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1. Introduction

1.1 Importance of soil for sustaining climate and life on earth

Soil is a complex, dynamic, and enormous source of life sustenance on earth. The soil
performs wide variety of functions such as providing food, services, habitat, medium,
nutrition, health, ecosystem and shelter to a variety of organisms and microorganisms (Al-
kaisi et al., 2017; Banwart et al., 2019; Bhat, 2013; Raj et al., 2019). Soil is also known as
the skin of the ecosystem (Bhat, 2013). The soil is a porous interface connecting the
atmosphere, vegetation, shallow geosphere, groundwater and surface water (Banwart et
al., 2019). Soil microbial organisms are an essential connecting link between the biotic and
abiotic systems of the nature (Islam and Wright, 2003). The soil microorganisms perform
many important functions in soil. The diversity of the ecosystem is indirectly maintained
by the soil by being the reservoir of nutrients, carbon, phosphorus and other elements of
the ecosystem (Islam and Wright, 2003; Nannipieri et al., 2003). These elements are stored
in the soil which are transferred to the plants and is utilized for photosynthesis. The
photosynthetic reactions carried out by plants perform the task of maintaining the balance
of carbon between the ecosystem and soil (Islam and Wright, 2003). The microorganisms
present in the soil also contribute to the soil respiration process of the ecosystem

(Schlesinger and Jeffrey, 2000; USDA-NRCS, 2014)

The soil can be defined from the viewpoint of the different uses it delivers to the
source, such as, farming, environmental uses or engineering. The soil environment and soil
functions are greatly impacted by the soil composition, geographic features and other
factors that contribute to the physical, chemical, and biological characteristics of soils. The
inorganic composition of mineral soil is generally composed of sand, silt, and clay. The
proportion of these inorganic component decides the soil texture, soil properties including
its chemical, physical, and biological properties (Al-kaisi et al., 2017). Soil contains
minerals, trace elements and metals that are utilised by the plants and soil organisms for
their nutritional requirements along with soil water regulation for uptake by different
vegetation, soil organisms and wild animals. These features of soil immensely support the
essentiality of life sustenance activities performed by the soil for earth’s life and ecosystem
processes (Raj et al., 2019). The soil biological environment is formed of microbes and
microflora such as bacteria, actinomycetes, fungi, algae, protozoans, soil worms, insects

or arthropods along with microfauna as well as macrofauna. These organisms perform the
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task of obtaining energy from soil and support their maintenance from soil (Russell, 1973).
The physical complexity of the soil allows the soil microbes to acquire the essential
resources from soil (Bhat, 2013). The importance of soil in sustaining life systems is
depicted in Figure 1. Soil is an excellent source of phosphorus, nitrogen, sulphur and other
elements which are essential and critical for the ecosystem functioning. The soil ecological

fluxes and nutrient cycles are briefly described in this chapter in below sections.
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Figure 1: Soil as a source of life sustenance. Figure was adapted from (Raj et al., 2019)

1.2 Role of soil in sustaining the impact of climate change

It has been found that the parameters of climate change has both direct and indirect impact
on soil microorganisms as well as plants and therefore indirectly also affecting the other
life systems on the planet (Compant et al., 2010; Sergaki et al., 2018). Whenever there is
any alteration in climate, there are structural changes, changes in abundance, composition
and functionalities of the microorganisms associated to plant life (Llad6 et al., 2017).
Climate change has direct and indirect impact on plant—soil-microorganism interactions
(Abhilash et al., 2013; Bojko and Kabala, 2017; Dubey et al., 2019a) and therefore it has
the capacity to alter the community structure, abundance and function. Few indirect effects
of the global climate change occur on the soil-microbial communities (Figure 2). These
changes occur through the plants and are predicted to be way stronger than the direct
effects. Any alteration occurring in the microbial community structure and composition

causes changes in ecosystem functioning and affects the relative abundance of organisms



that are responsible in mediating the key and explicit processes which have a direct effect

on the rate of those mediating processes (Schimel and Schaeffer, 2012).

With rising temperatures there has been a steady increase in the CO: levels
(Jansson, 2019). The US national climate assessment has predicted a continual change in
the weather patterns which is likely to become more erratic and extreme (U.S. Global
Change Research Program, 2018). Soil microorganisms play a crucial role in organic
carbon cycling and cycling of other nutrients. The soil microorganisms have an important
role in the climate feedback inclusive of consumption of greenhouse gases such as carbon
dioxide, methane and nitrous oxide (Bardgett et al., 2008). However, the role of soil
becoming a source or a sink of greenhouse gases is still a mystery as there are many
unknown processes related to nitrogen pool and differential microbial responses in soil
(Friedlingstein et al., 2006; Wang et al., 2017). Hence, it can be stated that the
understanding and study of microbial ecology is of utmost importance and is a challenge
to completely understand it in a landscape scale model of climate study (Wieder et al.,

2013).
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Figure 2: Role of soil in direct and indirect effects of climate change. Figure was adapted

from (Dubey et al., 2019b).



1.3 Soil and nutrient turnover

The soil decomposition system comprises of a complex and diverse range of
microorganisms which perform microbial activity that accounts to more than 90% soil
decomposition (Condron et al., 2010). The soil organisms such as earthworms and mites
act in regulation of decomposition. The soil organisms precondition the organic residues
and modify the physical composition of soil by burrowing and other movements. All these
organisms feed on the soil microbes (Doran and Werner, 1990). Soil ecosystem contains a
huge amount of energy and that is stabilized by the proportionate balance of physical and
chemical protection (Jensen and Magid, 2009). Biomass turnover, carbon, nitrogen, and
phosphorus recycling plays an important role in maintaining soil fertility. The
stoichiometric ratio of phosphorus, nitrogen and carbon in soil is a determinant of the soil
nutritional state. Carbon content of the soil is related to the energy store of the soil where
nitrogen and phosphorus are associated to the nutrient resource of the soil (Chen et al.,

2019).

Soil microorganisms have a significant role in nutrient turnover of soil, i.e. bacteria
and fungi, catabolize organic matter, mineralize and immobilize nutrients. The soil
microfauna i.e. amoeba and nematodes, mites and earthworms help in regulating the fungal
and bacterial population, alter the nutrient turnover of soil, stimulate microbial activity and
breakdown plant residues in the soil. The soil activities change the soil structure by
producing organic components, affecting aggregate formation, promoting soil
humification and facilitating proper mixing of organic and mineral particles present in the

soil (Doran and Werner, 1990).
1.4 Microorganisms in mediating the ecosystem

The diverse microbial community dwelling in soils are the drivers of the biogeochemical
cycles that transform these elements in the ecosystem (Mackey and Paytan, 2009).
Therefore, the environmental controls on soil structure and soil microbial communities
determine the function and services provided by the belowground ecosystem, and thorough
understanding of soil microbial dynamics can help to constrain ecosystem-level responses
to environmental changes (Xue et al., 2018). Soil microorganisms spend their entire life
cycle in the soil environment having mutual interaction and mutual relationships, showing
varying associations among different levels of biological forms encompassing genetic

variation, richness and evenness (Islam and Wright, 2003).



1.4.1 Biogeochemical cycles and the soil microorganisms

The earth’s habitat consists of oxidised and reduced materials that are maintained by sun’s
energy, energy from earth’s core and biological forces (microorganisms) which drive the
different chemical and physical processes and evolution (Madsen, 2011). Microorganisms
are a vital part of the biogeochemical cycling of nutrients by providing the facility of fixing
both carbon and nitrogen into soil organic matter. The microbial driven processes very
efficiently alter the chemical composition of the biosphere and its surrounding atmosphere
for benefit of the higher forms of biodiversity (Merchant and Helmann, 2012).
Microorganisms carry out the processes where an element circulates through biotic and
abiotic systems of an ecosystem, such as carbon cycling and nitrogen fixation (Jensen and
Magid, 2009). Soil organic carbon is the largest source of carbon in the terrestrial biosphere
which is crucial for the carbon cycle. Similarly, soil respiration in terrestrial ecosystems is
also important for the global carbon cycle regulation. The microbial decomposition results
in a huge source of carbon dioxide which is derived from soil organic matter decomposition
(Wang et al., 2017). Similarly, soil phosphorus is an essential element which mandatory to
be maintained for balanced agroecosystem in soil, control soil productivity and also for a
healthy aquatic ecosystem (Biinemann, 2015). The soil phosphorus dynamics is overseen
by the physiochemical processes of nature and also the microbial immobilization,
remineralization of immobilized phosphorus and mineralization of non-microbial organic
phosphorus present in soil (Biinemann et al., 2012). The terrestrial biosphere and its
organisms play an important role in the carbon cycling process as well, where the
atmospheric carbon is captured by the microbes and higher life forms and is again returned
back to the soil with the help of soil microbes (cyanobacteria) by breaking them into

dissolved organic carbon compounds (Schimel, 1995).

The study of soil community structure has multiple applications, such as stabilizing
ecosystem functioning (Wagg et al., 2021), carbon sequestration (Bhattacharyya et al.,
2022), nutrient turnover and biogeochemical cycling (Gayan et al., 2023; Osburn et al.,
2021; Perez-Quezada et al., 2021), enhancing soil fertility, boost plant tolerance towards

biotic and abiotic stresses and increasing crop productivity (Gayan et al., 2023).
1.5 Respiration rate of soil and environment

The plants trap the carbon from soil through roots for their nutrition and the release of such
COz through soil and is known as soil respiration (Lloyd and Taylor, 1994). Soil respiration
is the amount of CO2 produced by the soil after converting the fixed organic carbon to CO2

and returning to the atmosphere. The respiration rate of soil varies, among the ecosystems
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as well between different communities, however, despite that the varying rates the
respiration mechanism by the microorganisms remains the same in different ecosystems
including terrestrial as well as marine (Schlesinger and Jeffrey, 2000). Increase in
temperature has also shown latitudinal increase in soil respiration temperature sensitivity
(Johnston and Sibly, 2018). Meanwhile, it was also observed that, the increasing deposition
of nitrogen from the atmosphere is likely to lead to the sequestration of carbon in soil as
well as in its vegetation (Schlesinger and Jeffrey, 2000). The amount of soil organic carbon
content of the soil has been found to fluctuate depending on the environmental conditions
of the soil such as in times of drought, fire, elevated carbon dioxide, increased temperature,

increased precipitation and sea water intrusion in soil environment (Jansson, 2019)
1.6  Soil properties and soil microbial community

Microbial communities play important roles in soil health, contributing to processes such
as the turnover of organic matter and nutrient cycling (Brewer et al., 2019; Naylor et al.,
2022). Despite the huge contribution of soil biome and soil microbiome the understanding
about the soil and subsoil microbial communities and their functionalities are yet under
exploration (Dove et al., 2021; Xue et al., 2018). The wide variation in soil properties are
stated to be likely due to the edaphic factors of soil, that vary with depth, varying organic
carbon (C) availability, variation in soil nutrients, soil pH, and soil texture (Dove et al.,
2020). Additionally, climate is also considered is also as a major driver of microbial
community, microbial composition and microbial activity of soil (Thompson et al., 2017).
The molecular structure of microorganisms, environmental factors of soil and biological
factors also play an important role in controlling the soil organic matter stability (Schmidt

etal., 2011).

Some factors, such as mean annual temperature, precipitation, environmental
factors, etc., directly affect the soil microbial community (Dove et al., 2021; Jansson,
2019). Few indirect factors, such as soil chemistry on microorganism composition of a
soil, its extracellular enzyme activity and the changes in the extracellular activity profile
across elevation gradients. help in understanding depth of microbiome acclimatization with
respect to its environmental factors (Dove et al., 2021). The microbial communities in soil
have a direct effect on soil functionality which are observed by understanding their roles
in the soil nutrient cycling as well as in carbon storage of soil (Xue et al., 2018). Variation
in microbial communities have been observed temporally as well as spatially and even the
subsoil microbiome communities also play important roles in soil carbon content and soil

nutrient cycling (Dove et al., 2021). Study of the diversity in soil microbial community is
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important to understand the soil properties, soil functionality and its applicability with

respect to the environment and its biological requirements.
1.6.1 Soil bacteria and soil fungi

Bacteria found in the soil are prokaryotic unicellular organisms of varying shapes and
sizes. There are around 20,000 different species of bacteria found per gram of soil. These
bacteria are adapted to varying life environments (Tate, 1995). Soil bacteria account for
20% of organic substances that is usually decomposed from the soil (Adu and Oades,
1978). Similarly, actinomycetes are filamentous structures and are often found to be
profusely branched in form. Considering their mycelia, the actinomycetes threads are much
smaller compared to that of fungi. Initially, actinomycetes were classified along with fungi,
but eventually they have been separated and classified as bacterial cells. The actinomycetes
lack nuclear membrane, and disassemble spores which resemble bacterial cells.
Actinomycetes often play unique roles in the soil compared to bacteria (Tate, 1995). Even
though, actinomycetes grow best in a warm, moist, and well-aerated conditions but they
are uniquely functionally important in arid areas and salt-affected soils (Islam and Wright,

2003).

The fungal communities found in the soil are eukaryotic organisms that form
macroscopic aggregates in soil. The soil fungi comprises of a very diverse range of
microorganisms with tens and thousands of fungal species present in soil (Islam and
Wright, 2003). The abundance of fungi is usually found to be lesser than bacteria in soil.
However, their large size and branched structure makes them dominate in the soil microbial
community. The size and structure of fungal colonies also contribute to have a higher
metabolic activity in different types of soils. Soil fungi are known to be energy efficient
(approximately 30 to 50% of the decomposed organic substances may become bacterial
tissue) (Brady and Weil, 2002). A brief description of carbon cycle, nitrogen cycle and

phosphorus cycle are described below.
1.6.1.1 Role of soil microbes in Carbon cycle

The terrestrial microbiota comprise the terrestrial biosphere which has an important role in
global carbon cycle, quantifying to approximately twice as much organic carbon as the
atmosphere (Schimel, 1995). Carbon storage in soil is mediated by microbes that use plant
primary production from above- and below ground litter and soil organic matter as their

sources of carbon (Brant et al., 2006). Carbon content of global soil organic matter contains



three times higher carbon concentration in comparison to the carbon content of the

atmosphere or terrestrial vegetation (Schmidt et al., 2011).
1.6.1.2 Role of soil microbes in Nitrogen cycle

Nitrogen cycle is a part of the nutrient cycling and nutrient turnover process. It is of high
biological significance and three major processes (nitrogen fixation, nitrification and
denitrification) are performed on the basis of different functions of various types of
microbes (nitrogen fixers). In the process of nitrogen fixation, the inert dinitrogen gas is
converted to reactive nitrogen (the usable form of nitrogen) by the microbial activities of
nitrogen fixing bacteria (Azotobacter sp, Bacillus sp, Klebsiella sp and Clostridium sp etc.)

(Stein and Klotz, 2016).
1.6.1.3 Role of soil microbes in Phosphorus cycling

The global phosphorus cycle is formed of the different phosphorus sources, sinks, and the
pathways of phosphorus transport in the environment. Phosphorus is a crucial element in
soil nutrient regulation. Phosphorus forms an essential link between earth’s biotic and
abiotic components. The amount of phosphorus affects the primary production process (the
method of fixing inorganic carbon into cellular biomass through photosynthesis) and
therefore, it has an vital role in understanding the global carbon, assessing the impact on
global biogeochemical cycle and understanding climate influenced changes in
environment (Mackey and Paytan, 2009). Microorganisms help in soil P immobilization

and remineralization (Biinemann, 2015).
1.7  Study of soil microbial community

Study of soil microbial community is performed in order to understand the microorganisms
in soil, their abundance, distribution and diversity which allows a clear understanding of
its effects on varying faunal diversity, gradient as well the vegetation (Mackey and Paytan,
2009; Xue et al., 2018). The mechanism by which the spatial distribution soil microbes
takes place is largely unknown, and in order to understand the variations in soil microbial

community, different markets of soil composition are being studied.

Soil community structure is a wide subject to study and it is affected by a variety
of reasons such as temperature, chemical content of soil, environmental factors, water
content etc (Jansson, 2019). It was found that changing climatic, environmental and
physiochemical factors of land area has a profound impact on its soil microbiome structure

(Jansson, 2019), such as experiments have revealed that, transplanting soil samples from
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one core to a new environment has an impact on its soil microbial community. When core
soil of an environment is transplanted from another location, the communities change
rapidly (Waldrop and Firestone, 2006). Drenovsky et al., (2004) suggested that the soil
communities changed over time in the same soil sample with changing vegetation or
cropping and with treatment of soil with organic carbon and water inputs. Changing
microbial density has also been observed with a change in soil depth (Fierer et al., 2003).
Physicochemical factors like heat stress, soil type and chemical structure of soil have been
found to have a profound effect on the soil community composition and its microbial
physiology (Griffiths et al., 2008). Changing climatic conditions such as elevated CO2
levels, drought, temperature changes are found to have an impact on the changes in soil

microbial structure (Mekala and Polepongu, 2019).
1.7.1 Significance of phospholipid study in terms of soil microbial study

Microorganisms have a membrane bound structure which often contains phospholipids,
glycolipids and fatty acids in their membrane structure. The lipids present in the membrane
of microorganism are the determiners of microbial presence in a soil sample
(Papadopoulou et al.,, 2011; Wu et al.,, 2009; Zelles, 1999). Phospholipids contain
phosphorus and is an important element of nature due to its diverse role in different life
forms and systems (Mackey and Paytan, 2009). The amount of microbial activity and
microbial presence in a soil sample have a major role in understanding the microbial
activity of the soil. The presence of microbial community is responsible for abundance,
functionality, energy reserve, nutrient turnover and soil respiration (Chen et al., 2019;

Islam and Wright, 2003; Jensen and Magid, 2009; Pajares and Bohannan, 2016).

Lipid estimation in soil is informative of the presence of microbial activity and
microbial presence of a soil (Frostegard et al., 2011; Zelles, 1999). The active as well as
inactive lipid forms can infer the knowledge about the microbial diversity of a soil sample.
The diversity of microorganisms can be studied by identifying the type of phospholipid
and its uniqueness to determine the microbial diversity and identify the soil micro-
organisms in a sample (Barnes and Turner, 2016; Piotrowska-Seget and Mrozik, 2003; Wu

et al., 2009).

Phospholipid-derived fatty acids (PLFAs) is one of the method for identification
and estimation of phospholipids and its residues from soil samples (Papadopoulou et al.,
2011; Wu et al., 2009). Phospholipid-derived fatty acids have been used widely in efficient
determination of significant phospholipids present in soil samples for microbial estimation,

but the limitations of PLFA method makes it less efficient in identification of soil microbial
9



communities (Joergensen, 2022). The PLFA method of lipid estimation has limitations in
terms of specificity, correct assignation and recycling of microorganisms (Frostegard et
al., 2011; Joergensen, 2022). There has been recent advancements in the process of
microbial lipid identification and counter current chromatography has been found to be a
beneficial technique for estimation and identification of microbial lipid molecules (Hubert

etal., 2012).

The methods used for studying the soil microbial community relates to the
applications of soil microbial biomass with respect to the soil type, soil microbial
colonization and land use characteristics of a soil. Usually there are several methods to
study the soil microbial community structure that range from eDNA analysis, lipid
extraction, studying phospholipid fatty acids, studying the fatty acids and
lipopolysaccharides for microbial characterisation, rRNA gene analysis, lipid biomarker
analysis and solid phase analysis etc. (Barnes and Turner, 2016; Joergensen, 2022;
Padmanabhan et al., 2003; Papadopoulou et al., 2011; Picariello et al., 2023; Piotrowska-
Seget and Mrozik, 2003; Wu et al., 2009; Zelles, 1999; Zelles and Bai, 1993).

Phospholipid-derived fatty acids are the major components of most cell membranes
which usually do not accumulate in the soil organic matter while the cells are rapidly
dividing and synthesizing. Therefore, PLFA is an excellent indicator for the study of
microbial biomass as it contains viable organisms and lipids which can be used to derive
information about the soil microorganism (Joergensen, 2022). The prediction of the soil
and other environmental factors that control the microbial distribution also helps in
predicting the future soil and environmental change in spatial distribution of microbes (Xue
et al., 2018). PLFA is a significant method for understanding the microbial diversity as it
is not only indicator for soil microbes but it also provides an estimation of total soil

microbial biomass (Joergensen, 2022).

1.7.2 Current approaches to study soil microbial biomass and activity

1.7.2.1 Study of eDNA

Environmental DNA (eDNA) is the genetic material extracted from bulk environmental
samples like water, soil and air. The eDNA estimation method is used to identify the
different species and perform genetic analyses to conserve, manage, and research on
samples or aggregates where collecting an entire organism is not feasible. The successful
use of eDNA detection has shown significant increase in recent years but the emphasis on

the “‘ecology’” of eDNA. The ecology of eDNA refers to the understanding of the
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interactions among the organism and its genetic material and the environment along with
its influence on the detection on eDNA, quantification of eDNA, eDNA analysis, and its
applications on conservation and research. The study of eDNA has been found to be useful
for the estimation of population size, population genetics and different analyses using the
eDNA. The study of eDNA can also include other indicator biomolecules such as
environmental RNA or proteins along with a diverse range of environmental samples

(Barnes and Turner, 2016).
1.7.2.2 Estimation of C labeled soil DNA

C-labeled DNA analysis is a method that employs C-labeled DNA for the study of live
bacterial population in soil sample. A study by Padmanabhan et al., (2003) focusses on to
develop a method based on stable isotope probing of soil microorganism identification
using C-labeled compounds. The method mainly emphasized on field soil biodegradation
assay where 13C labeled compounds were used to identify the active microorganisms by
analysing 16S rRNA genes in soil-derived C-labeled DNA. This method of biodegradation
approaches to ensure least number of microbiological artifacts that is usually present in
soil due to some physical or nutritional imbalance of soil. This method incorporated the
use of C-labeled compounds (glucose, phenol, caffeine, and naphthalene) to soil plots
before collection of soil samples, installing glass chambers with an open bottom to ensure
the covering of the soil, and analysing the samples of headspace gases to check for carbon
dioxide respiration. The carbon dioxide emission from naturally occurring soil organic
matter to chambers inserted into our field soil test plots and the respired carbon dioxide in
the soil was studied. Field respiration assays were performed and were compared with the
background respiration from soil organic matter to document the in-situ respiration of
caffeine and naphthalene compounds. The transient peaks of carbon dioxide released more
than background were studied and Caesium-chloride separation of C-labeled soil DNA
was performed, which was followed by PCR amplification of 16S rRNA genes from
microbial populations. The sequencing results in obtaining the full sequences of bacteria
revealing the active bacterial populations present in the soil sample (Padmanabhan et al.,
2003). The use of carbon source in DNA extraction is performed with labeled DNA as well
as unlabeled DNA of microorganisms in soil sample. Separation of carbon and C-DNA
has been done using density gradient centrifugation where the active microbial pool in a

soil sample can be successfully determined (Nannipieri et al., 2003).
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1.7.2.3 Phospholipid fatty acid analysis (PLFAs)

Phospholipids are essential component of cell membranes that provide them their
structural integrity and activity. The physical characteristics and roles of phospholipid
molecules within biological membranes are largely determined by the diversity of their
headgroups. Phospholipid diversity mainly consist of Phosphatidylcholine (PC);
Phosphatidylethanolamine (PE); Phosphatidylserine (PS); Phosphatidylinositol (PI);
Phosphatidylglycerol (PG); Diacylglyceryltrimethylhomo-Ser (DGTS). One of the most
prevalent phospholipids in cellular membranes, especially in those of eukaryotic cells, is
PC. It is characterized by a choline headgroup linked to the glycerol backbone by two fatty
acid chains and a phosphate group (Ali and Szabd, 2023). Another important phospholipid
found in cellular membranes is PE. It mainly has two fatty acid chains and a phosphate
group connecting the ethanolamine headgroup to the glycerol backbone. PE is involved in
membrane curvature and fusion processes, as well as membrane stability (Morita and
Ikeda, 2022). PS is found in small amounts in cellular membranes, primarily localized to
the inner leaflet of the plasma membrane. It has a serine headgroup that is joined to the
glycerol backbone by two fatty acid chains and a phosphate group (Vance, 2015). Pl is an
essential component of cell signalling mechanisms, despite being a small phospholipid. It
is made up of two fatty acid chains and a phosphate group that connect the inositol
headgroup to the glycerol backbone (Katan and Cockcroft, 2020). phosphatidylglycerol
(PG) is found in many biological membranes and is crucial to cellular signalling, structure,
and function. PG is characterized by its glycerol backbone, two fatty acid chains, and a
phosphate group, to which a glycerol moiety is attached (Shulga et al., 2011) and lastly
Diacylglyceryltrimethylhomo-Ser (DGTYS) is a unique phospholipid that is mostly present
in bacteria, algae, and some plants, among other microorganisms. It differs structurally
from the more widely distributed phospholipids, such phosphatidylcholine and

phosphatidylethanolamine, that are present in eukaryotic membranes.
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Figure 3. Head groups and core lipids with a glycerol backbone are seen in the chemical
structures of intact polar lipids, respectively, on the left. DAG, diacylglycerol; DEG,
dietherglycerol; AEG, acyletherglycerol; DGTS, diacylglycerylhydroxymethyltrimethyl-
(N,N,N)-homoserine; OL, ornithine lipid; DPG, diphosphatidylglycerol; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI,
phosphatidylinositol; MMPE, phosphatidyl-(N)-methylethanolamine; DMPE,
phosphatidyl-(N,N)-dimethylethanolamine; Sph, sphingolipid; MGDG,
monoglycosyldiacylglycerol; DGDG, diglycosyldiacylglycerol; OH, monohydroxy; Me,
methylated. Figure was adapted from (Ding et al., 2020).

Phospholipid fatty acid (PLFA) analysis is the method to assess the amount of fatty
acids in the form of lipids, fatty alcohols or other complex compounds such as
peptidolipids and glycolipids (Wu et al., 2009). It is a robust method of characterizing soil
microbial communities in natural ecosystems (Papadopoulou et al., 2011; Wu et al., 2009).
The PLFA analysis is based on the analysis of ester linked fatty acid profile of
phospholipids in the membrane of microbial organisms. The distinction between the
eukaryotes and prokaryotes and many prokaryotic groups along with their rapid
degradation after cell death enable the PLFA technique to be a useful indicator in
determining living microbial community (Papadopoulou et al., 2011). PLFA therefore
helps in assessing the microbial community structure in soil and the microbial biomass

(Zelles, 1999).

PLFA analysis provides information about the phospholipid type and therefore, it

helps in identification of bacterial or fungal type and groups. The PLFA helps in
13



identification of bacterial groups such as gram-negative bacteria, gram positive bacteria as
well as fungal groups which is a benefit of utilizing this process for soil microorganism
identification and assessment. Solid phase extraction is a procedure to separate the lipids
and fatty acid methyl esters present soil samples and assist in determining the ester linked
fatty acids in phospholipids and hydroxyl fatty acids in lipopolysaccharides of soil
microorganisms. This is one the most sensitive and reliable methods to determine
microbial biomass and understand the microbial community structure (Quideau et al.,
2016; Zelles and Bai, 1993). Furthermore, recent developments in liquid chromatography
analysis of intact phospholipid molecules have demonstrated a large, diverse array of
phospholipid (and other) headgroups connected to variable fatty acid chains in nature

(Wormer et al., 2017).
1.7.2.4 Counter current chromatography

Counter current chromatography (CCC) is a process to separate particles on the basis of
charge and/or hydrophobicity (Leive et al., 1984). A counter current chromatographic
solvent system consists of two immiscible phases. This kind of solvent system is known
as a biphasic solvent system. Any specific compound will have a different relative
solubility in each of the phases and this causes an effective distribution of the compound
between the two different phases (Friesen and Pauli, 2015). This method has been found
to be efficient and reliable in terms of lipid separation in the form of fractionation, making
it a more intricate and detailed separation process of microbial lipids (Vetter et al., 2017).
The counter current method is a newly introduced method in estimation of glycolipids from
crude extracts (Hubert et al., 2012), where the glycolipids obtained from microorganisms
are studied and analysed to understand their structure and identify them to assess the soil
microbial organisms in the sample (Papadopoulou et al., 2011). The glycolipid mixtures
from natural glycolipid sources have a high complexity and therefore it is essential to have
proper purification techniques for biological identification purposes. Glycolipid extraction
can be done using fractionation and purification methods such as centrifugal partition
chromatography (CPC) and counter-current chromatography (CCC) techniques. These
chromatographic techniques are beneficial as it can be used for the preparative or large-
scale separation of glycolipids from complex crude extracts (Hubert et al., 2012) thereby
helping in identification of diverse array of soil microorganisms in a soil sample

(Padmanabhan et al., 2003).

It was developed by Yoi chiro Ito in around 1970s. The counter current

chromatography has therefore eventually become an important compound isolation
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technique for natural products for its immense efficiency in compound separation (Ito and
Bowman, 1970). Counter current chromatography is separation technique where its
biphasic solvent system is of utmost importance (Friesen and Pauli, 2015). The modern
counter current chromatography instruments utilize the J-type planetary centrifuge where
a liquid phase is stationary by means of a fast planetary movement (in centripetal or
centrifugal pattern, Figure 4). The mobile phase is transported through the coils using a
pump like device. Considering other typical chromatographic solvents, the amount of
sample in counter current chromatography are found to be approximately 100 mg to 10 g.
The counter current chromatography technique offers a far higher amount of sample
compared to the other classic chromatography techniques like high performance liquid

chromatography and gas chromatography techniques (Vetter et al., 2017).

Type-J Synchronous Planetary Motion

multilayer coil

Axis of Rotation —-—-

Axis of Revolution —} —Xeg—e HBH—""—9¥—70—0o—0— S

Figure 4. Type J planetary motion of a multilayer coil separation column. Figure

was adapted from (Skalicka-Wozniak and Garrard, 2014).
1.7.2.5 Counter current chromatography and its benefits in lipid separation

Counter current chromatography offers multiple benefits for isolation of soil
microorganisms (Friesen and Pauli, 2015; Hubert et al., 2012; Vetter et al., 2017). The soil
microorganisms comprise of different microbial groups such as bacteria, fungi,
actinomycetes etc. Each of these groups contain multiple sub groups and numerous types
of microorganisms within these groups which makes the separation and understanding of
their membrane lipids a complex process (Islam and Wright, 2003). The separation of the
lipids of the microbial groups in different fractions may ensure efficient separation of the

lipid compounds and therefore it will aid to a diverse and specific understanding of the
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microbial organisms and groups (Papadopoulou et al., 2011; Wu et al., 2009; Xue et al.,
2018).

The lipid content in soil contains both dead and inactive lipid samples as well as
live microorganisms. In order to distinguish between the live microbial community in soil
there are several processes that have been developed such as eDNA analysis, C labeled
DNA analysis and signature lipid biomarker analysis etc (Barnes and Turner, 2016;
Padmanabhan et al., 2003; Piotrowska-Seget and Mrozik, 2003). The counter current
chromatography system allows for a systematic separation of lipid molecules based on the
size of their hydrocarbon chains. The lipid molecules are separated in the counter current
chromatography system on the basis of their molecular properties. The lipids having
different molecular properties are eluted at different separation rates from the column. The
separate elution volume and retention time of each lipid allows for a better separation of
lipids from the chromatography column. The lipids B3 sitosterol, campesterol, cycloaternol,
brassicasterol etc. separate at different rates when separated in different stationary phases

(Vetter et al., 2017).

Glycolipid extraction of soil is performed in a three-layered process. The microbial
cultures (containing the bacterial cells, fungi cells or residual sources) are grown in a
fermentation media. The precipitate of the fermented colony is obtained and centrifuged
to obtain the crude lipid extract. This extract is further converted to concentrated glycolipid
mixture by using techniques such as membrane filtration, selective crystallization, foam
fractionation adsorption etc. This concentrated glycolipid mixture is then filtered and
further separated using techniques like thin layer chromatographic technique, Ion exchange
chromatography, reverse phase column chromatography or other chromatographic
techniques (Hubert et al., 2012). The lipid estimation methods presented in the other
techniques apart from counter current chromatography are lengthy and less efficient in
comparison to the counter current chromatographic system due to its unique and stringent
fraction separation. This allows for a better lipid separation and therefore a more intricate
process of determining soil microbial community in complex and diverse soil systems
(Friesen and Pauli, 2015; Hubert et al., 2012; Vetter et al., 2017). The counter current
chromatographic method of lipid recovery offers a high accuracy in terms of phospholipid

recovery from soil samples (Hubert et al., 2012).
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1.8 Objective of the study

Considering the existing research on glycolipid separation using counter current
chromatographic techniques, the following objectives have been framed for the present

study.

1. Develop counter current chromatography protocols for the separation of
phospholipids from contaminants and background organic matter components in

soil and sediments.

2. Measure total phosphorus content of polarity fractions and compare recovery
yields of phospholipid standards using purification protocols, including solid

phase extraction and counter current chromatography.

3. Determine total phosphorus content via colorimetric methods to estimate recovery

yields of purified phospholipid fractions from biomass samples.

1.9 Significance of the study

The understanding of soil microorganisms and their diversity will contribute to the detailed
understanding of carbon sequestration, nutrient turnover, soil fertility, soil efficiency and
ecosystem structure and function of soil (Gayan et al., 2023; Miiller et al., 2002; Osburn et
al., 2021; Perez-Quezada et al., 2021). Study of soil microbial community enhances the
understanding of soil microbial abundance and therefore the understanding of soil
diversity, its vegetation and understanding the soil gradient across ecosystems (Mackey

and Paytan, 2009).

17



The soil microbial study is performed by studying the DNA and lipid content in the
soil by different methods (Barnes and Turner, 2016; Joergensen, 2022; Papadopoulou et
al., 2011; Picariello et al., 2023). The PLFA analysis is the most widely used method but
it has several disadvantages (Joergensen, 2022) whereas, counter current chromatography
is a recently established process of lipid extraction by fractionation. The lipid extraction
from soil microbial samples is more efficient and this process offers a systematic
separation of lipid molecules based on their physical and chemical properties (Vetter et al.,
2017). This method may thus also enhance sample recovery in comparison to other
conventional methods, thereby improving assessments of soil microorganisms (Friesen

and Pauli, 2015; Vetter et al., 2017).

The present study will therefore employ the counter current chromatography method
to assess the recovery and isolation of lipids from the soil organic biomass compared to
the conventional SPE method. The aim is to improve lipid proxies of soil organic biomass,
which will be beneficial for understanding the soil profile, soil vegetation, soil fertility,
soil respiration, and the assessment of nutrient concentration of the soil sample. The
present study will provide a detailed overview of the recovery of the intact lipids from the
soil and fungi samples. Therefore, the findings of this study will be helpful in vegetation

gradient understanding and nutrient analysis of the soil biomass in the future.
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2. Materials and Methods
2.1 Determination of the Partition coefficient
2.1.1 Preparation of solvents

One popular method of concocting a solvent system for CCC involves the mixing of
a hydrocarbon solvent such as hexane with ethyl acetate, methanol and water (HEMWat)
(Han et al., 2023; Liu et al., 2018). In the current study, these solvents were used to prepare
the HEMWat solvent system in different ratios. Volume ratios were determined by adding
appropriate volumes of hexane, ethyl acetate, methanol and water to a 500 mL separatory
funnel to equal a (premixed) combined volume of 400 mL (Table 1). Each solvent system
was thoroughly equilibrated at room temperature by repeated shaking and degassing. The
solvent was later kept for few hours for the solvent mixture to settle into two distinct layers
(biphasic upper and lower layers). The upper layer being mostly hexane and ethyl acetate,
with some small proportion of methanol, and the lower layer being the methanol and water

at the end of the separation of the entire solvent mixture.

2.1.2 Preparation of standard stock solution

A) L-a-Phosphatidylcholine (PC) 1.5 mg/mL

B) L-a-Phosphatidylinositol ammonium salt from Glycine max (soybean) (PI) 9 mg/mL
C) L-a-Phosphatidylethanolamine from Glycine max (soybean) (PE) 1.2 mg/mL

Each of the standard (A-C) was dissolved in 10 mL isopropanol. Aliquots of 1.5 mL PC
(75 ppm), 2 mL of PE (100 ppm) and 1.6 mL PI (100 ppm) were used to prepare working
solutions which was dried and resuspended in 20 mL methanol: water for two replicate

partitioning experiments (2 x 10 mL).

For determining the partitioning coefficient by UV-Vis spectroscopy, a small
amount (typically a few milligrams or less, depending on its absorptivity) of each standard
was added to a glass vial (13 mm x 100 mm) and the solvent was evaporated under a stream
of nitrogen gas. For determining the partitioning coefficient by LC-MS, the three
phospholipid standards were mixed into single, replicate vials. Then, 4 mL of each
equilibrated solvent phases (upper and lower) were added and were thoroughly mixed with
a vortex to emulsify the solution. After settling into upper and lower layers, a subsample
(0.5 mL) was collected from each layer for analysis of total P (or LC-MS analysis). Collect

the remaining layer into separate vials, without disturbing solvent interface. Inject 3x700
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uL into UV-Vis is flow through detector using matching solvent as mobile phase. The

absorbance was measured by a spectrophotometer at the suitable wavelength(s) to obtain

the Ky value. Temporarily express the partition coefficient as Kuy =Cu/Cr, where Cu is

the solute concentration in the upper phase and CL, that of the lower phase. If Kuw = 2,

the lower phase should be used as the stationary phase, which gives K= 0.5. It is important

that this preliminary Ky must be clearly distinguished from Kyu using the subscripts to

avoid confusion (Figure 5).

HEMWat Hexane Ethyl Acetate Methanol Water
(mL) (mL) (mL) (mL)
1:2:1:2 66.67 133.33 66.67 133.33
2:1:2:1 133 66.67 133.33 66.67
3:1:3:1 150 50 150 50
4:1:4:1 160 40 160 40
9:1:9:1 180 20 180 20
19:1:19:1 190 10 190 20

Table 1. HEMWat solvent system with the composition of each solvent prepared in

different volume ratios.
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Figure 5. Schematic figure of the CCC sweet spot. The range around K=1 provides
optimum resolution and in analogy to bat and racket sports, can be called the sweet spot of
separation. Therefore, the process of choosing a solvent system aims to find a mixture, in
which the analyte elutes in the range between K=0.4 and K=2.5, which is a working
definition of the sweet spot range for the purpose of this study. Figure was adapted from

(Brent Friesen and Pauli, 2005).
2.2 Extraction of lipids
Bligh & Dyer

Cordyceps farinosa cell biomass was extracted following the modified method
Bligh and Dyer protocol (Bligh and Dyer, 1959; Sturt et al., 2004; Wormer et al., 2017).
Samples were sonicated for 10 min in four steps with a mixture of dichloromethane
(DCM)/ methanol (MeOH)/ and an aqueous solution (1:2:0.8, v:v:v) by using 4 mL solvent
per g biomass and extraction step. A phosphate buffer (8.7 g/LL KH2PO4, pH 7.4) was used
for the first two steps and a trichloroacetic acid buffer (50 g/L CCI3COOH, pH 2) for the
final two steps. After each extraction step, the samples were centrifuged at 2500 rpm for 5
min and the supernatants were collected in a separation funnel. Phase separation was
induced by addition of DCM and water and the organic phase was drawn off and collected
in a Schott bottle. The combined organic phase was then washed 4 times with de-ionized
MilliQ water. Finally, the organic phase was collected as the total lipid extract (TLE),

evaporated under a stream of N> and stored at -20 °C.
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2.3 Preparation of samples
2.3.1. Preparation of biomass samples

The sample solution was prepared by dissolving ~ 100 mg of the crude Bligh and Dyer
(TLE) of fungal cordyceps biomass or soil O-layer sample in 10 mL isopropanol, which

was dried and resuspended in 11 mL methanol: water (3:1) solvent.
2.4. Counter Current Chromatography

The instrument was used in the Head to Tail configuration wherein the stationary phase
was chosen to be the organic (3:1 hexane: ethyl acetate) and the mobile phase was chosen
to be the lower aqueous (3:1 methanol: water). Out of the two coils present in the multilayer
coiled CCC, only a single coil was used for the analysis of the samples, since we wanted
to see the separation of the phospholipids with a sharp elution peak. The multilayer coil
number two was filled with the upper organic phase (3:1 hexane: ethyl acetate) as
stationary phase, pumping at 4 mL /psi (20 psi) for about 50 min while the apparatus was
run at 600 rpm for a working volume ~160 mL. The next step was to equilibrate the coil
with the bi-phase solvents (i.e., both the mobile and the stationary phase solvents), for this
the mobile phase (3:1 methanol: water) was pumped at a flow rate of 2mL/ min at 600 rpm
for a duration of 45 minutes until a working volume of~ 60 mL (ca. 40% of the coil volume,
which is optimum for CCC to run) was eluted from the tail end coil. The effluent from the
tail end coils was monitored with a UV-Vis detector. During this time, the eluted dead
volume or the retention volume of the stationary phase was considered using a graduated
measuring cylinder for collecting the eluted stationary phase from the tail end of the coil.
Once, the coil was equilibrated, the next step was to check if the injection loop of the
injector was empty and the injector was in INJECT position to load the sample suspended
in the mobile phase. Once, the sample is injected into the CCC, the position of the injector
is immediately shifted to LOAD position to load the sample into the coil of the CCC,
during this time the apparatus was running at a flow rate of 2mL /min at 600 rpm for 6
minutes. Mobile phase was pumped at 2mL/ min at 600 rpm for 80 min (=160 mL, replaces
mobile phase volume already filled in the coil of CCC). Exit flow goes to waste for 40
min, then to fraction collector, collecting new fraction every 4 min. (8mL per fraction; n =
21 fractions). After 80 min, the flow was changed to stationary phase at 4 mL/min at
600rpm for 40 min (=160 mL), collecting fractions for every 2 mins (8 mL per fraction;
n=20). Out of the 8 mL collected fractions, 4 mL of each fraction was immediately
transferred to 4 mL glass vials for total phosphorus measurement (Mo-Blue assay) and the

remaining 4 mL was stored for LC-MS analysis of the intact phospholipid molecules.
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2.5 Mo-Blue:
2.5.1 Preparation of Reagents

Fresh solutions of 4.86 mM ammonium molybdate tetrahydrate, 60 mM ascorbic acid, 0.2
mM potassium antimonyl] tartrate trihydrate solution, 1.2 M sulfuric acid and 5% (w/w)
persulfate stock solution (8 mL) were prepared. Persulfate solution was prepared using 0.3
g boric acid, 0.15 g sodium hydroxide and 0.5 g potassium di-sulphate oxide dissolved in
10 mL distilled water and the solution was heated at 55 °C until it was completely

dissolved.

2.5.2 Formation of Molybdenum Blue Complex

450 ul (5%) stock persulfate solution was prepared by using the following ratios: Persulfate
solution 0.75%, total volume of the sample 3 mL, 255 ul de ionized H2O.

Later the samples were heated in heat block at 120 °C for 2 hr. This allows the formation
of the molybdenum blue complex, which is proportional to the phosphate concentration.
The sample was cooled to room temperature. Further the samples were acidified by adding

532ul of 0.75 M HCL. The inorganic phosphorous was measured using spectrophotometer.
2.5.3 Reduction with Ascorbic Acid

After the reaction time (i.e. two hours), ascorbic acid solution was added to each exetainer.
This step reduces the molybdenum (VI) ions to molybdenum (V) ions, resulting in a blue

colour indicative of the phosphate concentration.
2.5.4 UV-Vis Measurement

The absorbance of each solution was measured at an 890nm using a
spectrophotometer (SPECORD 50 PLUS-233H1107F). The absorbance values for each

standard solution and sample solution were recorded.
2.6 Solid Phase Extraction (SPE)

Duplicate replicate samples of a synthetic mixture of phospholipids with PC, PI, and PE
headgroups, soil and fungi samples (5% TLE) were dried and eventually resuspended in

500 mL chloroform. Supeclean LC-Si followed by confirmatory LC-MS analysis. Lipid
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extracts were fractionated on silica SPE columns (500 mg, Discovery LC-Si, Supelco,
Bellefonte, USA) using the same eluents and ratios of eluents to stationary phase as
described previously (Mills and Goldhaber, 2010). In short, silica columns were
equilibrated and activated with methanol and chloroform, lipid extract resuspended in
chloroform was added, then fractions were collected by eluting columns with 2.0 mL
chloroform (the “neutral lipid” fraction), 2.0 mL of acetone (the “glycolipid” fraction) and
6.0 mL of methanol (the “phospholipid” fraction) (Warren, 2019). Out of the 6 mL
methanol fraction of phospholipids, 3 mL was retained for total P analysis (Mo-Blue assay)

and the remaining was retained for LC-MS analysis.
2.7 Liquid chromatography mass spectrometry (LC-MS) analysis

For separation of phospholipids by liquid chromatography, we followed the protocol
using MeCN:DCM (75:25) with 0.01% HCO2H and NH3 as eluent A and MeOH: water
(50:50) with 0.4% HCO2H and NHj3 as eluent B, as described by (Wormer et al., 2015).
The column (ACQUITY UPLC BEH Amide, 1.7 um, 2.1 x150 mm) was maintained at 40
°C, with a flow rate of 400 um min’!. The gradient started with 1% B (2.5 min hold),
increasing to 5% B at 4 min, to 25% B at 22.5 min and to 40% B at 26.5 min. A one min
washing step with 40% B is followed by the return to initial conditions and column
equilibration (8 min). The entire chromatographic run was completed in 35.5 min and back
pressure remained < 600 bar. Samples were dissolved in DCM:MeOH (9:1) prior to
injection. Phospholipids were detected using a Bruker compact QToF mass spectrometer
with electrospray ionization in positive ion mode. MS data were assessed by Data Analysis
and Compass software (Bruker). Briefly phospholipids were tentatively identified by
retention time and by diagnostic mass fragmentation patterns after collision induced
dissociation of selected phospholipid masses (Meador et al., 2017). Phospholipid masses

were then quantified by integrating the peaks of extracting ion chromatograms (+ 0.05 Da).
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3. Results

3.1 Choice of the solvent system

The most important and the crucial step of this study in terms of method development of
the CCC was to select the right solvent system which was determined by the partition
coefficient experiment. In this study, a range of 6 different volume ratios of the HEMWat
(hexane: ethyl acetate: methanol: water) solvent system was being tested listed in (Table
2). The results of the partition coefficient (K) values measured by the spectrophotometer
reveal that the K value for the HEMWat solvent system was very close K=1 for the volume
ratio 3:1:3:1(K value for PE and PC= 0.96) (Figure. 6) which fitted well to the working
definition of the sweet spot in CCC, wherein the K values lies between 0.4 and 2.5.

So, affinity of the distribution constant of the two synthetic phospholipid headgroups PC
and PE for the HEMWat solvent system for decreased in the order
3:1:3:1>4:1:4:1>1:2:1:2>2:1:2:1>9:1:9:1>19:1:19:1.

To confirm the results of the UV-Vis measurement, the distribution constant for the
phospholipid headgroups (PC, PE, and PI) were tested by the LC-MS analysis, through
which we concluded that the HEMWat 3:1:3:1 solvent system fits well for the
phospholipids separation (Table 3) The HEMWat 3:1:3:1 solvent system was finalized for
further method development of the recovery of phospholipids via CCC.

HEMWat Volume % water K value

ratios
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PC PE

1:2:1:2 33.33% 0.51 0.26
2:1:2:1 16.67% 0.26 2.20
3:1:3:1 12.50% 0.96 0.96
4:1:4:1 10% 0.47 0.84
9:1:9:1 5% 0.05 0.14
19:1:19:1 2.50% 0.13 0.13

Table 2. Partition coefficient values (K value) of the synthetic phospholipid standards PC
and PE for a range of different volume ratios of the HEMWat solvent system obtained

from the experimental measurement by the spectrophotometer.
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Figure 6. Distribution or the Partition constant (K) vs the water content (%) for the

phospholipids PC (in red) and PE (in blue) for the HEMWat solvent system.
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Kyvalue= m/z Std mix Rep 1 Std mix Rep 2 Average

(stationary/mobile) (Kvalue) (Kvalue) (Kvalue)
PC 16:0/ 18:1 760.5728 0.85 0.80 0.83
PE 16:0/ 18:1 718.5266 1.45 1.40 1.42
PI 16:1/18:1 835.5787 0.50 0.48 0.49

Table. 3 Distribution constant or the Partition coefficient for the synthetic phospholipid
standards PC, PE, and PI of the final solvent system HEMWat 3:1:3:1 measured by the
LC-MS.

3.2 SPE results

The Supeclean LC-Si cartridge showed a low recovery (~20%) for the synthetic mixture
of phospholipids, and less than 20% for the soil TLE sample with PC, PI, and PE
headgroups, whereas for the fungi TLE sample the recovery of the same phospholipid
headgroups was more than 40% (Table 4., Figure 7.). The LC Si SPE blank was below the
detection limit (i.e., < ~20 pg). The recovery of the phospholipids PC, PE and PI was
lower than expected for all the samples (i.e., synthetic mixture of phospholipid standards,
Soil TLE sample and Fungi TLE sample). The lower recoveries may indicate that retention
capacity of the LC-Si cartridge was beyond its threshold, and/or, in case of Soil TLE
sample, the high amount of interference of the organic matter with extraction or ionization

of the phospholipid molecules.

Compound m/z P mix Std Soil TLE Fungi TLE
PC 16:0/ 18:1 760.5728 20% 13% 49%
PE 16:0/ 18:1 718.5266 23% 9% 45%

PI 16:1/18:1 835.5787 20% 7% 53%
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Table 4. Recovery % for the phospholipid head groups PC, PE, and PI eluted by methanol
from the LC-Si SPE cartridge for the synthetic mixture of phospholipid standards, Soil
TLE and Fungi TLE samples.

LC-Si SPE cartridge Recoveries

40
g Phospholipid
o PC
= ]
) PE
(&)
& %0 PI

0
Fungal TLE  Soil TLE Std mix
Sample

Figure 7. Percentage of the phospholipids recovered in the 6 mL fraction of the
methanol from the LC-Si SPE cartridge for the synthetic mixture of phospholipid
standards, Soil TLE and Fungal TLE.

3.3 Recovery of phospholipids with CCC (Counter Current Chromatography)

The synthetic mixture of the phospholipid standards sample was prepared as described in
the methods section 2.1.2, and 30% of the soil and fungal TLE was resuspended in 11 mL
of the mobile (aqueous phase i.e., methanol: water). Each sample was injected in duplicate
(each 13.6% of TLE samples) into the CCC. The recoveries of the phospholipid
headgroups in the different samples varied drastically depending upon the type of the
sample injected. The 8 mL fractions collected by the CCC i.e., 21 fractions in the mobile
phase (methanol: water) and 20 fractions of the stationary phase (hexane: ethyl acetate)
were collected and tested by the colorimetric Mo-blue test for the testing the presence of
the phospholipids in the form of inorganic phosphorus. The positive fractions for the
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presence of phospholipids as well as the negative fractions for the Mo-blue test were

further used for the LC-MS analysis.

3.3.1 Recovery of the Standard mixture

The injected sample into the CCC was a total 100% phospholipid content of each of the
headgroups: PC, PE and PI (5000 ng of phospholipids each replicate). The Figure 8. shows
the recovery of these headgroups over and shows the clear distinct separation of the
phospholipids in the different fractions for the retention time of the collected fractions from
the CCC. The results from the LC-MS analysis confirm the combined, average recovery
of all the phospholipid standards PC, PE and PI to be ~100%, while individual recoveries
of the standards PC, PE and PI were 143%, 200%, and 40% respectively.

CCC Chromatogram for the Std. Mix PLFA
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Figure 8. LC-MS data chromatogram of the phospholipids PC, PE and PI recovery from

the fractions collected from the CCC both mobile and stationary phase obtained from the
synthetic mixture of phospholipid headgroups PC, PE and PI (100 ppm each).

3.3.2 Recovery of the Soil TLE sample:
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The environmental soil sample collected from the O- horizon, the 30% percent of the TLE
sample was injected into the CCC in two replicates (625ng per injection). The injected
sample when tested for the phospholipid content revealed a diversity of around 60 different
lipids, which included glycolipids, phospholipids as well as the fragmented head groups.
Out of the 60 diversified lipids, we selected 21lipids that were the most abundant lipids
which accounted to the relative abundance of the lipid content~75%. The selected EIC
(Extracted Ion Chromatograms) of 21 different lipids were taken into consideration to seek
their recovery percentages in the collected fractions of the CCC (both mobile phase and
stationary phase) in comparison to the injected sample of the pure soil TLE. The results of
the LC analysis reveal that the combined average recovery was 953/2100= 45%. The
individual recoveries of the lipids are listed in (Table 4). The tentative identification of the
lipids was done in the injected sample based on the fractionating pattern, time of elution,
and the pattern of the lipids observed in the heat map chromatogram of the LC-MS Bruker
data analysis software (Figure 9.). The lipids detected in the injected sample were grouped
to understand the overall recovery of a particular lipid. The overall individual recoveries
of the lipids were ranging from quite high to quite low as well. The most abundant eluted
lipid in the collected fractions of the CCC were: PE phospholipid ~498% followed by
PI~173%, PG~137%, P1~127% and the least recovered lipids were the DGTS ~13% and
MG-DAG~5%. The results suggests that although the overall recovery seems low (i.e.,
~45%) but the fractionation technique of the CCC helps us in recovering the separated and
purified lipids. The chromatogram in the (Figure 10.) shows the elution pattern of the
different lipids with their recovery%o.
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Figure 9. Image of the heatmap (density map) from the Data analysis software used for the
LC-MS data analysis. The pattern helping us to understand the elution pattern of the lipids

at different retention times.

Chromatogram for the Soil TLE
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Figure 10. LC-MS data chromatogram of the phospholipids: PC n=5, PE n=4, PI n=3, PG
n=6, and betadine lipids such as MG-DAG n=2, and DGTS n=1 (Grouping of the EIC into
the categories as listed in the Table 5.) recovery from the fractions collected from the CCC

both mobile and stationary phase obtained from the injected soil TLE sample.
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EIC Trace Retention Type of lipid Recovery
time min %
786.5941 + 0.01 9.2 PC 9
814.6256 +0.01 9.2 PI 39
760.5728+ 0.01 9.3 PI 87
736.6012+ 0.01 6.3 PG 22
800.6105 +0.01 9.2 PC 4
774.5949 £ 0.01 9.3 PC 19
710.5876 + 0.01 6.4 PG 37
676.4886 + 0.01 9.9 PE 10
693.6075 + 0.01 10 PG 65
774.7271 + 0.3205 9.3 PI 2
758.5644 + 0.01 9.3 PC 29
662.5031 + 0.01 10 DGTS 13
746.5717 £ 0.01 34 MG-DAG 5
690.5066 + 0.01 9.9 PE 4
744.5489 £ 0.01 9.7 PE 67
782.5619 £ 0.01 9.2 PC 81
698.6242 + 0.01 3.5 MG-DAG 0
718.5266 +0.01 9.7 PE 418
748.6163 £ 0.01 9.2 PC 30
724.6014 £ 0.01 6.4 PG 12
764.6311 +0.01 6.3 PG 1
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Table 5. List of the EIC Trace detected in the injected sample of the soil TLE sample with
the identification of the type of lipid headgroup and their recovery percentage in the
collected fractions from the CCC.

3.3.3 Recovery of the Fungal TLE sample

The cordyceps fungal TLE which was used to inject onto the CCC (13.66% each replicate,
and 1% onto the LC-MS analysis) showed a combined average recovery of (79/1300) ~6%
for the three phospholipids (PC, PE, PI), which comprised~ 95% of the relative abundance
of the lipids. The individual recoveries of the phospholipids: PE, PC and PI were 31%,
46% and 2% respectively. The grouping of the phospholipid headgroups into PC, PE and
PIwas done based on the understanding of the lipid pattern in the heat density map (Figure
12.), retention time and the fractionating pattern of the lipids and the individual recoveries
of each lipid (EIC trace) detected in the injected sample is listed in the (Table 6). The
chromatogram in the (Figure 11.) shows the elution pattern of the different lipids with their

recovery%o.
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Figure 11. LC-MS data chromatogram of the phospholipids: PC n=7, PE n=5, and PI n=1
(Grouping of the EIC into the categories as listed in the Table 6.) recovery from the
fractions collected from the CCC both mobile and stationary phase obtained from the
injected soil TLE sample.
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Figure 12. Image of the heatmap (density map) and compound chromatogram from the

Data analysis software used for the LC-MS data analysis. The pattern helping us to

understand the elution pattern of the lipids at different retention times.

EIC Trace Retention Type of lipid Recovery
time min %
814.6198 £0.05 9.1 PC 10
810.5903 £0.05 9.2 PC 11
782.5573 £0.05 93 PC 9
780.5420 £ 0.05 93 PC 6
758.5574+0.05 9.4 PC 4
756.5411 £ 0.05 9.4 PC 4
744.5428 £ 0.05 9.5 PE 5
796.5377+0.05 9.7 PC 2
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744.5428 + 0.05 9.7 PE 6

740.5125+0.05 9.7 PE 6
738.4969 + 0.05 9.8 PE 6
716.5121 + 0.05 9.8 PE 7
760.5023 + 0.05 15.3 PI 2

Table 6. List of the EIC trace detected in the injected sample of the soil TLE sample with
the identification of the type of lipid headgroup and their recovery percentage in the
collected fractions from the CCC.
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4. Discussion

The separation and purification of natural/biomolecules and synthetic compounds from
complex mixtures can easily be performed using counter-current chromatography (CCC).
Counter current chromatography is a unique type of liquid-liquid partition chromatography
with two-phases - mobile and stationary solvent phase involving a pair of mutually
immiscible solvents (Berthod et al., 2009). On the contrary, solid phase extraction (SPE)
has a solid support, an adsorbent such as silica and silica gel, activated carbon or glass
beads (Rao and Biju, 2005), through which the liquid sample is passed and the analytes
retained by the sorbent material is then eluted using an appropriate solvent (Badawy et al.,
2022). Unlike SPE, where there is possible complication and limitation of the solid-phase
binding and release of analyte, CCC confers the advantage of selection of a solvent system
from a broad range of polar and non-polar solvents (Ito, 2005). In addition, CCC technique
enables larger loading capacity (~100 mg - ~10 mg) and phase reversibility (Vetter et al.,
2017). Further, in the CCC technique, a single sample or multiple samples can be injected.
The dual model allows enrichment of minor target components from a multicomponent

complex mixture (Kostanyan et al., 2020).

In the present study, two techniques including SPE and CCC were used to extract
phospholipids (PL) from phospholipid standards and environmental samples including soil
total lipid extract (TLE) and fungi TLE. The highlight of the study is (i) the use of CCC
method for purification of PL from soil and fungi TLE; (ii) low combined PL recovery
percentage of 45% from the soil TLE and 6% PL recovery from the fungi TLE by CCC
method but higher individual lipid recovery indicating the pure enhanced recovery of

individual lipids from the sample as mentioned in the results section 3.3.2 and 3.3.3.

Studies report that extraction parameters such as the choice of organic solvent for
the extraction of phospholipid fatty acid (PLFA) from soil samples significantly influences
fatty acid profiles of PLFA (Papadopoulou et al., 2011). In connection with this, for the
application of CCC technique in PL extraction and purification from environmental
samples, the solvent system hexane: ethyl acetate: methanol: water (HEMW - 3:1:3:1) was
selected based on the distribution constant/coefficient (K) value of 0.96 (Table 2.). Further,
the compound K values ranging between 0.4 and 2.5 are the optimal CCC performance
indicators. As shown in the LC-MS data, the average compound K value for three
categories of PL, namely, phosphatidylcholine (PC), phosphatidylethanolamine (PE) and
phosphatidylinositol (PI) was 0.83, 1.42 and 0.49, respectively within 0.4 < K < 2.5

suggestive of optimum recovery (Friesen and Pauli, 2015).
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In the present study, the recovery percentage of phospholipids by SPE was ~10%
for soil TLE and by CCC was 45% and 50% estimated by Mo-Blue assay and LC-MS,
respectively. The data clearly indicates loss of analytes during the SPE process, contrary
to the CCC method where recovery rate was higher. In support of this, studies indicate that
CCC technique has increased recovery rate (Berthod et al., 2009). On the contrary, in SPE,
the possibility of extraction is limited to the available solid phase (Berthod et al., 2009). In
addition, the use of solid-supporting materials/matrix has certain complications such as
deactivation, denaturation, loss of analysts, contamination from solid matrix and
irreversible absorption and this could explain the low recovery rate of soil samples from
SPE (Sethi et al., 2009). The higher yet purified PL recovery using CCC suggests that this
method may provide an analytical advantage to improve accuracy in the quantification of
(all) PL in soils and thereby advance the exploration of lipid diversity and microbial

ecology.

In the present study, the observed low recovery percentage of phospholipids by
SPE could be due to repeated elution of the cartridge with methanol, which can lead to
washing away or loss of some of the important phospholipids. There is also a possibility
of interference of organic biomass with the PL. molecules in the cartridge of SPE thereby
leading to low recovery of PL. The contamination from solid phases of the cartridge is
higher than compared to the solvents in CCC. Additionally compared to the solvents, the
sorbents in SPE have limited sorption capability which can affect the recovery and purity
of elutes (Poole and Poole, 2012). In support of this, eluted PL from soil extract using SPE
with methanol was shown to be contaminated with 3-48% betaine lipid indicating that the
so-called PL fraction from SPE has low purity due to contamination of PL with other polar
lipids (Warren, 2019). Additionally, in a previous study reduced PL recovery of
phosphoethanolamine (PE) and phosphocholine (PC) from different commercial silica
columns has been attributed to lack of preconditioning of silica from methanol (Mills and
Goldhaber, 2010). Further, there are certain limitations of the SPE method. For instance,
for samples from SPE, the retention time of 9-10 min for phospholipids is very low

compared to retention time of 15- 40 min for PL in CCC.

The methodological limitations of SPE can be overcome by using CCC to purify
PL which confers multiple advantages over solid-support matrix or SPE method. A higher
retention of a stationary phase, broad range of selection of solvent system, dissolution of
sample in stationary phase volume, change of phase role during the run and more solvent
saving, yet choice of composition of solvent system for mobile and stationary phase should

be made with caution (Sethi et al., 2009). In the case of soil or fungi TLE sample
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purification via CCC, PL recovery percentage was high. In the CCC method, the injected
samples are collected as different fractions in both mobile (methanol: water) and stationary
phase (hexane: ethyl acetate), thus, the sample gets purified with the fractionation
technique of the CCC leading to higher and reliable recovery. A larger volume of samples
is retained in the liquid stationary phase providing higher resolution power to separate the
constituents from a complex mixture (Berthod and Faure, 2015). Thus, using CCC
techniques, the soil and fungi TLE samples are fractionated into pure phospholipids and

glycolipids fractions with different retention times.

In CCC technique, the injected sample is recovered in fraction and in purified form.
Unlike SPE, where once the sample is loaded, there is a risk that it may not be retained or
recovered from the cartridge, in the CCC technique there is no loss of injected sample or
solvent eluents. Phospholipids (PL) are also referred to as microbial life markers due to
their larger presence in the structural components such as the cell membranes of the
microbes and their involvement in different biological processes including storage, signal
transduction and adaptation to the changing environment (Mangelsdorf et al., 2020; Wang
et al., 2019). Based on the head groups, phospholipids are classified into four types,
namely, phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylethanolamine
(PE) and phosphatidylinositol (PI) (Nagle and Tristram-Nagle, 2000). In the present study,
the recovery of PL including PC, PE and PI in the fungi TLE was higher than in the soil
TLE extracted by SPE method. Although the average recovery of the lipid from the CCC
is low but its higher in terms of individual lipid recovery in the sample which indicates a
possibility of handling issues due to multiple transfers of the sample or the collected
fraction into different vials for measurements which led to an overall loss of the lipids due
to quick evaporation of the solvents. In the experimental set up, the PL are assessed in
various matrices to quantify the life, to identify the spatial distribution and taxonomic
information on the microorganisms. For instance, the presence of PE indicates the presence
of living microorganisms in the matrices such as soil (Mangelsdorf et al., 2020). Further,
PE and PC are involved in vegetative growth, mycotoxin production and virulence in
pathogenic fungi such as Fusarium (Wang et al., 2019). Studies suggest that the synthesis
of PL in fungi happens in multiple ways. For instance, zonal differences in gene expression
and composition of PL, especially PE and PC, in mycelial fungi have been reported (Senik
et al., 2023). In other microbes such as bacteria, PS and PE act as a modulator of virulence
(Cassilly and Reynolds, 2018). Hence, the lipid headgroup analysis indicates that based on

lipid profiles, the composition of the microbial community in any sample including soil
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can be achieved (Ding et al., 2020). In addition, the turnover of PL has the potential to
define the growth rates of the bacterial community (Schmidt et al., 2011).

The present study did not experiment on the identification of the type of bacteria in
the soil TLE extract. However, the PL can indicate bacterial diversity and based on the
presence of PL the bacterial community can be identified (Sohlenkamp and Geiger, 2015).
For instance, in marine heterotrophic bacteria, phospholipids PG and PE are predominant,
however, bacteria such as cyanobacteria thriving in low-phosphate conditions will have
lower levels of PG (Popendorf et al., 2020). To date there is little if any information on the
distribution of phosphatidyl headgroups, or their relationship to microbial diversity in soils.
Higher soil biodiversity can lead to significant organic matter decomposition and higher
nutrient availability (Maron et al., 2018). The obtained data has implications. The PL
headgroup separation by the CCC technique can help with the diversity indices of the
different bacterial and fungi groups in the sample which can be beneficial to identify the
potential drug targets and the data can also be used to understand the nutrient turnover

activities.
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5. Conclusion

e Purification of PL from soil organic matter or other matrices using SPE may

disregard a major portion of PL that are poorly recovered by this method.

e Traditional SPE methods used to purify PL may disproportionately alter the PL

composition of the sample.

e Although the CCC method is time consuming, but its promising for advancing

studies of microbial lipids extracted from soil and other matrices.

e (CCC complimented with LC-MS is a useful and quantitative technique to explore
lipid diversity, including headgroup and fatty acid distribution, which should be

applied more extensively in the study of soil microbial biomass and diversity.

e The developed CCC method is reliable and with little optimization can give higher
recoveries of the phospholipids from the samples due to its highly efficient

fractionating technique.

6. Future directions

The results for the recovery of the intact polar lipids from the environmental samples,
suggest that the developed method needs to be further optimized, in terms of improving
the recovery %. The Counter Current Chromatography provides more reliable results in
terms of the lipid recovery unlike the other traditional methods.

With further advancements in the optimization of the CCC method for the recovery of
polar lipids from the environmental samples, the obtained results can be used to calculate
the microbial diversity in the soil, understand the soil microbial community which is now
studied by the classic DNA and PLFA methods.

In this study, while developing the method for the CCC, only a single coil was used for the
separation of the polar lipids in the collected fractions, but for future if one wishes to
optimize the method, they should try using both the coils for enhanced recovery of the
phospholipids.

In future, the CCC method could help in separating a lot of complex organic compounds

such as ketones and other complex biomolecules from the various matrices.
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