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A need to integrate metagenomics and
metabolomics in geosciences and develop the
deep-time digital earth-biome database of India

Pradeep Srivastava®, Prasanta Sanyal, Sharmila Bhattacharya, Praveen K. Mishra, Suryendu Dutta,
Rajarshi Chakravarti, Niraj Rai, Naveen Navani, Anoop Ambili, K. P. Karanth, Jahanavi Joshi,
Sushmita Singh and Senthil Kumar Sadasivam

This article presents applications of metagenomics and metabolomics in geosciences. It emphasizes
the significance of biomolecular proxies in palaeoclimatology, the evolution of life, the genesis of
hydrocarbons and the role of biological processes in metallogeny. Several examples of breakthroughs
with respect using these methods in earth sciences exist, such as the estimating resilience time of
landscapes against invasive species. It is unfortunate that scientific programmes using bioproxies
have not yet taken root in Indian institutions. Now is the appropriate time to delineate the critical
role of biology in geology and establish it as a thrust area of research in India. A molecular geobio-
logy programme would deal with the understanding of varied issues such as microbial heat produc-
tion and its role in soil processes, the role of biology in mineralization, the use of biomarkers
(metabolites) and ancient DNA studies in understanding feedbacks in climate change, evolution of
life, etc. This article focuses on the use of metagenomics and metabolomics in palaeo-sciences and

the potential intellectual dividends they could provide.

Keywords:
Basic premise

THE geology of an area evolves by a combination of abiotic
and biotic processes that synergistically drive each other and
it is often considered that half of the geologic processes
are biology-driven. However, the role of biology in geosci-
ences is hardly recognized, except in the field of palaeon-
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tology. It holds promise in a multitude of paradigm shifts
in the manner we understand and interpret geological rec-
ords'. A good example is in the cycle of rock weathering
in which lot is established about erosion and sedimenta-
tion, where climate and tectonics are considered the main
drivers, but the role of microbes that modulates this process
is poorly understood. Also, being controlled by the ambient
chemical environment, fossil preservation records are often
incomplete and therefore, what geologists observe in sedi-
mentary sequences is an incomplete story. Thus, for exam-
ple, in studies on the evolution of early life, the biogenicity
(biological origin) of the fossils is often debated. In the
current global warming scenarios, where biota and diversity
are being increasingly compromised, a question that merits
enquiry is the fate of surface geomorphic processes in an
abiotic world®. Similarly, the microbial world that medi-
ates processes ranging from silicate weathering, fixing and
release of oxygen to metallogeny, though it plays a critical
role does not get preserved as body fossils in rocks. There-
fore, conventional geoscientific studies, as performed today
in India, are not inclusive and require a new impetus that
involves molecular biology. This article provides an over-
view of the global and national status of the application of
molecular biology in geosciences and identifies scientific
gaps that should be addressed.
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Metagenomics and metabolomics — definitions
and scope

Metagenomics and metabolomics are subsets of molecular
geobiology that track the microbial and biological changes
preserved in sediments where physical fossil records are
not available. Metagenomics is the study of genetic material
extracted from sediments. Metabolomics uses biomarkers
(like organic acids, proteins, amino acids and lipids) preser-
ved in them to fingerprint the metabolic activity of the micro-
bial community®. Biomarkers and ancient DNA (aDNA)/
palaeo environmental DNA (PalEnDNA) have helped address
questions related to the emergence and evolution of life on
Earth and biological feedbacks leading to warmer climates™®.
It is suggested that the conventional proxies used for recon-
struction of the past climates may lose up to 40% of the
crucial information on feedbacks that are biologically medi-
ated and can be provided by understanding the microbes’.
Metagenomics and metabolomics help buttress the classi-
cal data to refine ‘geology-only’-based inferences on forcing,
feedback, thresholds and time lag that are used in climate
models. Further, debates on biogenicity and the syngenetic
nature of fossil records can be resolved through the use of
biomarkers®. The term ‘biogenicity’ reveals any morpholo-
gical, chemical or mineralogical feature in rocks of all ages
which are uniquely produced by organisms. Such fossil look-
alike features may also otherwise have been produced by
abiotic processes. The term ‘syngenisis’ implies that the
fossil records and rocks in which they are preserved are
time-synchronous.

Metagenomes (aDNA) get preserved in sediments and
are extractable. Sequencing the extracted DNA provides an
understanding of the palaco biomes, but their preservation
in sediments is limited to a few thousand years. This time
interval, however, is sufficient to provide baseline data for
the Anthropocene. Metabolites in sediments have a preserva-
tion potential of up to several millions of years and can be
traced back to a particular organism and/or a habitat to
longer timescales.

Geosciences research comprises studies of megafossils
and identifiable microfossils, implying that only a fraction
of the global biomass has been used to understand the evolu-
tion of life and related processes on Earth. It has been increa-
singly realized that microbes and other biological entities
can mediate physico-chemical reactions through their meta-
bolic activities. This realization that a large fraction of geo-
logical processes had been mediated through biological
processes led to the new scientific discipline of ‘biogeo-
chemistry’.

Microbes are the first responders to climate shifts through
the total transformation of certain communities into another,
over timescales of weeks. Therefore, when preserved, the
microbial remains provide an unprecedented high-resolution
snapshot of the contemporary environment and hence the
climate. In palacoclimatology, proxies such as isotopes, ele-
mental geochemistry, mineral magnetism, sediment charac-
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teristics and palynofacies are used. These have thresholds
leading to variable response times for the same forcing and
can vary from a few centuries to millennia’. The responses
can often be nonlinear, determined by parameters that also
change with time. Such proxies do not take cognizance of
the role of microorganisms in mediating the responses and
feedbacks of palacoclimate proxies. Thus, to a large extent,
palaeoclimate records are weakly constrained, making it
difficult to develop sensible, process-based regional- and
global-scale correlations.

Applications of metabolomics and metagenomics
in geosciences: global scenario

Metabolomics

Application of biomarkers (metabolites) began with petro-
leum geology, where they were used to understand matura-
tion and oil sources'®'*. This field later gained momentum
with the path-breaking work on palaco reconstruction using
biological markers by Seifert and Moldowan'®, who observed
that oils from different geological settings have specific
biomarkers. A Google search for keywords like ‘biomar-
kers and petroleum geosciences’, provided 11,400 articles
which had been published, including 1000 in 2021. Un-
derstanding early life on earth is another frontier area of
earth science that utilizes biomarkers. The evidence for the
earliest life now has brought out enzyme-modulated signa-
tures in rocks as old as 3.76 Ga. This discovery confirmed
the biogenicity of earlier reported microfossils in West
Greenland by Schopf'’. Further lipid-based biomarkers were
used as evidence of Archean life in the Pilbara craton, Aus-
tralia'. According to Knoll'® ‘the Archean (>2500 Ma)
observed that discovery now has put an end to the concepts
that the Earth has remained a shadow land in which “pro-
bably” and “maybe” qualify nearly all paleobiological in-
terpretations until now’.

Responses of microbes and larger fauna and flora to the
Quaternary climate variability have been probed using bio-
markers, beginning with the identification of fauna in the
Quaternary sapropel (marine organic sediments) in the East-
ern Mediterranean'’. Attempts were made to track the varia-
tion in lipid biomarkers linked to variability in contemporary
climates in lake sediments'®. These initial publications im-
peded the application of biomarkers in palacoclimate re-
search. Globally around 7900 articles have been published
till now which explore biomarkers in palacoenvironmental
reconstruction. They deal with a variety of issues such as:
(i) Resilience and diversity of flora and fauna to climate
variability; (ii)) Human-livestock evolution, migration and
dispersal, and the role of climate change; (iii) Domestication
and dispersion of animals and food grains; (iv) Geological
records of antibiotic resistance; (v) Modern and palaco-bio-
mes of polar lakes; (vi) Temporal changes in methano-
trophs and methanogens capturing past redox conditions;
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Table 1. Applications of metabolomics in studies on metallogenesis
Study area Metallogenetic implications Reference
Supergiant gold deposits of the Witwatersrand Spatial association of gold and uranium with organic matter. 23
Basin, South Africa
Polymetallic Pb—Zn—Ag deposit in Qixiashan, Gas chromatograph mass spectrometry revealed mobilization of Pb and Zn 24
Nanjing, China facilitated by organic fluids derived from bacteria and algae.
Gold deposits of the Carbon Leader Reef, Biomarkers and carbon isotopes along with the presence of acyclic isoprenoids 25,26
Witwatersrand Basin, South Africa pristane and phytane confirmed the biogenic origin of Au. Large-scale Au
fixation was triggered by early photosynthetic bacteria (cyanobacteria?) either
by oxidation or reduction in a reducing environment 2900 Ma ago.

Experimental The bacterium Delftia acidovorans responds to the presence of toxic and soluble 27
gold by activating certain metabolic pathways that reduce ionic gold to solid
nano-nuggets.

Australia Soils overlying base metal, Au, Pt and U deposits were found associated with 28-30
specific microbial communities and abundance of metal-resistant genes closely
associated with the underlying deposit. This has led to the development of the
BASE (Biomes of Australian Soil Environments) project containing
phylogenetic and geochemical data of 1400 sites across Australia.

Stratabound Cu—Ag Lorena deposit, Chile Pyrobitumen—fluid interaction was found to be the key driver for mineralization 31
that provided a conducive redox trap for Cu sulphide precipitation.

Kupferschiefer Cu-deposit, Spremberg area, The 6 D composition of the n-alkanes and isoprenoids along with molecular 32

Germany

oxygen content in the long-chain n-alkanes revealed that organic matter may

preserve alteration haloes indicative of mineralization. The biomarkers also
suggested a slightly oxidizing, Cu-rich hydrothermal fluid with an evaporitic
origin as the primary source of mineralization.

(vii) Tracing the sources of sedimentary metabolites to
precise flora and fauna; (viii) Human colonization: bacteria—
human relationship; (ix) Palaco-salinity and ocean acidifi-
cation; (x) Arrival of exotic species; and (xi) extending
back to the records of the Anthropocene.

Metallogeny

The association of organic matter with ore-minerals in low
to moderate temperature (100°-350°C) ore deposits was
recognized in the early 20th century'. By the 1950s, it was
envisaged that biological sequestering of metals, sulphide
accumulation by sulphate-reducing bacteria, adsorption of
metals on organic colloidal particles and mobilization of
metals by organometallic complexes are important pathways
leading to metal accumulation in a variety of ore-forming
environments™ >*. These studies served as a nucleus for
research on the role of organic matter in metallogeny and
its possible use in exploration. Listed in Table 1 (refs 23-32)
are noteworthy examples wherein organic matter/biomar-
kers have either been used directly as an exploration proxy
or their association with certain ore deposits has led to the
development of robust exploration models.

Metagenomes

Application of metagenomes started with the sequencing of
fragmented DNA extracted from an extinct zebra species™.
Thereafter, phylogenetic details of several extinct species
of humans, animals, plants and microbes have been recon-
structed overtime along with their response to varying envi-
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ronmental conditions****. Till recently, the focus was towards
understanding human and archaeological remains***’ and
palacopathology™®. In 2013, the complete genome of a half
a million-year-old horse was sequenced®’. Preservation of
aDNA was an issue and subsequent research indicated that
colder, high-latitude regions provided a better preservation
environment but lower population density. The converse,
poor preservation and higher population, exists in the equato-
rial regions™. Currently, a general consensus is that the best
sequences in the tropics would be in sediments of <15 ka.

In studies on palacoenvironment, the concept of holobiome
of environments has been proposed, which takes cognizance
of all DNAs in the sediments that are used to develop a
snapshot of the contemporary biome, including microbes*'.
This became possible only in 2006 with next-generation DNA
sequencing (NGS)*. NGS helped develop time-resolved
evolution of genome sequences of palacoenvironments™*,
Using conventional genome and NGS sequencing, more
than 200 articles have been published that deal with under-
standing ancient human remains, plants, microbes, fungi,
bacteria, viruses and larger mammals, and the response of
these individual biotic elements to environmental changes™.
About 20 articles every year utilize lake sediment DNA to
provide a time series of complete terrestrial and aquatic
holobiome to Late Pleistocene—Holocene climate and en-
vironmental change®’.

Other applications

Applications of aDNA also include understanding the cri-
tical zone, where rock-weathering processes mediated by
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endolithic microbes secreting enzymes are studied*. This en-
tire field of microbe—rock interface is poorly understood
and needs more research. Likewise, in the context of hu-
man impact on landscape, sedimentary DNA (DNA of or-
ganisms preserved in sediments) extracted from riverine
sediments has been in China to track antibiotics routing in
the terrestrial landscape and map the possible locales
where antibiotic resistance could have developed®’. It is
assumed that the emergence of antibiotic-resistant mi-
crobes is a relatively modern phenomenon after antibiotic
drugs were discovered. However, a study using aDNA on the
remains of an elephant in 30-ka-old permafrost sediments
revealed the presence of antibiotic-resistant microbes. This
triggered a debate about whether antibiotic resistance is an-
cient and may have developed naturally also*®.

Studies on microbes in geological contexts have seen sig-
nificant changes due to technological developments such
as NGS (that analyses multiple genes simultaneously) and
DNA microarray technology for functional genomics. Here,
an array of genes from different microbial domains is con-
structed for analysing the functional diversity of microbial
communities in a habitat, employed to analyse and explore
the biogeochemical process and functional activities in the
fields of agriculture, human health and ecosystem manage-
ment. However, they have been exploited in a limited man-
ner. The latest version of bacteria-based DNA microarray
contains 394,984 genes for over 1500 functional gene fami-
lies™.

Research at the geosciences—molecular biology
interface in India

In India, the application of biomarkers has recently gained
some traction. However, the application of metagenomics
remains to be used effectively. Biomarkers have been applied
on a variety of geological issues in India, ranging from
late Neoproterozoic—Early Cambrian life, Late Permian
coal and Permian—Triassic carbonaceous mud rocks, Jurassic
black shales, Cretaceous coal and condensates, Eocene
lignites and crude oil, Oligocene, Miocene, Plio-Pleistocene
ambers, and Quaternary successions. Table 2 provides details
on various biomarkers and their interpretations in geosci-
ences. Next, we provide an overview of major contributions
from India.

Neoproterozoic—tertiary sequences

Biomarkers and carbon isotope data from Neoproterozoic—
Early Cambrian crude oils and sediments provided informa-
tion about deep-time palaeobiology and helped reconstruct
the palacowater column in an epicontinental sea in the
western Indian subcontinent’®**. Biomarkers were used for
understanding ecological catastrophes in the past and their
import for the future, e.g. in a late Permian—Triassic succes-
sion™, at the mass extinction boundary, suggesting deforesta-
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tion of coal-forming vegetation and a decline in the vascular
plant biodiversity. Studies on terpenoids from coal (Creta-
ceous) and lignite (Eocene) deposits provided information on
the evolution of plant metabolites and cell functionality®"".
The presence of stromatolites and filamentous bacteria from
the Archean rocks of Dharwar and the Eastern Ghats provi-
des the earliest evidence of life, and these require a revisit
using biomarkers™™>’.

Detection of nitrogen-bearing compounds that could be
proteinaceous moieties in faunal remains such as Triassic
coprolites, Cretaceous dinosaur eggshells and Eocene fish
vertebrae, revealed excellent preservation of labile macro-
molecules in the deep time® 2. Further, studies on Late
Cretaceous, Oligocene, Miocene and Plio-Pleistocene ambers
in sediments revealed the presence of monoterpenoids in
plants that indicated the emergence of defence mecha-
nisms in the plants against herbivores® .

Biomarkers and metalogeny

In India, occurrences of organic matter associated with ore
deposits exist; but the identification of specific biomarkers
in metallogeny has not been explored. For example, the
prospect of gold across the North Singhbhum Mobile Belt
in eastern India is closely associated with carbonaceous black
shale, where organic matter played a role in gold accumu-
lation during sedimentation and early diagenesis®’. Kaur et
al.®® suggested using marine microbes for biosynthesis of
Cu-nanoparticles. Using sequencing of ribosomal RNA,
the bacterial strain Kocuria flava M-7 was identified as a
potential means for ‘green synthesis’ of copper. Thus, our
knowledge of biomarkers applied to metallogeny remains
rudimentary and warrants an interdisciplinary approach
involving organic geochemistry, molecular biology and eco-
nomic geology.

Studies in the quaternary

Only a few studies from India have utilized biomarkers in
the Quaternary sequences. They utilized biomarkers to track
the source of organic matter in lakes, vegetation history
and climate variability, biogenic signatures of water pollu-
tion, etc. Table 3 (refs 69-79) lists the notable Indian con-
tributions in this regard.

It is known that in fluvial deposits, subsequent to depo-
sition, the sedimentary organic matter (OM) undergo deg-
radation with time and therefore may provide erroneous
isotopic values for bulk organic sediments and lead to inac-
curate interpretation of contemporary depositional environ-
ments (& 13 Cbulk)4. Therefore, a compound-specific isotopic
analysis (CSIA) of a particular carbon (or hydrogen) chain
length of n-alkane extracted from the sediments/vegetation
was used to provide a more robust understanding of past
vegetation (& 13CCISA) and moisture changes (6Dwax)78’80.
CSIA also helped understand the effects of climate and
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Table 2.

Various biomarker compounds, their biotic sources and indicative environments

Compound

Biotic source

Environment

Short-chain normal alkanes (n-C,s, n-C7, n-Cyo)

Mid-chain normal alkanes (n-Cy;, n-Cp3, n-Cys)

Long-chain normal alkanes (n-Cy7, n-Cyg, n-Csy,
n-Cs3)

Acyclic isoprenoids pristane (Pr) and phytane (Ph)

Saturated diterpanes (e.g. phyllocladane,
isopimarane, abietane); aromatic diterpanes
(retene, simonellite)

C,9—Cs; tricyclic terpanes

C,4 tetracyclic terpanes
C,7-Cy steranes

Cs 24-n-propylcholestane
C30 24-iso-propylcholestane
Pregnane, homopregnane
4-Methylsteranes
Dinosterane

Diasteranes

Lanostane
Secosteranes
C,7 trisnorhopane (Ts and Tm)

Cys Bisnorhopane

Cy9 30-norhopane

Cy9 25-norhopane

Cs hopane

C3,—C;5 homohopanes

2 a-Methylhopane
3 f-Methylhopane
Gammacerane

Oleanane
Bicadinane

Carotenoids (e.g. chlorobactane, okenane,
isorenieratane)

Polycyclic aromatic hydrocarbons (especially in
surface or younger sediments)

Coprostanol

Bile acids

Microbes such as bacteria, algae
Aquatic macrophytes, Sphagnum species
Terrestrial vascular woody trees, grasses

Phytol side chain of chlorophyll (bacterial, algal,
terrestrial plants)
Gymnosperms

Orphan biomarkers; considered to be derived
from algae or bacteria

Unknown

Algae, terrestrial vascular plants. In the
Precambrian, C,; was largely derived from red
algae and C,9 from green algae. In the
Phanerozoic, Cy9 was from vascular plants

Chrysophyte algae, foraminifera

Demosponges

Unknown

Algae, dinoflagellates

Dinoflagellates

Algae, vascular plants

Eukaryotes (multiple sources)
Unknown
Bacteria

Bacteria
Bacteria
Microbial reworking
Bacteria
Bacteria

Cyanobacteria
Methanotrophic bacteria
Ciliate protozoan (such as Tetrahymena)

Angiosperms
Angiosperms

Sulphur bacteria (purple sulphur bacteria,
green-pigmented green sulphur bacteria,
brown-pigmented green sulphur bacteria)

Aromatization of various compounds in sediments

Conversion of cholesterol by microbial
hydrogenation in mammalian guts and hence
detected in the faeces of mammals

Digestive tract of animals

Marine, lacustrine
Lacustrine, environment mire
Terrestrial

Pristane/phytane < 0.8 signifies
highly anoxic condition
Terrestrial

Mostly marine

Hypersaline
Marine, lacustrine, terrestrial

Marine

Marine (mostly)

Hypersaline

Marine, lacustrine

Marine (mostly), younger than Triassic
(some exceptional Precambrian
occurrences)

Formed through rearrangement
reactions in clay-rich rocks

Various

Various, biodegradation?

Marine, terrestrial, Ts increases with
increasing thermal maturity

Unusual occurrence

Carbonate/evaporites

Likely formed during biodegradation

Marine, terrestrial

Marine, terrestrial, C3s homohopane
concentration is higher in
reducing/anoxic condition

Marine, lacustrine

Various

Stratified water column induced by
salinity difference

Terrestrial

Terrestrial, dominant Dipterocarpaceae
input

Photic zone euxinia

Industrial/domestic waste in various
ecosystems, oil spillage (including
saturated petrogenic hydrocarbons),
many are carcinogenic

Indicator of sewage pollution or usage
of manure as fertilizer (agricultural
practices)

Indicator of faecal matter

associated physico-chemical processes on the fate of
plant-derived OM in modern soils and paleosols’® . mary of such contributions.

Similar attempts have been made to understand the deposi- Several centres in India (e.g. IIT Bombay, IISc, IISER
tional and vegetation history of the Siwalik sedimentary = Kolkata, IISER Mohali and BSIP) have started using

rocks of India. Table 4 (refs 85-87) provides a brief sum-
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Table 3. Application of biomarkers in Quaternary sediments in various lakes and fluvial records of India
Archives Location Proxies Remarks Reference
Lake Lonar Lake (central India) n-Alkane chain length, and ACL  To understand the factors controlling the spatial 69

Ennamangalam Lake
(Tamil Nadu, South India)

CSIA (8 "C,-aikane), alkane chain
length indices (TAR, CPI)

distribution of organic proxies within the Lake

Using lipid biomarkers (n-alkanes) distribution 70
and CSIA of carbon (& '3C,,,a]kane), work on
sediments and modern vegetation samples in
and around Ennamangalam Lake revealed
past climatic variability in response to ISM
variability during mid-late Holocene

Beni Tal CSIA (0 D¢y, and 513C(;29) Records early Holocene ISM and its impact on 71
(Garhwal Himalaya) vegetation in the Central Himalaya
Ahansar Lake Organic proxies (e.g. 6°N; Provides long-term factors controlling natural as 72
(Kashmir Himalaya) amino acid indices, e.g. RI, DI, well as anthropogenic components in a lake
Ox/Anox ratio), and pollen basin
assemblages
Ahansar Lake Along with organic proxies, the ~ Proxy helps decipher the factors controlling the 73
(Kashmir Himalaya) n-alkane chain length (e.g. apportioning of sedimentary organic matter
monomethyl alkanes - MMAs; sources and their degradation state in the
highly branched isoprenoids — anthropogenically impacted lake basins.
HBISs, terpenoids and Pristane/
Phytane ratio)
Peat deposits Kedarnath CSIA (6Dcy and 5" Ccyo), and The organic proxies help decipher the 74

(Garhwal Himalaya)
ACL)
Sediment profile Dzokou Valley
(Northeastern Himalaya)
(CPI, Pyg)
Banni Grassland

(western India) TAR, CPI, Py
Ganga Plain
613Cfallyacids

Belan River
(north-central India)
of paleosol)

Mahi River
(western India, Thar Desert)

n-alkane proxies (e.g. CPI,

n-Alkane chain length and
various n-alkane indices

CSIA (5Dn-a]kanea é‘lscn-alkane)a

n-Alkanoic acids, n-alkane, and

Soil carbonate (5'°C, 5'%0),
CSIA (6Dcy9 and 6"Ccyo

8"Cype and 80, of paedogenic
carbonate, §'°C of bulk
organic matter and n-alkane

reconstruction of past ISM vegetational
variability in Garhwal Himalaya

Records vegetational changes in North East 75
India during the Late Holocene in terms of
ISM variability in the region

Impact of monsoonal precipitation during the 76
mid—late Holocene on grassland ecosystem
of the region

Reveals past vegetational changes in the Ganga 77
Plain during the last glacial cycle
Utilization of proxies for rainfall (5 *C, §'%0) 78

and vegetation change (513C(129 and 6"Csc)
on Quaternary fluvial sequences of Belan
River in north—central India revealed the
factors (such as climatic fluctuation and
vegetational changes) influencing human
settlement in the region

Utilizing these proxies, the effect of sub-aerial 79
exposure and pedogenesis on calcrete using
C and O isotopic composition was recorded.
Further, the study indicated the usefulness of
CSIA, where é“C,,,ﬂlkane values of the sediment
profiles were unaffected by the pedogenic
modification, thus providing a better picture
of the past vegetational condition

biomarkers to understand natural Earth processes in terms
of changes in the past climate and vegetation, the deposi-
tional environment, metallogenesis, causes of ecological
catastrophes and the extent of anthropogenic impact on
natural systems® .

Environmental pollution

In aquatic systems, the source apportionment of OM (authi-
genic versus terrestrial and anthropogenic) is crucial to
understand the carbon cycle. However, increasing popula-
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tion load around the waterbodies negatively impacts their
natural ecosystem and distorts the natural carbon cycle.
Therefore, studies on aquatic systems using biomarkers offer
an opportunity to improve our understanding of the organic
contaminants. Bulbul ez al.”’. utilized n-alkane indices, the
ratio of isoprenoid compounds and hopanes to characterize
the human activity and petroleum contamination in the Man-
dovi estuary, Goa (west coast of India). Increasing terri-
genous/aquatic ratio (TAR) (and decreasing P-aqueous
(Pyq)) ratios indicate the dominant contribution of terri-
genous OM from the upper estuary. In addition, the Pr/Ph
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Table 4. Application of biomarkers in Indian Siwaliks
Archives Location Proxies Remarks Reference
Sediment profile Himalayan foreland basin CSIA (6 13C,,,alkm), alkane chain Revealed the influence of marine incursion during 85
(Tista Valley, length indices (e.g. sterane/ 3—10 Myr in the Tista Valley sequence
NE Himalaya) 17 a-hopane, C3;R/Cso-hopane which was supposed to be exclusively
and C,7/Cy steranes ratios) fluvial-dominated sediments
Siwalik paleosols CSIA (8DCy and 5"Ccy9), These proxies help decipher the evolution of 86
(NW Himalaya) n-alkane based indices C4 plants and their controlling factors (such
(e.g. CPI, ACL) as variability in ISM rainfall, type of overbank
sediments and moisture content) in the Siwalik
Himalaya
Siwalik paleosols Inorganic (REE and trace Alluvial fan deposits of the Siwaliks from Kangra 87

(Himachal Pradesh) elements) and organic

proxies (such as Pristane/
Phytane, D/H, 6"C,-qixanc)

sub-basin have been used to study the
combined impact of depositional environment
and climatic and vegetational conditions on
paleosol formation.

ratio (pristane/phytane) was used to identify the extent of
petroleum contamination in the estuary closer to the sea
(lower estuary) and the relative degradation of n-alkanes®’.

Biomarkers also provide a crucial understanding of envi-
ronmental pollution. Anthropogenically derived organic
pollutants or synthetic polymers (such as phthalates) that
may enter the aqueous or soil systems prove to be detrimen-
tal to the ecosystems. Hence, quantitative data are being
generated from various lake-system estuaries in India to
assess the extent of pollution in the waterbodies’”®. These
studies have provided baseline information for future re-
search on the impact of hazardous materials in diverse
ecosystems.

Microplastics are a serious threat to human health and
aquatic ecosystems. In India, studies are being carried out
to understand the spatial distribution as well as the composi-
tion of microplastics in the aquatic systems. However, only
limited data are available from the Himalayan region.
Ajay et al.”® studied the microplastics and phthalic acid esters
(PAEs) (such as di-isobutyl phthalate, diethyl phthalate,
di-(2-ethylhexyl) phthalate, etc.) in the Renuka Lake,
Sirmaur district, to understand the extent of anthropogenic
activity in Himachal Pradesh. The results indicated that
phthalates could be used quantitatively to represent micro-
plastic pollution in aquatic systems” '

Metagenomics

Currently, our knowledge of the microbial population in
freshwater terrestrial sediments is meagre. A preliminary
study conducted in India on sediments from an Antarctic lake
demonstrated the applicability of aDNA/PalEnDNA in
lake sediments'*®. A recent study on the sedimentary core
of the Kaveri Delta tracked sea-level changes using micro-
bes'®. A study tracked the genetics of ostriches in India
during the Late Quaternary'®. Except for a few publications
on phylogenetic analysis of partially sequenced 16S rRNA
gene sequences from the Sundarban sediments'®, and analy-
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sis of bacterial community structure and function in sediment
ecosystems of the Bay of Bengal'®, the genomic data in India
are scarce and microbial responses to climate change have
not been examined.

In the context of archeo-geobiology, the spatial and tem-
poral response of human populations (e.g. evolution, diver-
sification and migration) to climate change has been of
interest for a long time. Molecular studies using aDNA are
poorly understood in the Indian context and only a few archa-
eological sites like Rakhi Garhi, Roopkund and Ajnala
have been explored'* "%,

This is an opportune time to initiate aDNA research on
geological samples to reconstruct the past climatic condi-
tions in space and time. Besides providing past environ-
mental data, aDNA data of the extant and extinct species
can be modelled to predict the future consequences of cli-
mate.

Questions to be addressed in the Indian context:
quaternary and pre-Quaternary

Quaternary witnessed several glacial and interglacial cycles
with overriding events like the Early Holocene Climatic
Optimum and Medieval Climatic Anomaly, when climate
reversed from warm and wet to cold and dry, and vice versa
within a few thousand years. In the current global warming
scenario, the trend of temperature changes is similar to that
witnessed during the Quaternary, though the rates of change
now are much faster. A large part of the globe witnessed
megafaunal extinction associated with warming and the
spreading of humans during the Pleistocene. The role of
warming-related outbreaks of bacteria and viruses has not
been fully explored. In a global warming scenario where
environmental temperatures are projected to rise by 1.5°C
by 2050 with increased frequency of extreme weather
events'®'", increased glacial melt and higher erosion are
anticipated. Such past events can provide a model of mi-
crobiological changes that accompany climate reversals.
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In the context of the Anthropocene, problems that can
be examined using metagenomics and metabolomics are as
follows

(i)  What would be the magnitude of a turnaround in the
microbial world, and what lessons can be learnt from
the past?

(i)  What will the microbial world look like in 2050 in
the scenario of global warming? Which new species
in microbiomes will or can emerge because of climate
change?

(iii) Do metagenomes and biomarkers have the ability to
provide early warnings of extreme climatic events and
global warming?

(iv) How will the change in biota affect the soils and

geomorphic processes?
(v)  What will be the nature and resilience of pathogens
and what will be the implications on the development
of antibiotic resistance? Can we have clues on natu-
ral antibiotic resistance in sedimentary archives?
How have microbiomes of lakes, wetlands and perma-
frost responded to climatic warming and transitions
in the past?
Are climate and tectonics only responsible for weathe-
ring and mass-wasting processes in the Himalayas
and Deccan plateau region?
What are the causes of the Pleistocene mammalian
extinction?
Can there be any biological precursors to forest
fires? What does palacoclimate record teach us?
(x)  Genome mapping of environmental DNA (eDNA).

(vi)

(vii)

(viii)

(ix)

These questions can only be answered through integrating
geosciences and microbiology in a study of time-resolved
biotic responses to changes in the Earth system. To start
with, records of microbiotic responses through geological
time, including the periods of climatic extremes and mass
extinctions, are needed to serve as a template for the pre-
sent'"'".

In the pre-Quaternary timescales, there are complex issues
related to the evolution of life, where the biogenicity of
fossil records is often debated. There are major oxygena-
tion and hypoxia events that must be understood in terms
of biotic responses and feedbacks. Some of the important
issues/questions are the following

(i) How did life evolve on Earth and how Biogenecity
and syngenecity of fossils should be established?

(ii) Past records of ocean acidification (increasing atmo-

spheric carbon dioxide will eventually acidify the

oceans).

In the context of Banded Iron Formation (BIF), what led

to the early oxidation of the Archean oceans in India?

(iv) What led to the Archean glaciation?

(v) What was the cause of the biological explosion at the
Precambrian—Cambrian boundary?

(iii)
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(vi) How and which part of metallogeny and biominerali-
zation was mediated by the microbes?

What is needed?

This article surveys the use of biomolecular proxies in geo-
sciences and the progress therein over the past few decades.
India’s geological richness includes sequences with signa-
tures of the evolution of early life; oxygenation events and
formation of BIFs; metallogeny; mass extinctions; faunal and
floral evolution vis-a-vis growth of the Himalayas; wetlands,
evolving human societies that offers incentives to add bio-
logical analysis to the molecular level and to refine our
understanding of past ecosystems and their future trajecto-
ries in a warmer world. This calls for a database comprising
geology, aDNA and biomarkers related to climate, life, eco-
system and metallogeny.

Synergy

In India, some of the centres mentioned earlier have functio-
nal groups and laboratories for molecular biogeosciences.
Even in these institutions, efforts have been constrained due
to limited financial support and human resources. This calls
for a concerted effort from funding agencies and institutions
to ensure that metabolomic and metagenomic applications
grow as a research area in geosciences in the country.

Resources

Geological field-work, identification of research problem-
based sections and strategic sampling in sterilized conditions
(for aDNA and biomarkers) are the first steps in this field
of research. The second step requires a clean and sterilized
laboratory with RTP-CR, DNA extraction and microbial
culture facilities, while the third step requires sequencing
the extracted DNA. The second and third steps need funds
to tune at least one lakh rupees per sample. Generating a
time series from a geological section would require the
analysis of several samples for a robust analysis. Large data-
bases are the key and would need synergies and prioritization
among individuals, institutions and funding agencies. To
place the efforts needed in the context, some important in-
itiatives are: (a) the 2018 Earth Biogenome Project (EBP)
that aims to map the whole of Darwin’s tree of life in the
United Kingdom has a cost estimate of 4.7 billion USD
(shared between UK, USA and China''?). (b) Earth Micro-
biome Project (EMP) to generate a catalogue of environ-
mental DNA of 200,000 globally distributed species from
various ecosystems''’. EMP received funding jointly from
the John Templeton Foundation, W. M. Keck Foundation,
Argonne National Laboratory, Australian Research Council,
Tula Foundation and the Samuel Lawrence Foundation.
(c) The Biomes of Australian Soil Environment (BASE)
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project in Australia will map the continent’s soil biodiver-
sity and the relationship between environmental parame-
ters and biodiversity*’. BASE was funded by a consortium
of five funding agencies in Australia that included the
Australian Government National Collaborative Research
Infrastructure Strategy (NCRIS) and the Commonwealth
Scientific and Industrial Research Organization (CSIRO).
The Department of Biotechnology, Government of India
has also launched a national programme, with 20 research
organizations on-board, called ‘Genome India Project (GIP)’
that aims to study predictive diagnostic genome indicators of
high-priority diseases. GIP carries a budget of Rs 238 crores
(source: https://www.vifindia.org/2020/february/25/under-
standing-indias-genome-project). No programme in India
can match the large-scale geosciences-based programmes
like EBP, EMP and BASE. There is no denying that such
a programme is needed for future planning, and an ecosystem
accordingly has to be incubated and nurtured. Due to the
enormity of resources magnified, such a programme can
be conducted in phases as outlined below.

Phase-I can focus on the identification of thrust areas of
research, laboratories and workforce augmentation and
publishing the key research agenda. Phase-II can consider
developing centres of excellence and laboratories, and intro-
duce molecular biogeosciences in the undergraduate and
postgraduate curricula. Phase-III should out-target nation-
wide programmes like EMP.

Deliverables of such a programme will be the generation
of: (i) environmental indicators of climate change, pollu-
tion, invasive species and landscape degradation; (ii) geo-
logical records of holobiome evolution and the results of
global warming; (iii) empowered laboratories and workforce;
(iv) intellectual property in the form of Earth-bound genome
catalogue of India; (v) newer avenues of job creation and
(vi) to develop deep-time digital earth-biome database of
India, in accordance with the Deep-time Digital Earth
(DDE) programme of IUGS.

Limitations and challenges will be the poor preservation
of aDNA due to climate variation and increased humidity
and temperature in tropical and subtropical conditions'"”.
Siwalik and Narmada Valley fossils, mammals and Quater-
nary fossils, including primates belonging to the Kurnool
caves, also hold great potential and may yield some exciting
results about the migration, evolution and phylogenetic re-
lationships; however, the preservation limits of DNA may
hinder such explorations. Collagen proteins have higher
chances of preservation and have recently been used in
evolutionary and phylogenetic analysis (for example, the
phylogeny of the giant extinct ape Gigantopithecus)'"”.
Further, improvement in techniques like the single- and
double-stranded DNA library and in sequencing technology
like high-throughput sequencing that requires DNA in very
small amounts can change the scenario®'. There is great
potential to study the climate—society—biome relationship
in the Himalayan regions, where temperatures are cooler
and will favour DNA. In the hotter Ganga Plain, relatively
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larger amounts of aDNA preservation may compensate for
the climate-related limitations.

There is a need for geologists and biotechnologists to
further explore aDNA and how technology can combat the
problem of low preservation.

Conclusion and recommendations

The literature survey indicates that the application of mole-
cular biology and ‘omic’ technologies can play a significant
role in tracking: (i) the evolution of biota and landscape at
various times from the Archean to the Anthropocene; (ii) the
feedback that microbes and biology at large provide under
changing climate conditions and (iii) biological feedbacks
in metallogeny and crustal evolution. In the Indian context,
there has been some progress as far as the application of
metabolomics is concerned, but metagenomics and/or
functional genomics in geosciences have not been under-
stood.

In the scenario of global warming, how the microbial world
will respond can only be tracked by understanding how it
did in the past. Such a study may link biological evolution
and identification of genes that help adapt to modifications
that the Earth system undergoes due to environmental
changes. Therefore, this thrust area needs to be developed
and will have immense societal benefits towards one of the
most glaring dangers that the world is facing today.
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