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Article Abstract

Earth looks like a planet of forests and animals because those organisms meet the eye. By duration,
abundance, metabolic range and planetary work, however, its history is overwhelmingly microbial.
Ribosomal RNA revealed Bacteria and Archaea as deep lineages; microscopy, drilling and molecular
surveys exposed vast populations that cultivation had missed. The numbers remain model-based:
plants dominate standing biomass carbon, while updated estimates lowered counts in major
subsurface compartments. Microbes nevertheless operate carbon, nitrogen, sulfur, methane and
oxygen cycles through coupled communities, not isolated cells. Some deep populations turn over
extraordinarily slowly; extremophiles establish possibility under specific conditions, not direct
ancestry or extraterrestrial life. Calling Earth a microbial planet is therefore a measured synthesis
about time, diversity and biogeochemical function—not a claim that microbes weigh more than plants
or that every cell has been counted.

In 60 Seconds

Most life that ever inhabited Earth was microbial, but microbe is not a branch on one tree. It is a
practical category spanning Bacteria, Archaea and many microscopic eukaryotes. A 1998 census
estimated 4-6 x 10"30 prokaryotic cells; later syntheses reduced important compartments, including
subseafloor sediment and the continental subsurface. That revision is a strength: planetary totals are
constructed from samples, habitat volumes and conversion factors. Plants still dominate standing
biomass carbon. Microbial dominance instead lies in long history, cell numbers, metabolic variety and
repeated flux. Microbes harvest light in several ways and couple inorganic donors to electron
acceptors; methanogens, methane oxidizers and syntrophic partners make reactions possible
together. Deep communities may persist near energetic limits with population-average turnover
measured in years to millennia. Biofilms create gradients, viruses redirect matter and genes, and
horizontal transfer makes functional history a network. Cultivation sees only selected organisms, so
ribosomal probes, metagenomes and single-cell genomes expanded the known tree. Extremophiles
show what living systems can tolerate under stated conditions. They are modern specialists, not
fossils of life's origin. The conclusion is robust while exact global counts, rates and ancient transitions
remain revisable.

Why This Question Matters

The phrase microbial planet can sound like rhetoric unless its dimensions are separated. Cell number

is not biomass; biomass is not activity; a gene is not a measured rate; survival in a laboratory is not
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ecological dominance. Keeping those distinctions visible explains how scientists infer a biosphere too
small, deep and dispersed to census directly. It also shows why corrected estimates do not diminish
microbial importance. The point is not one spectacular total. It is the convergence of phylogeny,
microscopy, chemistry, genomics and flux measurements on a planet whose habitability and
atmospheric history were built largely by organisms we rarely see.

1. The Visible World Is a Thin Layer

The Question

Forests, animals and flowers dominate human attention because size makes them visible. But what
becomes of that picture when life's history is measured by duration, lineages, biochemical possibilities
and work done rather than by what a person can see?

For most of Earth's inhabited history, life was microbial. Animals and land plants arrived late in a
biosphere already altered by cells for billions of years.[29,30] The ancient record is uneven: fossils
preserve shapes selectively, and geochemical signals identify processes more readily than
organisms. Yet no plausible chronology makes macroscopic life the default condition of the living
planet.

Microbial did not mean one undifferentiated prokaryotic kingdom. Comparisons of ribosomal RNA
led Carl Woese and George Fox to recognize Bacteria and Archaea as deeply distinct cellular
lineages.[1,2] That reorganization came from molecules, not appearance. Domain names and the
position of life's deepest root remain separate questions, but the bacterial-archaeal distinction
transformed the map that any census must count.

Microbe is therefore a working category, not a formal clade. It covers bacteria, archaea and many
eukaryotes whose small size or unicellular lives conceal radically different ancestries.[1,2,24]
Viruses belong in microbial ecology because they infect cells and redirect communities, but they
are not cellular microorganisms. One convenient word crosses several branches of evolution.

Small does not mean chemically simple. Microbial genomes encode oxygenic and anoxygenic
phototrophy, fermentation, methanogenesis and many ways of using inorganic donors or
acceptors that animals and plants do not possess.[10,23,24] A genome shows potential rather than
activity, yet the range of potential already overturns the equation between visible complexity and
biochemical versatility.

The animal-centred picture is understandable but ecologically incomplete. Microorganisms sustain
decomposition, food webs and elemental transformations in soils, oceans, sediments and rocks.
[3,10,34] That claim needs one immediate restraint: plants dominate global standing biomass
carbon in the best-known synthesis. A microbial planet is not simply a planet on which microbes
weigh the most.

Where That Leaves Us

Visibility was the wrong denominator. Microbes dominate life's duration, much of its abundance and
most of its metabolic repertoire without dominating every measure. That conclusion cannot rest on
impression, however. It requires turning scattered samples into planetary estimates and explaining
why later, lower numbers represent improved knowledge rather than retreat.
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2. Counting the Invisible

The Question

No one counted every microbial cell. Global totals are models assembled from samples, mapped
habitat volumes and conversion factors. Their revisions reveal how inference improves—and why cell
count, carbon stock and biological activity must never be treated as interchangeable numbers.

In 1998, William Whitman, David Coleman and William Wiebe estimated roughly 4-6 x 10730
prokaryotic cells on Earth.[3] The number became famous because it made the unseen majority
quantitative. It was not a literal headcount. The authors combined measurements from soils,
water, sediments and subsurface habitats, then extrapolated across volumes that were sampled
with radically unequal density.

Later work revised crucial compartments. A 2018 synthesis estimated 2-6 x 10729 cells in the
continental subsurface and, after combining available inventories, about 23-31 petagrams of
carbon in global prokaryotic biomass.[5] Heat flow, depth, lithology and sparse geographic
coverage entered the model. The printed range describes uncertainty within that framework, not
every possible structural error.

Subseafloor sediment changed even more. A 2012 reassessment estimated 2.9 x 10729 cells and 4.1
petagrams of carbon there, far below an earlier compartment estimate.[6] It used improved cores
and correlations with sedimentation rate and distance from land. The result applies to sediment,
not all oceanic crust, and it illustrates why a global total must retain its habitat definitions.

Carbon gives another denominator. Yinon Bar-On, Rob Phillips and Ron Milo estimated that plants
dominate Earth's standing biomass carbon, despite enormous microbial abundance.[4,5] That does
not demote microbes. A small stock can support a large flux when material cycles repeatedly. The
proper comparison depends on the question: cells for abundance, carbon for stock, production for
turnover and reaction rates for geochemical work.

Every census carries shared conversions. Microscopy may count intact and dead cells; gene copies
differ among genomes; lipids persist; carbon per cell varies with size and starvation.[3,5,6] Deep
communities also separate presence from activity.[7-9] A defensible number therefore names
what was measured, how habitat volume was inferred and which conversions produced the
planetary estimate.

Where That Leaves Us

A census is strongest when its denominator and extrapolations remain visible. Revised totals do not
erase microbial scale; they replace one map with a better constrained one. Counts still say little about
what cells can do. The next dimension is metabolic: sunlight is only one source of usable
disequilibrium available to cells.

3. Sunlight Is Only One Energy Source

Photosynthesis itself is plural. Microbes perform oxygenic photosynthesis and several anoxygenic
forms using different pigments, electron donors and reaction-centre architectures.[10,33] Water is
not the only possible donor, and oxygen is not the inevitable product of harvesting light. The
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distribution of those systems records both ancient divergence and later gene transfer, which
QTC-025 will meet again in the atmosphere.

Other microbes harvest chemical disequilibria. Chemolithotrophs oxidize hydrogen, reduced
sulfur, iron or ammonia by coupling the reaction to an available electron acceptor.[5,10,12] Calling
this chemical energy can mislead: a donor molecule is not a battery by itself. The acceptor,
concentrations, products, temperature and pressure together determine whether energy is
available.

Thermodynamic possibility is not biological use. A reaction must yield enough free energy under
local conditions, proceed at an accessible rate and be coupled by cellular machinery.[8,10,15] Many
nominally sunless ecosystems still depend indirectly on photosynthesis because oxygen, nitrate or
buried organic matter arrived from the surface. Independence is a reaction budget, not a label
attached to darkness.

Methanogenic archaea show several architectures for conserving energy while producing
biological methane.[13] Their pathways use carbon dioxide, methyl compounds or acetate in
different ecological settings. Methane alone is not a biosignature: geological reactions also make it.
Isotopes, co-products, genes, context and measured rates must converge before a source is
assigned.

Sometimes the metabolic unit is a partnership. Anaerobic oxidation of methane is often performed
by archaeal and bacterial consortia, with methane oxidation linked to partner processes such as
sulfate reduction.[14,15] Keeping intermediates low can make a coupled reaction favourable when
neither partner can sustain its side alone. Community organization becomes part of the energy
calculation.

Where That Leaves Us

Microbial metabolism expands wherever compatible donors, acceptors and catalysts meet, but no
pathway escapes energy accounting. That rule makes the deep biosphere especially revealing. Far
below abundant fresh substrates, cells persist at powers and turnover rates unlike laboratory growth,
forcing measured abundance and biological activity apart once again in practice.

4. The Deep Biosphere Lives Slowly

The Question

A cell detected hundreds of metres below the seafloor is not automatically alive, active or indigenous.
Deep-biosphere science must separate contamination, preserved remains, maintenance and
reproduction while measuring systems whose natural timescales can exceed an experimenter's entire
career.

Cells and microbial activities occur widely in deeply buried marine sediments, including samples
hundreds of metres below the seafloor.[6,9,32] Drilling turns that observation into an adversarial
measurement problem. Fluids and organisms from the surface can enter a core, while old
molecules may remain after activity stops. Tracers, sterile handling and spatial patterns are
therefore part of the evidence, not housekeeping details.

The continental subsurface is also populous and heterogeneous. Its estimated cells occupy

fractures, pores and waters constrained bzy temperature liquid availability, porosity and rock
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chemistry.[5] A global total cannot specify one universal deep ecosystem. Boreholes preferentially
reach accessible geology, and local fluid connections can couple apparent isolation to surface
recharge or buried organic matter.

In marine sediment, measured activities generally diminish with depth and available energy.[9]
Even a sunless cell may depend ultimately on photosynthetic carbon buried from above or on
oxidants delivered by ocean circulation. Other settings use rock-water reactions or radiolytically
generated substrates. The degree of surface independence has to be demonstrated for each
reaction network.

Low supply changes tempo. Reviews of deep life infer extraordinarily low power use and turnover
from geochemical gradients, cell inventories and reaction rates.[7,8,32] Those are population
averages over heterogeneous communities, not movies of one cell dividing after a thousand years.
Cells may invest in repair, maintenance, replacement or intermittent growth, and the partition
remains difficult to observe.

Generation-time estimates extending from years toward millennia are therefore current
interpretations rather than direct cell-cycle measurements.[7,8] Divide an inferred production rate
by a standing population and assumptions immediately enter: how many cells are alive, whether
biomass is steady and whether all cells share activity. The deep biosphere is real; its biological
clock is reconstructed.

Where That Leaves Us

Deep life is established, but its tempo is inferred by joining contamination control, inventories and
chemical rates. The distinction between stock and flux has become unavoidable. It matters at
planetary scale too, because microbes need not hold the largest biomass to process the same elements
repeatedly and reshape oceans and atmosphere.

5. Microbes Run Planetary Cycles

Microbial carbon metabolism links atmosphere, ocean, soil, biomass, sediment and rock.
Photosynthesis and chemosynthesis fix carbon; respiration and fermentation return products;
other cells consume the intermediates.[10,34] A pathway in a genome is only potential, so global
budgets depend on rate measurements, chemical gradients and inventories. The cycle is an
accounting system built from many habitats.

Nitrogen is equally transformed. Nitrogen fixation makes atmospheric nitrogen biologically
available, while nitrification, denitrification and anammox move it among reduced, oxidized and
gaseous forms.[11,12] Plants and animals participate in the biological cycle, but key chemical
conversions are microbial. Fertilizer and combustion now perturb those networks without
replacing their cellular machinery.

Sulfur connects rocks, waters and cells through oxidation and reduction of multiple compounds.
[10,14] In anoxic sediments, sulfate reduction can be coupled to organic matter or methane
consumption. At vents and other interfaces, steep gradients bring reduced substrates near
oxidants. The visible deposit is often the product of invisible reaction zones organized at
millimetre scales.

QTC-024 - v1.0 EN - © 2026 Juan Segurola - All Rights Reserved - 5/13



Methanogenesis and microbial methane oxidation regulate major biological sources and sinks.[13-
15] Neither side belongs to one universal organism or habitat. The net atmospheric consequence is
the difference among production, consumption, transport and oxidation, each with uncertainty.
Detecting methane without that budget cannot establish the process that made or preserved it.

Oxygen supplies the largest historical example. Oxygenic photosynthesis evolved in microbial
lineages and ultimately changed surface redox conditions, while microbial metabolisms still
govern carbon and nutrient feedbacks.[4,10,11,30,33] A modest microbial stock can execute a large
flux through rapid reuse. QTC-025 will ask how rocks retain the timing and structure of that
atmospheric transformation.

Where That Leaves Us

Planetary cycles are networks of coupled reactions, not trophies assigned to one species. Their scale
emerges from repeated turnover and from interfaces where one organism's product becomes
another's substrate. To understand that organization, the next step is to stop treating isolated cells as
the natural unit of microbial work entirely.

6. Communities Are Metabolic Machines

A biofilm is not a crowd suspended in uniform liquid. Cells build matrices that retain water and
molecules, resist disturbance and create steep chemical gradients across microscopic distances.[16]
Oxygen may vanish near the surface while anaerobic processes continue beneath it. Community
architecture thus creates adjacent niches that a well-mixed flask deliberately removes.

Syntrophy makes dependence even stronger. Partners can keep hydrogen, formate or other
intermediates at concentrations that make a coupled set of reactions energetically favourable.[15]
Neither population may grow alone under the same bulk conditions. The metabolically meaningful
unit is the closed exchange network, and disrupting one member changes the thermodynamics
experienced by the rest.

Genes also cross population boundaries. Horizontal transfer distributes functions among microbial
lineages, so histories of resistance, metabolism or ecological adaptation often form networks even
where vertical descent remains recoverable for conserved markers.[24,25] A gene tree and a
species framework answer related but non-identical questions. QTC-027 will follow that distinction
into inheritance and viruses.

Viruses are participants in these systems without being cells. Infection kills hosts, releases organic
matter, redirects metabolism and sometimes moves genes.[17,18] Ocean surveys find enormous
viral abundance and diversity, but a sequence or particle does not by itself prove active infection.
Global estimates depend on sampling, classification and models of particles that lack one universal
marker.

Metagenomes likewise reveal collective potential rather than a finished ecology. Environmental
sequencing can recover genes without cultivation, but abundance of a sequence is not abundance
of cells, assignment to a genome, expression or reaction rate.[17,18,21-23] Transcript, protein,
metabolite, spatial and flux measurements provide different links from potential to activity.
Communities become machines only when those links close.
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Where That Leaves Us

Microbial communities manufacture their own gradients, exchange metabolites, move genes and
redirect matter through infection. Their collective behaviour cannot be reconstructed from one isolate
or one sequence layer. Yet some organisms also live near striking physical limits, raising a different
danger: mistaking modern adaptation for a window onto early life.

7. Extremes Reveal Adaptation, Not Ancestry

The Question

A microbe growing at a record temperature demonstrates that life can function there under the stated
experiment. It does not show that most natural cells thrive there, that early life resembled it or that
life exists on another world.

Laboratory cultures have demonstrated microbial cell proliferation at 121 °C and 122 °C under
high pressure.[27,28] Those results extended the measured upper range for growth, but the
experimental clauses matter. Pressure prevented boiling, medium supplied particular substrates
and growth was judged by specified cellular and chemical evidence. A record is a bounded
observation, not a universal line drawn through every habitat.

Other extremophiles tolerate high salinity, strong acidity or alkalinity, cold, desiccation and
radiation through different molecular and physiological adaptations.[26] The word extreme is
human-centred: an acidophile's optimum may damage a neutral organism, while oxygen itself is
toxic to strict anaerobes. Several stresses combined can be harder than any one tested separately.

Modern extremophiles are evolved lineages, not living fossils. Their present genomes contain
ancient inheritance, later innovations, losses and transfers like those of other organisms.[24,26] A
thermophile can help test whether a protein architecture functions at high temperature, but its
habitat does not identify the environment of LUCA or the first cells.

Tolerance also differs from ecological importance. Growth at a boundary establishes possibility
under a recipe; it does not establish large natural populations, high rates or persistence when
temperature, pressure, pH and energy limitation act together.[26-28] Contamination control is
decisive near records, because a few faster-growing cells from a cooler interval can imitate weak
growth.

The exact upper-temperature ceiling therefore remains an experimental inference tied to pressure,
medium, growth criteria and sterility controls.[27,28] A new record may move it, while theory
about macromolecular stability constrains why it cannot rise without limit. Extremophiles expand
plausible habitability; they do not supply evidence that an inhabited extraterrestrial environment
has been found.

Where That Leaves Us

Extremes teach possibility only when experimental conditions travel with the record. They neither
resurrect ancestral cells nor populate another planet by analogy. The same evidential discipline
governs the larger microbial portrait: because most organisms were never cultured, the planet had to
be reconstructed by combining methods with different blind spots.
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8. A Microbial Planet Is Reconstructed

Cultivation once defined the accessible microbial world. The great plate count anomaly named the
gap between cells seen microscopically and colonies formed on any one laboratory recipe.[19,20]
The fraction is environment- and method-dependent, not one fixed percentage. A dish selects
organisms that tolerate its nutrients, surfaces, temperature, atmosphere and partnerships; failure
to grow is not absence from nature.

Ribosomal RNA probes and sequencing loosened that filter. Researchers could identify lineages in
place and compare conserved molecules without cultivating every organism first.[1,2,20]
Molecular detection introduced its own questions about extraction, copy number, contamination
and inactive material. It changed which organisms were visible, not the obligation to prove what a
signal represents.

Environmental shotgun sequencing extended the view from markers to collective genes and
pathways.[21,22,34] Metagenomes reveal biochemical potential at community scale, while
assembly and binning try to associate fragments with populations. A pathway assembled in a
sample may span partners, and relative read abundance is not automatically cell abundance or
reaction rate.

Single-cell genomes, metagenome-assembled genomes and targeted cultivation have added deep
lineages to the tree of life.[23-25,31] Each route compensates for a different obstruction: mixed
communities, uncultivated cells or missing physiological context. Each also carries characteristic
errors—amplification bias, incomplete bins, contamination or laboratory selection—that
independent data must expose.

The planetary conclusion comes from triangulation. Microscopy constrains cells; molecular
surveys map lineages and potential; chemistry measures inventories and gradients; rates connect
communities to cycles; geological context extends the story through time.[3-6,10,24,30] These
methods establish a microbial planet while leaving totals, turnover and ancient transitions open to
revision. QTC-025 follows one such transition into the rock record of atmosphere.

Where That Leaves Us

Earth is microbial by converging measures, not by one unrepeatable number. The portrait survives
revised censuses because its foundations include deep time, phylogenetic breadth, metabolic range and
planetary flux. Microbes also altered the atmosphere. The next article asks how rocks can preserve
that invisible history without becoming simple photographs of ancient air.

What We Know, and How

e Bacteria and Archaea are deeply distinct cellular lineages revealed by comparative molecular
evidence.[1,2]

e Planetary microbial cell and biomass estimates are explicit extrapolations that have been
revised as major habitats were resampled.[3-6]

e Microorganisms perform core transformations in carbon, nitrogen, sulfur, methane and
oxygen cycling.[10-14,30,33,34]

e Deep sediment and continental subsurface habitats contain large microbial populations under

severe energy limitation.[5-9,32]
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Molecular and genome-resolved methods reveal lineages and metabolic potential without
requiring prior cultivation.[20-25,31]

What We Still Don’t Know

The exact number, biomass and active fraction of microbial cells across poorly sampled deep
habitats.

How maintenance, repair, dormancy and reproduction divide the minute energy budgets of the
deepest communities.

The full taxonomic and functional diversity carried by uncultivated lineages and viruses.

The natural upper limits of life when temperature, pressure, water activity, pH and energy
limitation act together.

The precise sequence and ecological structure of microbial innovations that transformed the
ancient atmosphere.

What Could Change Our Minds

Standardized global sampling that substantially changes major habitat volumes, cell densities
or carbon conversions.

Long-term single-cell measurements that directly separate repair, maintenance and division
under deep-biosphere energy supply.

Cultures and closed genomes that confirm or reorganize major lineages reconstructed from
environmental sequence fragments.

Reproducible growth beyond present physicochemical records with contamination controls
and a complete energy budget.

Rock records that reorder the timing of oxygenic photosynthesis or other globally important
microbial metabolisms.

If You Remember Only One Thing

Earth is microbial by history, abundance, metabolism and planetary flux—not biomass alone. Its
global numbers are model-based, while communities, deep life and extremophiles reveal distinct,
testable dimensions of dominance.

Related Articles

QTC-023 — LUCA: The Ancestor We Reconstructed
QTC-025 — How to Read an Atmosphere from a Rock
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