ALMustaqbal (] niversity

College of Science

Environmental Biotechnology
Professions Theoretical Lecture 4
Assist. Prof. Dr. Dhurgham Ali Al-Sultany

2025-2026

Resource Exploitation by Microorganisms

Introduction

Microbes are the invisible engines that drive the Earth’s biogeochemical
processes. They shape ecosystems, regulate nutrient cycles, and enable life to
thrive under conditions that would otherwise be uninhabitable.

When we talk about “resource exploitation” by microorganisms, we are
referring to their extraordinary ability to use natural and synthetic compounds
as sources of energy, carbon, and nutrients. This capacity allows them not only
to sustain themselves but also to transform their environment in ways that can
be harnessed for human benefit — in waste treatment, pollution control, and
resource recovery.

In this lecture, we will explore how different microbial groups function in
environmental systems, how they participate in waste treatment and recycling
processes, and how these activities relate to the global biogeochemical cycles
that regulate life on Earth.

Microbial Diversity and Functional Groups

Microorganisms include an immense diversity of life forms — bacteria,
archaea, fungi, algae, and protozoa — each with unique metabolic capabilities.
These groups differ not only in morphology but also in their ecological roles.

e Autotrophic microorganisms (like cyanobacteria and certain
chemolithotrophs) can fix carbon dioxide, converting inorganic carbon into
organic matter using sunlight or chemical energy.

e Heterotrophic microorganisms rely on organic compounds for energy and
carbon, decomposing complex materials into simpler molecules.



e Phototrophs use light as an energy source, whereas chemotrophs obtain
energy through oxidation—-reduction reactions involving inorganic or organic
molecules.

e Aerobic and anaerobic microbes differ in their use of oxygen; aerobic
organisms require oxygen for metabolism, while anaerobes thrive in oxygen-
free environments, using alternative electron acceptors such as nitrate, sulfate,
or even carbon dioxide.

This metabolic diversity allows microorganisms to colonize virtually every
environment — from deep-sea vents to desert soils — and to exploit a vast
range of resources that higher organisms cannot use.

Microbial Roles in Environmental Systems

In natural and engineered environments, microbial communities form the
backbone of ecological functioning. Their roles can be summarized under
several key processes:

1- Decomposition: Microbes break down dead organic matter, releasing
nutrients such as nitrogen, phosphorus, and sulfur back into the
environment.

2- Detoxification: Certain microorganisms can degrade or immobilize toxic
compounds, including heavy metals and organic pollutants, thereby
purifying soil and water.

3- Nutrient Cycling: Through metabolic transformations, microbes convert
nutrients between different chemical forms that are accessible to plants
and other organisms.

4- Symbiotic Relationships: Microbes form partnerships with plants and
animals — for example, nitrogen-fixing bacteria with legumes or gut
microbiota with mammals — providing essential nutrients and stability
to ecosystems.

In short, microorganisms act as biological catalysts that maintain the balance of
ecosystems and sustain the Earth’s life-supporting processes.



Microorganisms in Waste Treatment

One of the most significant human applications of microbial resource
exploitation is waste treatment. Both aerobic and anaerobic microbial
processes are employed to treat domestic, industrial, and agricultural waste.

a. Aerobic Treatment

In systems such as activated sludge and trickling filters, aerobic bacteria
decompose organic matter into carbon dioxide, water, and biomass. These
processes are rapid and effective in removing biodegradable pollutants.

The microbial community in aerobic systems is complex, including bacteria,
protozoa, and fungi working synergistically.

b. Anaerobic Treatment

Anaerobic digestion is widely used for the treatment of sewage sludge,
agricultural residues, and industrial effluents. In this process, microorganisms
degrade organic compounds in the absence of oxygen, producing biogas, a
mixture of methane and carbon dioxide. This biogas serves as a renewable
energy source, while the remaining digestate can be used as fertilizer.

c. Biofilm Systems

Biofilms — microbial communities attached to surfaces — are also crucial in
waste treatment. They facilitate the degradation of pollutants while offering
protection from toxic substances. Biofilm-based reactors, such as moving bed
biofilm reactors (MBBRs), are known for their efficiency and stability.

In summary, waste treatment systems rely heavily on microbial metabolism to
convert pollutants into harmless or useful products, achieving both
environmental protection and resource recovery.



Resource Recovery by Microorganisms

Microbial resource recovery refers to the conversion of waste materials into
valuable resources — a key component of the circular bioeconomy.

Some prominent examples include:

e Biogas Production: Anaerobic consortia convert organic wastes into
methane-rich biogas, providing renewable energy.

e Biofertilizer Production: Microbes such as Rhizobium, Azotobacter, and
Cyanobacteria fix atmospheric nitrogen, enriching soil fertility naturally.

e Bioplastics and Biomaterials: Certain bacteria accumulate
polyhydroxyalkanoates (PHAs), biodegradable plastics synthesized from waste
substrates.

e Metal Recovery: Specialized microbes can solubilize metals from ores or
wastes in a process called bioleaching, important for the recovery of copper,
gold, and other valuable elements.

¢ Nutrient Recovery: Microbial processes can capture and recycle nutrients
like phosphorus and nitrogen from wastewater, reducing eutrophication risks.

Microbial Processes in Biogeochemical Cycles

Microbes are the driving force of biogeochemical cycles — the natural
processes that circulate elements such as carbon, nitrogen, sulfur, and
phosphorus through the biosphere.

a. Carbon Cycle

Microorganisms regulate the carbon cycle through photosynthesis, respiration,
and decomposition. Autotrophic microbes fix carbon dioxide into biomass,
while heterotrophs release it back into the atmosphere. Methanogenic archaea
produce methane under anaerobic conditions, whereas methanotrophs oxidize
it, helping control greenhouse gas emissions.



b. Nitrogen Cycle

Nitrogen-fixing bacteria convert atmospheric nitrogen (N;) into ammonia
(NHs), making it available to plants. Other microbes carry out nitrification
(oxidation of ammonia to nitrate) and denitrification (reduction of nitrate back
to nitrogen gas). These processes are essential for soil fertility and for
preventing the accumulation of toxic nitrogen compounds.

c. Sulfur and Phosphorus Cycles

Sulfur-oxidizing and sulfate-reducing bacteria drive the sulfur cycle, influencing
both energy flow and mineral formation. Similarly, phosphate-solubilizing
microbes release phosphorus from insoluble compounds, supporting plant
nutrition and ecosystem productivity.

Through these cycles, microorganisms regulate the availability of nutrients and
the composition of Earth’s atmosphere — illustrating their central role in
planetary homeostasis.

7. Technological and Environmental Implications

Understanding microbial resource exploitation has enormous implications for
modern science and technology:

» Sustainable Waste Management: Microbial treatment reduces pollution,
conserves resources, and minimizes the carbon footprint of human activities.

 Renewable Energy Production: Microbial processes such as anaerobic
digestion and biohydrogen production provide clean, renewable energy
alternatives.

 Climate Change Mitigation: Manipulating microbial processes in soils and

wetlands can help control emissions of methane and nitrous oxide.



¢ Bioremediation and Environmental Restoration: Engineered microbial

systems can clean up oil spills, degrade plastics, and detoxify contaminated
soils and water.

¢ Industrial Biotechnology: Harnessing microbial metabolism for bio-based
products — from enzymes to fuels — represents a major step toward a green
economy.

However, these opportunities come with challenges. Microbial processes are
sensitive to environmental conditions, and large-scale applications require
precise control of community dynamics. Interdisciplinary research combining
microbiology, environmental engineering, and systems biology is essential to
optimize these systems safely and effectively.



