robertsii and B. bassiana. 

 

Driven by the escalating demand for 

high-quality, readily available conidia in mass 

production for biocontrol, oxidant pulses emerge 

as a promising tool for enhancing their efficacy. 

However, a crucial question lingers: The 

optimum time to apply the oxidant pulses for 

best results. The integration of oxidant pulses 

during the stages of fungal culture, while within 

the shelter of the culture medium, or application 

to the harvested conidia, already free of their 

nutrient source, are two options to be evaluated. 

Each approach presents distinct feasibility 

challenges and cost considerations. Cultivating 

under oxidative stress could demand stringent 

sterility measures, potentially inflating 

production expenses. Conversely, treating free 

conidia might be less costly but could potentially 

compromise conidial stability. 

 

Navigating the optimal timing for 

oxidant pulses application requires discerning 

which stage yields the most potent effect.  
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This study embarked on a mission to 

compare the impact of oxidant pulses on both 

cultivated and free conidia of three prominent 

entomopathogenic fungi (Metarhizium, 

Beauveria, and Cordyceps). The focus was on 

assessing if observed positive effects, such as 

enhanced thermotolerance and stress resistance, 

remained comparable across both application 

stages. This knowledge will unlock ways for 

future cost-benefit analyses and pave the way for 

the optimal integration of oxidant pulses into 

large-scale conidia production, ultimately 

enhancing the efficacy and affordability of 

sustainable pest control strategies. 

 

Methodology 

 

1. Biological material 

 

The microorganisms used were Cordyceps 

fumosorosea ARSEF3302 obtained from the 

Agricultural Research Service Culture 

Collection of Entomopathogenic Fungi 

(ARSEF), Ithaca, New York; Metarhizium 

robertsii Xoch8.1 and Beauveria bassiana 

Tac1.1, obtained from the Centro Nacional de 

Referencia de Control Biológico, Colima, 

Mexico. The strains were deposited in the 

ENCBIPN Culture Collection WDCM449 with 

identification numbers ENCB-MG-79 (C. 

fumosorosea), ENCB-MG-81 (M. robertsii) and 

ENCB-MG-82 (B. bassiana). 

 

2. Initial propagation 

 

Fungi of each species studied were grown at 27 

± 2 °C in 250 mL Erlenmeyer flasks (Pyrex) 

containing the surface medium here called APA, 

composed of 33.3 g/L oat flour (Sol 

Campestre®, Productos del Campo, Mexico), 15 

g/L bacteriological agar (Bioxon, Mexico) and 

10 g/L meat peptone (Bioxon, Mexico) 

(Tlecuitl-Beristain et al., 2010). 

 

3. Quantification and extraction of conidia on 

culture medium 

 

After 8 to 9 days of incubation, the conidia in 

culture medium were extracted with 0.05 % 

Tween 80 (Hycel). The conidia were counted in 

a Neubauer chamber (Marienfeld, Lauda-

Königshofen, Germany) and optical microscope 

(Boeco, Germany). From the conidial extracts 

with Tween 80, conidial suspensions of 1 x 108 

con/mL were prepared, from which inocula were 

taken to perform the different experiments.  

Under sterile conditions, 100 µl of the 1 

x 108 con/ml suspensions were taken and 

inoculated into 120 mL serological bottles 

(Distbrand, Mexico) containing APA medium 

(Miranda-Hernández et al., 2014). 

 

4. Conidiation status  

 

It was proposed the introduction of a new 

parameter called Conidiation Index (Ic), which 

easily indicates how the production of conidia in 

the culture medium varies over time, with 

respect to an initial inoculum. 

 

The parameter is calculated with the 

following equation: 

 

𝐼𝑐 =  
𝐶

𝐶𝑖
                                                            (1) 

 

Where: 

C is the observed production of conidia in each 

time.  

Ci is the concentration of the initial inoculum.  

The units of both terms are conidia per square 

centimeter (con/cm2). 

  

The study employed 100 µL of 1 x 108 

con/mL suspensions as inoculum in serological 

bottles containing APA medium (section 3). 

This corresponds to an initial concentration of 

5.76 x 105 conidia per square centimeter of agar 

surface (con/cm2), equivalent to an Ic = 1. 

Applying equation (1), a measured concentration 

of 1.80 x 106 con/cm2 at a specific culture time 

would result in:  

 

𝐼𝑐 =  
𝐶

𝐶𝑖
=

1.80 x 106 

5.76 x 105 = 3.12     

 

This would indicate that the production 

of conidia increased 3.12 times with respect to 

the initial amount of conidia in the culture. 

 

The effect of the oxidant pulses on 

conidia production was determined by 

comparing the Ic obtained under the different 

atmospheric conditions studied. 

 

5. Oxidant pulses 

 

An oxidant pulse consisted of inserting a needle 

into the rubber stopper that functioned as a gas 

outlet and a second needle was placed, which in 

turn was connected to the gas tank with the 

oxygen mixture corresponding to 26 %; once 

both needles were placed. 
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  The gas was allowed to pass for 1 min at 

a flow rate of 20 cm3/s; subsequently, the needles 

were removed and the bottles were kept at room 

temperature. During the time each experiment 

lasted, the pulse was reapplied every 24 h 

(Castillo-Minjarez et al., 2019). 

 

6. Assessing the effects of oxidant pulses on 

the quality of free conidia and conidia in 

culture medium 

 

This experiment was carried out to observe the 

effect of oxidant pulses on the quality of conidia 

under culture and to compare with the effect on 

free conidia. The same methodologies were 

applied to all the fungi studied. 

 

6.1 Harvesting conidia in culture medium and 

free conidia 

 

A batch of serological bottles containing 10 mL 

of APA medium was made and inoculated with 

100 µl of a 1 x 108 con/mL suspension and 

incubated at 27 + 2 °C. Once cultures were at an 

advanced stage of conidiation (Ic close to 100), 

bottles were taken to exchange the cotton plug 

for the rubber stopper and start the pulse. 

Simultaneously, bottles were taken to scrape the 

conidia gently with a sterile spatula and a 

standardized amount of these was placed in 

sterile serological bottles, without culture 

medium, some bottles were kept with cotton 

plugs (control units) and others with rubber 

stopper to apply the oxidant pulses.  

 

In all cases, the evaluation of the quality 

characteristics was made 24 h after starting the 

oxidant pulse and 96 h later (in the latter case, 

the pulses were applied every 24 h). 

 

6.2 Viability 

 

Under sterile conditions, 1 x 104 con/mL 

suspensions were prepared, 30 μL (300 conidia 

approximately) were taken and inoculated in 

Petri dishes with ADS (Bioxon, Mexico), 

incubated at 27 + 2 °C for 60 h and the colony 

forming units (CFU) present were counted, 

determining the percentage of viability 

(Miranda-Hernández et al., 2014). 

 

6.3 Heat resistance 

 

The same suspensions (1 x 104 con/mL) used for 

viability were placed at 40 °C for 1 h in a 

thermomixer (Eppendorf, Germany).  

After the time elapsed, the viability of 

conidia was determined as previously explained 

(Castillo-Minjarez et al., 2019). 

 

6.4 Osmotic stress resistance 

 

The viability of conidia from different 

atmospheric conditions and from different 

species was evaluated, as previously described, 

in this case the 30 μL of 1 x 104 con/mL 

suspensions were inoculated in Petri dishes with 

ADS (Bioxon, Mexico) and NaCl (Meyer, 

Mexico) 0.5 M (Castillo-Minjarez et al., 2019). 

 

7 Statistical analyses 

 

Each experiment was made by triplicate. 

Student's t test (α= 0.05 %) from the "Data 

Analysis" tool of Microsoft Excel (2010) was 

used. 

 

Results 

 

1. Effect of treatment on conidiation 

 

Figures 1, 2 and 3 show the conidiation indexes 

(Ic) in the control cultures (normal atmosphere 

of 21 % oxygen) and with the oxidant pulses (26 

% oxygen). It can be observed that in all cases a 

high conidiation state (close to or greater than 

100) was present. In addition, a positive effect 

was observed on the treatment on production of 

conidia of the Cordyceps fumosorosea 

ARSEF3302 and Metarhizium robertsii 

Xoch8.1. 

 

 
 

Figure 1 Effect of the oxidizing pulse on the production 

of conidia of the entomopathogenic fungus Beauveria 

bassiana Tac1.1 

Own Source   
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Figure 2 Effect of oxidative pulse on conidial production 

of the entomopathogenic fungus Cordyceps fumosorosea 

ARSEF3302, *statistically significant difference 

Own Source   

 

 
 

Figure 3 Effect of oxidative pulse on conidial production 

of the entomopathogenic fungus Metarhizium robertsii 

Xoch8.1, *statistically significant difference 

Own Source    

 

2. Evaluation of the effect of oxidative pulse 

on the quality of free conidia and conidia in 

culture medium 

 

The following section presents the effects of the 

treatment on the evaluated quality 

characteristics, both in the cultured conidia and 

the free conidia. 

 

2.1 Viability 

 

In the case of Beauveria bassiana Tac1.1 (Figure 

4), it is observed that the viability naturally 

decreased in conidia that were separated from 

the culture medium (free conidia) compared to 

those that remained in it. Regarding the effect of 

the treatment, it was observed that oxidant pulse 

improved viability in conidia that remained in 

the culture medium, and despite the drop in 

viability of free conidia, there was also an 

improvement in this characteristic when the first 

pulse was applied (24 h). 

 

 

 
 

Figure 4 Effect of treatment on viability of Beauveria 

bassiana Tac1.1, *statistically significant difference 

Own Source   

 

In the case of Cordyceps fumosorosea 

ARSEF3302 (Figure 5), viability was very 

similar between free conidia and those 

maintained in the culture medium. However, this 

fungus presented a very low viability. Regarding 

the treatment effect, it was observed that the 

oxidant pulses improved viability in the conidia 

that remained in the culture medium; 

nevertheless, there was the opposite effect in the 

free conidia. 

 

 
 

Figure 5 Effect of treatment on viability of Cordyceps 

fumosorosea ARSEF3302, *statistically significant 

difference 

Own Source   
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In the case of Metarhizium robertsii 

Xoch8.1 (Figure 6), it was observed that 

viability was very similar between free conidia 

and those kept in culture medium. Regarding the 

treatment effect, it was observed that the first 

oxidant pulse (24 h) improved viability in the 

conidia that remained in the culture medium. In 

contrast, free conidia showed no change. 

 

 
 

Figure 6 Effect of treatment on viability of Metarhizium 

robertsii Xoch8.1, *statistically significant difference 

Own Source   

 

2.2 Heat resistance 

 

In the case of Beauveria bassiana Tac1.1 (Figure 

7), it was observed that the oxidant pulses 

improved the high temperature resistance in the 

conidia that remained in the culture medium and 

despite the drop in viability of the free conidia; 

there was also an improvement in the high 

temperature resistance when the first pulse (24 

h) was applied. 

 

 
 

 
 

Figure 7 Effect of treatment on high temperature 

resistance of Beauveria bassiana Tac1.1, *statistically 

significant difference 

Own Source   

 

In the case of Cordyceps fumosorosea 

ARSEF3302 (Figure 8), it was observed that the 

oxidant pulses improved the resistance to high 

temperature in the conidia that remained in the 

culture medium. In free conidia there was also 

an improvement in this characteristic when the 

first pulse was applied (24 h). 

 

 

 
 

Figure 8 Effect of treatment on high temperature 

resistance of Cordyceps fumosorosea ARSEF3302, 

*statistically significant difference 

Own Source   

 

In the case of Metarhizium robertsii 

Xoch8.1 (Figure 9), it was observed that the first 

oxidative pulse (24 h) improved the resistance to 

high temperature in the conidia that remained in 

the culture medium. Differently, in free conidia 

this characteristic was improved. 
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Figure 9 Effect of treatment on high temperature resistance of 
Metarhizium robertsii Xoch8.1, *statistically significant difference 

Own Source   

 

2.3 Osmotic stress resistance 

 

In the case of Beauveria bassiana Tac1.1 (Figure 

10), it was observed that oxidant pulses 

enhanced resistance to osmotic stress in conidia 

remaining in the culture medium and in free 

conidia. 

 

 

 
 

Figure 10 Effect of treatment on osmotic stress resistance 

of Beauveria bassiana Tac1.1, *statistically significant 

difference 

Own Source   

 

In the case of Cordyceps fumosorosea 

ARSEF3302 (Figure 11), it was observed that 

the oxidative pulses improved the resistance to 

osmotic stress in the conidia that remained in the 

culture medium. Differently, the characteristic 

was not modified in free conidia upon 

application of the first pulse (24 h), however it 

was affected with constant treatment. 

 

 

 
 

Figure 11 Effect of treatment on osmotic stress resistance 

of Cordyceps fumosorosea ARSEF3302, *statistically 

significant difference 

Own Source   

 

In the case of Metarhizium robertsii 

Xoch8.1 (Figure 12), it was observed that the 

first oxidant pulse (24 h) improved the resistance 

to osmotic stress in the conidia that remained in 

the culture medium. With free conidia, this 

characteristic was improved. 
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Figure 12 Effect of treatment on osmotic stress resistance 

of Metarhizium robertsii Xoch8.1, *statistically 

significant difference 

Own Source   

 

3. Discussion 

 

Interestingly, it was observed that a single 

oxidant pulse was sufficient to improve the 

viability (2.1 section results ) of the conidia of 

Beauveria bassiana Tac5.1 and Metarhizium 

robertsii Xoch8.1 fungi in the culture medium; 

however, with Cordyceps fumosorosea 

ARSEF3302 the positive effect was also present, 

but with more pulses. On the other hand, in the 

free conidia only Beauveria bassiana Tac5.1 

showed an improvement of 160 % concerning 

the control, which was also greater than the 

improvement of 90 %, which was presented with 

the conidia in culture medium. 

 

In the case of high heat resistance (2.2  

section results), again only one oxidant pulse 

was sufficient to improve this characteristic in 

the conidia of the three fungi studied, both in the 

free state and on culture medium. With free 

conidia of Beauveria bassiana Tac5.1, there was 

a greater improvement (2.6-fold) compared to 

conidia in culture medium (1.7-fold). In the case 

of Cordyceps fumosorosea ARSEF3302, due to 

the low viability, the numerical treatment to 

quantify the changes presents much uncertainty, 

however, qualitatively it can be seen that the 

treatment favors the characteristic in the conidia 

with medium. In the case of free conidia it was 

possible to determine a 13-fold improvement, 

concerning the control. The conidia of 

Metarhizium robertsii Xoch8.1 showed a 

general improvement of approximately 30 %. 

 

In the case of osmotic stress resistance 

(2.3  section results), an oxidant pulse caused a 

positive effect on conidia of Beauveria bassiana 

Tac5.1 and Metarhizium robertsii Xoch8.1, both 

free and in culture medium.  

 

With free conidia of Beauveria bassiana 

Tac5.1, there was a greater improvement (780 

%) compared to conidia on culture medium (80 

%). Metarhizium robertsii Xoch8.1 conidia, 

maintained the overall improvement of 

approximately 30 %, including a 60 % 

improvement when more oxidant pulses were 

applied to the free conidia. In the case of 

Cordyceps fumosorosea ARSEF3302, an 

improvement of 80 % was determined with the 

conidia with culture medium.  

 

These results indicate conidia of the 

entomopathogenic fungi studied have the ability 

to respond to the sublethal treatment used in this 

research. In addition, they can increase their 

resistance to more than one adverse condition, 

which is congruent with what has been observed 

in other research (Miranda-Hernández et al., 

2016; Rangel, 2011). It is possible that oxidative 

pulses lead to the activation of defense 

mechanisms of the conidia of the fungi studied, 

for example, Castillo-Minjarez et al. (2019) 

reported the activation of the glutathione system 

as a non-enzymatic defense mechanism against 

oxidative conditions. In turn, Garcia-Ortiz et al. 

(2018), studying the proteome of conidia from 

oxidant atmospheres of Metarhizium lepidiotae 

CP-OAX, found proteins involved in the 

activation of general stress response 

mechanisms. However, further molecular 

studies are needed to understand the response 

mechanisms, especially of free conidia. 
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Conclusions 

 

This is the first time that the effect of oxidant 

pulses on the quality of free conidia and conidia 

in culture medium has been studied 

simultaneously on entomopathogenic fungi from 

the same production lot. To determine in which 

condition there would be the best effect, it is 

concluded that it is better to apply the treatment 

on free conidia of Beauveria bassiana Tac5.1 

and Metarhizium robertsii Xoch8.1. On the 

contrary, in the case of Cordyceps fumosorosea 

ARSEF3302, it is better to apply the treatment to 

conidia on culture medium. 
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These results may be of interest in the 

case of seeking to improve the quality traits of 

the strains studied in their commercial 

production. However, in order to apply the 

treatment to other strains, it would be necessary 

to study the effect, since, as was observed in this 

work, the response to the oxidant pulse will 

depend on the genus or species of 

entomopathogenic fungus to be used. 
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Abstract 

 

Plant-associated microbes are key factors for the health of 

crops; in this sense, microbial inoculates represent a 

promising strategy for maintaining productivity in modern 

agricultural production systems, while sustainably 

adapting to adverse climatic factors, reducing pollution 

and decreasing use of toxic substances for the 

environment. Genomic and metagenomics tools have 

allowed a better understanding of how intensive 

agriculture has negative effects on the diversity and 

function of the plant microbiome, and in turn, how the 

management of microbial communities can mitigate some 

negative effects of crop modernization. Here we review 

the beneficial roles of plant-associated bacteria, and  the 

symbiotic interactions between the microbiome and 

various economically important crops; we also discuss 

how this knowledge can provide strategies towards a more 

sustainable agricultural production. 

 

 

 

 

Soil microbiome, Sustentaintable agriculture, 

Functional microorganisms  

 

Resumen 

 

Los microorganismos asociados a las plantas son factores 

clave para la salud de los cultivos; en este sentido, los 

inoculantes microbianos representan una estrategia 

prometedora para mantener la productividad en los 

sistemas de producción agrícola modernos, adaptándose 

de manera sostenible a factores climáticos adversos, 

reduciendo la contaminación y disminuyendo el uso de 

sustancias tóxicas para el medio ambiente. Las 

herramientas genómicas y de metagenómica han 

permitido una mejor comprensión de cómo la agricultura 

intensiva tiene efectos negativos en la diversidad y función 

del microbioma de las plantas, y, a su vez, cómo el manejo 

de las comunidades microbianas puede mitigar algunos 

efectos negativos de la modernización de los cultivos. En 

este trabajo, revisamos los roles benéficos de las bacterias 

asociadas a las plantas y las interacciones simbióticas entre 

el microbioma y diversos cultivos de importancia 

económica; también discutimos cómo este conocimiento 

puede proporcionar estrategias para lograr una producción 

agrícola más sustentable. 

 

Microbioma del suelo, Sustentabilidad agícola, 

Microorganismos funcionales  
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Introduction 

 

Modern agricultural production systems are 

focused on growing high-yielding plant varieties 

in monoculture systems, or sometimes, simple 

rotations. These require a large amount of toxic 

agrochemicals such as pesticides and fertilizers, 

and they use highly industrialized, intensive soil 

management. These practices are not sustainable 

since they cause soil eutrophication, ecosystems 

pollution, high water consumption, 

deforestation, greenhouse gas emissions and loss 

of biodiversity (Wagg et al., 2019). Under this 

production systems, soil and water are exploited 

excessively. In second half of the XX century, 

this production model was considered 

ecologically adequate, but factors such as 

climate change and water scarcity have become 

more prominent.  

 

Therefore, agricultural production has 

focused on developing more sustainable 

systems. (Baveye et al., 2018). New production 

strategies have been implemented such as 

precision agriculture, that is controlled by 

sophisticated technologies such as IoT (Internet 

of Things), deep and machine Learning, AI, 

among others (Coulibaly et al., 2022; Akhter et 

al., 2022; Saranya et al., 2023). These systems 

also incorporate genetically modified organisms 

(Woźniak-Gientka et al., 2023; Tyczewska et al., 

2023; Mohammadi et al., 2023) and 

development of new resistant hybrid varieties 

(Duarte-Aké et al., 2023; Paudel et al., 2023; 

Mourtala et al., 2023; Zhang et al., 2023). 

However, these methods need advanced 

technologies and sophisticated infrastructure, 

which are not accessible in many countries. 

Likewise, some countries have strict regulations 

on the use of GMOs.  

 

A more accesible and sustainable 

alternative is the management of the soil 

microbiome. The soil microbiome represents 

25% of the total biodiversity of the planet. The 

functioning of the ecosystem and soil 

productivity is highly dependent in the microbial 

communities since they control biogeochemical 

cycles, especially the carbon cycle. In recent 

decades, a large number of articles have been 

published demonstrating the beneficial effects of 

PGPB (Plant Growth Promoting Bacteria) on the 

health and development of plants, and in crop 

productivity, using various cultivation methods 

such as green houses, pots, or in open field. 

 

It has been shown that PGPB facilitate 

the nutrient flow, increase the production of 

hormones, volatile or regulatory compounds in 

important crop plants such as Corn, (Jochum et 

al., 2019; Bomfim et al., 2020; Song et al., 2023 

), Wheat, (Safdarian et al., 2020; da Silva et al., 

2022; Almutairi et al., 2023; Karimzad et al., 

2023), Rice, (Xiao et al., 2020; Cavite et al., 

2021; Pan et al., 2023), Sunflowers, (Furnkranz 

et al., 2009; Rojas-Tapia et al., 2012), Legumes 

(Chiappero et al., 2019; de la Osa et al., 2021; 

Sapre et al., 2022) and Arabidopsis, (Chen et al., 

2022; do Amaral et al., 2023). PGPB also 

facilitates the absorption capacity of toxic 

substances such as heavy metals, and mediate 

the resistance of crops to adverse abiotic factors 

such as high salinity in soils or drought, among 

others (Li et al., 2017; Bhise et al., 2019; Becze 

et al., 2021; Tirry et al., 2021; Chatterjee & 

Niinemets, 2022; Sapre et al., 2022; Wu et al., 

2023; Yue et al., 2023; Cardoso et al., 2023). 

 

Throughout history, agricultural 

production systems have been in constant 

adaptation (Anderson et al., 2020); in present 

times, the main challenge is to maintain 

performance in food production but using more 

sustainable practices (Malhi et al., 2021). In this 

sense, it is essential to incorporate technological 

advances but also to consider the contribution of 

the microbiome in agricultural production. This 

work reviews some of the most notable functions 

of the microbiome that can be used in more 

sustainable agricultural production systems. 

 

Microbial diversity contributes functional 

structure in the soil 

 

The formation of a functional structure involves 

several biological processes in which bacteria 

and fungi generate organic substances such as 

mucilage, hyphae, polysaccharides, proteins, 

lipids, etc. These compounds can interact with 

biotic factors such as carbonates, metal oxides 

and other components present in the soils, all of 

which stimulate the nutrients flow between soil 

and plants (Yang et al., 2020).  

 

In recent years, this interaction has been 

studied with growing interest in the rhizosphere 

and rhizoplane. This process depends on various 

factors such as the amount of hair roots, the 

physical structure of the surrounding soil and 

mucilage secreted by beneficial bacteria or by 

roots such as auxin (Xu et al., 2021). As a result, 

more stable organo-mineral aggregates are 

generated.  
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This structure can be formed when 

conditions of moderate drought occurs, since it 

has not been observed in flooded soils. Likewise, 

this structure favors tolerance to drought and 

acidity of the plants, improves the accumulation 

of phosphorus, contains a higher nitrogen 

content than bulk soil.  

 

Microbial diversity also benefits from 

this structure, since alpha diversity increases in 

the endosphere and it can improve the assembly 

of bacterial communities in crops such as rice 

(Xu et al., 2021; Yudina et al., 2023). These 

interactions are favored when 

exopolysaccharide-producing microorganisms 

are present such as Bacillus and Azozpirillum.  

 

These bacteria improve both soil 

aggregation and the water status of the leaves 

when plants grow in drought conditions because 

volatile organic compounds such as esters are 

released. Ethers, aldehydes, naphthyl 

derivatives, ketones, alkalis, and benzene 

derivatives facilitate interactions between 

microbes and induce the secretion of root 

exudates in rice, maize, and cotton (Aslam et al., 

2022). 

 

Microbes improve nutrient flow from the soil 

to the plant 

 

The flow of energy and nutrients in 

agroecosystems is crucial because it is directly 

related to environmental issues such as global 

warming, soil eutrophication, and the generation 

of pollutants (Bhattacharyya et al., 2022). The 

soil microbiome mediates biogeochemical 

cycles that regulate these processes. For 

example, in the regulation of terrestrial carbon 

flow, some autotrophic bacteria along with 

plants can absorb atmospheric CO2 (Mukhtar et 

al., 2023).  

 

In the soil, the contribution of CO2 

emissions is 9-fold higher than emissions from 

anthropogenic causes and is mainly due to the 

decomposition of organic matter and autotrophic 

respiration (Dutta & Dutta, 2016; Jansson et al., 

2020). On the other hand, some methanotrophic 

bacteria consume part of the CH4 generated by 

the decomposition of organic matter, reducing 

the harmful effects of this gas on the 

environment, as this bacteria consume up to 60% 

of the CH4 produced on the planet (Leng et al., 

2015; Dutta & Dutta, 2016).  

 

Therefore, the balance between the 

generation of these greenhouse gases by the soil 

and the capacity of bacteria to assimilate them 

can be leveraged to mitigate the environmental 

impact caused by agricultural production. 

 

In the nitrogen cycle, soil bacteria also 

play a prominent role since the amount of N2O 

generated by the soil can be up to 65% of the 

total. For this, the processes of nitrification and 

denitrification are crucial for regulating this 

cycle. Nitrogen fixation is mainly carried out by 

diazotrophic bacteria and archaea (Kuypers et 

al., 2018). Various studies have supplemented 

fertilizers and biofertilizers with bacteria in 

intensive corn and wheat crops, revealing 

differences in the expression of genes related to 

nitrogen fixation such as nifH (encoding 

nitrogenase reductase), amoA (encoding 

ammonia monooxygenase), nirK and nirS 

(encoding nitrite reductase), and nosZ (encoding 

nitrous oxide reductase) (Grzyb et al., 2021).  

 

This supplementation improves soil 

denitrification and enhances plant growth. 

Additionally, it increases the abundance of 

PGPB associated with the decomposition of 

organic matter, such as Chloroflexi and 

Bacteroidetes, reducing nitrogen losses in the 

soil by 54% (Chen et al., 2019). 

 

On the other hand, atmospheric ammonia 

(NH3) emissions related to the use of 

agrochemicals can be significantly drecreased 

(by 44%) when using organic fertilizers. If these 

fertilizers are inoculated with B. subtilis, the 

reduction can reach up to 71%. This reduction is 

mainly addressed by considering the 

composition of the soil microbiota, where some 

genera are associated with processes such as 

ammonization, ammoxidation, and nitrosation 

(Di Benedetto et al., 2017; Sun et al., 2020). 

Regarding bacterial communities, differences 

were also found in relation to the type of 

fertilizer used, with a higher richness and 

evenness index for organic fertilizer with and 

without inoculation compared to compound 

fertilizer. Importantly, some plant growth-

related bacterial genera such as Bacillus, 

Nitrospira, and Rhodoplanes were enriched 

when using organic fertilizer inoculated with B. 

subtilis (Sun et al., 2020). 
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Microbes contribute to plant growth 

 

Plant growth promoting bacteria (PGPB) is a 

very important group in the soil microbiome. 

Plants can recruit different phyla of bacteria 

from the soil, such as Actinobacteria, 

Bacteroidetes, Firmicutes, and Proteobacteria, 

belonging to various genera like Achromobacter, 

Arthrobacter, Azospirillum, Azotobacter, 

Bacillus, Burkholderia, Exiguobacterium, 

Flavobacterium, Gluconacetobacter, 

Herbaspirillum, Methylobacterium, 

Paenibacillus, Pseudomonas, Rhizobium, 

Serratia, and Staphylococcus, as well as fungi 

like Trichoderma, Laccaria, and Piriformospora 

that promote plant growth (Kour et al., 2019). 

This interactions are facilitated by root exudates 

such as sugars, organic acids, amino acids, 

phenolic compounds, saponins, among other 

substances. In turn, bacteria can regulate and 

stimulate plant growth by producing 

phytohormones such as auxins, gibberellins, 

abscisic acid, ethylene, cytokinins, and also 

participate in nutrient exchange with the soil.  

 

Hence these interactions modulate the 

plant response to stress induced by nutrient 

limitation, drought, flooding, extreme 

temperatures, high soil salinity, and 

contamination (Zuluaga et al., 2021; Chai et al., 

2022). For example, in the wheat domestication 

process, these metabolites promote plant 

biodiversity, improve survival, provide 

protection against pathogens, and enhance the 

complexity of soil bacterial consortia (Yue et al., 

2023). 

 

These benefits are also observed in fungi 

such as Piriformospora indica, which promotes 

growth and stress resistance to drought in corn. 

There is a significant increase in the expression 

of genes related to 17 metabolic processes, 

including signal perception, stress response, 

redox regulation, transport, and distribution of 

proteins in different cellular organelles. 

Processes related to the production of 

phytohormones such as abscisic acid, 

cytokinins, ethylene, gibberellins, jasmonic acid, 

and brassinosteroids are particularly noteworthy. 

These hormones play crucial roles in the 

response to drought in different plant species 

(Zhang et al., 2018). 

 

 

 

 

Inoculations with strains of the Bacillus 

genus also have a positive effect on various 

crops such as Triticum aestivum L., Bromopsis 

inermis L., Pisum sativum L., and Zea mays L., 

Arabidopsis, and soybean crops, showed 

increased plant resistance to drought, stimulation 

in growth, reduction of oxidative stress, 

improvement in the quantity of fresh shoots and 

roots, chlorophyll content in leaves, increased 

production of biologically active metabolites, 

and enhanced response to auxin (Khan et al., 

2020; García-Cárdenas et al., 2023; Kuramshina 

& Khairrullin, 2023). 

 

Microbes mediate control of pests and 

pathogens 

 

Microbes can stimulate defense mechanisms in 

plants by competing with other microorganisms 

for space or nutrients, and also inducing 

systemic resistance in plants through the 

production of antibiotics, lytic enzymes, or 

volatile compounds. These mechanisms are 

primarily regulated by the production of 

phytohormones, which are generated by the 

stimulation of secondary metabolites produced 

by microorganisms in the soil (Rolfe et al., 

2019). 

 

From a genetic perspective, in microbial 

communities, some secondary metabolites 

exuded in the roots of crops modulate the 

composition of bacterial and fungal 

communities associated with the rhizosphere, 

promoting plant growth, defense, and increased 

resistance to plant pathogens such as bacteria, 

viruses, protozoa, insects, and herbivores (Hu et 

al., 2018; Vannier et al., 2019). These effects are 

significant because plants can alter the 

composition of soil bacteria by secreting 

bioactive molecules into the rhizosphere, such as 

sugars, amino acids, carboxylic acids, as well as 

various secondary metabolites.  

 

These molecules have diverse effects on 

the plant, serving as signaling molecules, 

attractants, stimulants, inhibitors, or repellents. 

Consequently, the accumulation of pathogens in 

the soil can suppress plant growth, while the 

accumulation of beneficial microbes, such as 

nitrogen-fixing bacteria or mycorrhizal fungi, 

can enhance plant development (Hu et al., 2018). 
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One of these molecules is 

benzoxazinoids, which trigger changes in the 

root-associated microbiome structure, leading to 

an increase in jasmonic acid and salicylic acid 

signaling pathways in the leaves. This, in turn, 

activates jasmonic acid-dependent defenses that 

suppress the growth of pathogens in plants 

(Yuan et al., 2019). Therefore, it is likely that 

microbes and their metabolites are transmitted 

and influence the beneficial bacterial assembly 

for the next plant generation (Hu et al., 2018; 

Yuan et al., 2019). 

 

Microbes aid in pollutant degradation 

 

Plants can recruit microorganisms in the root 

system for the degradation of toxic contaminants 

such as chemicals, pharmaceuticals, heavy 

metals, and nanoparticles that are introduced 

into the soil through pesticides, organic 

fertilizers, contaminated irrigation water, and 

microplastics (Rolli et al., 2021). Many of these 

phytoremediation processes actually take place 

in the rhizosphere, where the plant creates a 

microhabitat in the surrounding areas of the 

roots. In this microhabitat, oxygen, metabolites, 

and exudates are produced, facilitating the 

degradation of derivatives of aromatic 

compounds, polycyclic aromatics, long-chain 

hydrocarbons, and microplastics (Simmer & 

Schnoor, 2022). 

 

Regarding soils contaminated with heavy 

metals, it was observed that Bacillus cereus 

strains enhance the growth capacity and 

phytoextraction of heavy metals by Brassica 

nigra (Aktar et al., 2021). On the other hand, 

Rizvi et al. (2019) analyzed wheat varieties 

contaminated with Ni (100 µmol mL-1) and Pb 

(200 µmol mL-1) grown in a culture media. 

These metals induced structural alterations in 

roots and leaves, along with a decrease in the 

amount of proline and malondialdehyde. 

However, when the seeds were inoculated with 

B. subtilis, the activity of antioxidant enzymes 

such as catalase, superoxide dismutase, and 

glutathione S reductase increased.  

 

This caused a lower accumulation of 

metals in plant tissues (roots, seeds, and shoots), 

allowing the plants to better survive even in soils 

contaminated with heavy metals. 

 

 

 

 

In a different study, the growth of corn in 

soils contaminated with multiple heavy metals 

such as Pb, Ni, Zn, Cu, and Cd was analyzed, 

under abiotic stress caused by increasing the 

crop temperature to 45 ºC, and the effect of 

growth-promoting bacteria on corn development 

was examined. For this purpose, a strain of B. 

cereus was isolated and identified from soils 

contaminated with heavy metals, and corn seeds 

were inoculated. The results showed a 

significant increase in biomass, chlorophyll, 

carotenoids, and protein content, as well as 

enhanced antioxidant enzyme activity, 

compared to the non-inoculated controls (Bruno 

et al., 2021). 

 

Conclusions 

 

Sustainable progress of agricultural practices 

needs to take into account the role that 

microorganisms play in crop adaptation to 

various adverse environmental factors, 

enhancing crop resistance to pests and diseases, 

increasing plantation biodiversity, and their 

importance in nutrient flow between soil and 

crops. Parallel to technological and scientific 

advances in the development of precision 

agricultural production processes, it is evident 

that agricultural production is still highly 

dependent on natural factors. This is reflected in 

a significant increase in the number of organic 

farmers in recent years. 

 

The benefits of some Plant Growth-

Promoting Bacteria (PGPB) are still being 

studied and are not fully understood, and 

genomic and metagenomic tools are being 

explored to understand the function and 

assembly of synthetic communities more deeply 

to enhance these benefits. This calls for the 

integration of precision agricultural systems 

with the beneficial effects of bacteria, which can 

enhance the mitigation of adverse environmental 

impacts related to agricultural production, 

making it sustainable while maintaining 

competitive yields. 
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