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Minireview Article

Carbon dioxide is more than a waste product of metabolism or climate-change; it is essential for the origin, development, and functioning of life on Earth 
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ABSTRACT

Rising atmospheric CO2 has become politically and scientifically controversial. However, CO2 is essential for the origin and development of all life on earth and required for life to function. I address the complex roles of CO2 including: a brief historical perspective; the global carbon cycle; specific metabolic pathways of CO2, including Rubisco the most abundant enzyme on Earth; its essentiality for the origin and development of life; its vital role in human physiology; its toxicity; results from my laboratory, using a bacterium, that was the initial report that absence of CO2 was lethal; and (briefly) its role in climate change. 
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INTRODUCTION

Carbon dioxide has a ‘finger in every pie’ of Earth’s biology. It is essential for the origin and development of life. There is a global carbon cycle on Earth involving all life. Plants and certain photosynthetic bacteria and algae use sunlight to convert atmospheric carbon dioxide and water into glucose and oxygen which are fundamental to metabolism and energetics and the ‘food chain’, and essential atmospheric oxygen is provided.

I will focus on carbon dioxide’s role in life: (1) historical perspectives, (2) the global carbon cycle, (3) specific metabolic pathways including Rubisco, genetics and other control mechanisms, (4) carbon dioxide metabolism and the origin and development of life on Earth, (5) the essential role of carbon dioxide in human physiology, (6) the toxicity of carbon dioxide, and (7) carbon dioxide fixation and climate change.

The carbon cycle is usually depicted from a modern Earth perspective. It shows the cycling of gaseous carbon dioxide in the atmosphere, fixation by plants and microbes, metabolism by all life forms, conversion to coal and oil, and its release by combustion and oxidative phosphorylation to generate ATP. The story of carbon dioxide began much earlier, however, and we touch briefly on this. 

The early history of the earth is relative to our carbon dioxide story and one approach to its investigation involves telescopic observations, using the James Webb telescope, of other galaxies and their planets [1]. It states; “The appearance of the first galaxies marks a key phase transition of the universe (i.e., the end of the dark ages). A keystone… is the start of stellar nucleosynthesis.” Thus, investigations using the James Webb telescope of other galaxies is informative about the earth. There is, of course, much uncertainty. Current theories state that very shortly after the big bang, the universe was mostly hydrogen and helium with traces of lithium and beryllium. There was no carbon or oxygen and these were made later by stellar nucleosynthesis. Carbon dioxide likely was created in cold, intracellular clouds, in protoplanetary disks [2], and later (which is the focus of our story) on earth by chemical reactions.

A recent (2024) article in the journal Earth and Planetary Science Letters by Gu et al. [3] gives a consensus perspective which begins with the article’s title: Composition of Earth’s initial atmosphere and fate of accreted volatiles set by core formation and magma ocean redox evolution. It states: “… we integrate realistic impact histories during accretion and differentiation that can alter the distribution of H, C, and N between Earth’s core, mantle, and atmosphere, including loss to space, during the giant impact stage of accretion.” They state that H, C, and N are essential for Earth’s habitability (and I would include O) and the authors estimate that proto-Earth’s atmosphere was dominated by CO (≥97%). It is significant to note that the formation of carbon dioxide (in quiescent regions of molecular clouds in the universe) “has not yet been fully understood, even though CO2 is one of the most abundant species in interstellar space” [2]. 

Carbon dioxide has generated a firestorm of controversy, politically and scientifically. It is not my purpose to contribute to this controversy, but rather to tell the story of carbon dioxide briefly and focused on its essentiality for the origin, development, and functioning of life on earth. If I draw resentment from both poles of the controversy, while fairly representing the science, I will not consider that I have failed to accomplish my goals. I appeal to the words of J. Robert Oppenheimer: “There must be no barriers for freedom of inquiry… There is no place for dogma in science. The scientist is free, and must be free to ask any question, to doubt any assertion, to seek for any evidence, to correct any errors” [4].

1. HISTORICAL PERSPECTIVES

I choose to begin with a focus on what has become known as the ‘greenhouse effect’ as it relates to the preparation of Earth for life.  

1.1. Early Studies about the Greenhouse Effect

As early as 1856, Eunice Foote (Fig. 1) suggested that increased carbon dioxide concentrations could warm the atmosphere, and affect climate which became known as the greenhouse effect. This work is said to be the first known publication in a scientific journal by an American woman in the field of physics [5]. She used two identical glass cylinders containing identical thermometers. She removed the air from one cylinder and placed both in the sun and read the temperature at intervals, and controls were placed in shade. She recorded: “the [thermal] action increases with the density of the air, and is diminished as it becomes more rarified.” She also studied the effects when different 
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Fig. 1. Eunice Newton Foote in her laboratory studying the heat absorption of carbon dioxide  ̶  Credit: Carlyn Iverson/NOAA

gases were compared to ‘common air’ and found the greatest effect of the sun’s rays was from ‘carbonic acid gas’. She wrote: “and if as some suppose, at one period of [Earth’s] history the air has mixed with it a larger proportion than at present, an increased temperature from its own action as well as from increased weight must have necessarily resulted.” She did not attempt to explain the mechanism and did not measure the pressure inside the cylinders.

This account [5] also states that by 1859, John Tyndall published his preliminary results on the greenhouse effect of carbon dioxide, water vapor, and methane and he used ‘radiant heat’, today known as infrared radiation (IR), and a differential spectrometer to obtain data with high precision, and he came to the conclusion (as did Foote) that both water vapor and carbon dioxide contribute to atmospheric heating. The report states: “Historians disagree on whether Tyndall knew of Foot’s work.” It is significant that this early work introduced a controversy that remains today ̶  the role of water vapor in studies about the effects of carbon dioxide on global warming or climate change. This has been addressed to the satisfaction of some but not all, and it being tangential, is not addressed further here.

Increased concentrations of carbon dioxide globally in the atmosphere have been reported to correlate with human agency including the burning of fossil fuels. This has become politically controversial but I must address it briefly. 

The Environmental Protection Agency (EPA) of the U.S. federal government in 2009 issued a finding under the Clean Air Act. Eli Kentish, a correspondent for Science, has summarized the EPA’s ruling in the article titled: EPA: Carbon Dioxide Is a Danger to Human Health [6]. The article states: “With the approval from former President Barack Obama the EPA ruled that carbon dioxide is a pollutant that endangers human health or welfare under the Clean Air Act and, therefore, must be regulated.” In my opinion, regulation of atmospheric carbon dioxide in this manner is unwarranted, and there has been interest in rescinding this finding which held that six greenhouse gases endanger “both the public health and the public welfare of current and future generations” [7].

1.2. Early studies about cellular metabolism of carbon dioxide 

Valley and Rettger [8] reviewed the history of carbon dioxide, which was known to the ancients as ‘spiritus letales’, and they stated: “Beginning with the work of Pasteur and Joubert in 1877, experimental evidence concerning the influence of carbon dioxide on bacteria has been accumulating… It has long been a matter of common knowledge that chlorophyll-bearing plants require carbon dioxide for their metabolism and growth. More recently, astonishing observations have been made and supported by independent investigations that carbon dioxide plays an important role in the respiration of man and the higher mammals, and the gas is absolutely essential to their continued existence.”

In the paper Growth inhibition and death of Escherichia coli from carbon dioxide deprivation, research in 1969 from my laboratory showed that the toxicity of a pure oxygen environment for Escherichia coli exposed on nutrient agar at 37o C was due to carbon dioxide deprivation, not hyperoxia, per se [9]. The effect was bactericidal with low population densities exposed on Millipore membranes but not with large inocula. Large inocula survived and were protective for small inocula that were physically separated except for gaseous diffusion. The protective effect was abolished by a NaOH trap in the system to absorb carbon dioxide. A bactericidal effect was also observed in nitrogen and carbon dioxide-free air, and addition of carbon dioxide prevented killing of the bacteria. The bactericidal effects of carbon dioxide deprivation were not seen when the cells were exposed to pure oxygen on a synthetic medium with either acetate or glucose as the sole carbon source, or on nutrient agar plus acetate. We stated: “To the authors’ knowledge, this is the first report to establish and quantify a bactericidal response resulting from carbon dioxide deprivation.” The toxicity of carbon dioxide deprivation was detectable because of ae particular method (the Millipore membrane technique) was used to expose cultures to special gaseous environments. By this technique, single cells or small groups of cells are widely separated under conditions which allow the fate of individual cells to be observed. Extracellular and intracellular accumulation of metabolic carbon dioxide would be minimal. This is significant since the protective concentration of carbon dioxide is small (it is supplied by normal air) and since mass population densities of bacteria on the membrane would produce more than this amount of carbon dioxide into the microenvironment even where no exogenous carbon dioxide is supplied directly. Our discovery teaches a more fundamental fact. The experiment is always right. However, sometimes we design a different experiment than we intend. The experimental control must be identical, in every respect except for the variable one intends to test and sometimes subtle differences are determinative. What Pasteur knew is also true: “In the fields of observation, chance favors only the prepared mind” [10]. Alexander Flemming said about his discovery of penicillin: “It was a fortunate accident” [11].

My interest in carbon dioxide grew out of my research about this gas as it relates to its necessary provision for outer space and undersea exploration [12]. The effects of the absence of carbon dioxide on effects otherwise attributable to pure oxygen environments became apparent [9] and will be addressed briefly.

Carbon dioxide is known to be required for the synthesis of fatty acids, for replenishment of Krebs cycle intermediates (which  may be used for energy or for amino acid synthesis) and for the synthesis of nucleic acids. This helps to explain the bacteriostatic effects of carbon dioxide deprivation but not the bactericidal effects.
Carbon dioxide is required for biosynthesis of several metabolites including arginine, pyrimidines, and purines which can be supplied as supplements to the growth medium. However, carbon dioxide is also required for what is sometimes called ‘central metabolism’ where it cannot be replaced by supplementation [13]. Carbon dioxide is known to be required for the synthesis of fatty acids, for replenishment of Krebs cycle intermediates (which may be used for energy or for amino acid synthesis) and for the synthesis of nucleic acids. This helps to explain the bacteriostatic effects of carbon dioxide deprivation but not the bactericidal effects.

Earlier published research showed that carbon dioxide was necessary for growth of a variety of microorganisms. Baugh, Andrews, and Surgalla in 1964 [14] in work done at the Fort Detrick, Frederick, Md. Laboratory using a virulent strain of Pasteurella pestis was studied with various known products of carbon dioxide fixation. The cells remained virulent if bicarbonate was replaced by orotic acid, cytosine, uracil, or citrulline. Griffin and Racker [15] showed that certain mutants of Neisseria gonorrhea grew well in the absence of carbon dioxide when a small amount of yeast extract was provided, and this could be replaced by hypoxanthine, uracil, and oxaloacetate. This revealed the role of carbon dioxide in fundamental metabolism.

Repaske and Clayton, in 1978, in the Journal of Bacteriology reported that Escherichia coli strain B was dependent on carbon dioxide for growth and suboptimal carbon dioxide concentrations controlled the rate of growth [16]. Low concentrations of carbon dioxide (including that found in air) restricted the growth rate of a freshly-inoculated aerobic culture. When metabolic carbon dioxide was increased the growth rate increased. These authors concluded: “A large inoculum, a metabolically active inoculum, and a ‘rich’ medium would favor a short lag period, whereas excessive aeration by shaking or sparging would tend to dissipate metabolic carbon dioxide and extend the lag period. These effects have been observed by most microbiologists, but the cause has not been attributed to the effects of carbon dioxide concentrations on control of growth.” The authors also concluded: “with more than 100 different organisms representing various families and genera the conclusion is forced upon one that carbon dioxide is necessary to the growth and development of the bacterial cell [emphasis added] [8]. This essentiality of carbon dioxide for bacterial survival and growth (thus its role in metabolism) has been hidden and underappreciated, primarily because it can be supplied by normally present atmospheric air. Relevantly, carbon dioxide has been found to be required for biosynthesis of many metabolic intermediates and products including arginine, pyrimidines, and purines which can be supplied as supplements to the growth medium. However, carbon dioxide is also required for what is sometimes called ‘central metabolism’ where it cannot be replaced by supplementation [13]. 

2. THE GLOBAL ROLE OF CARBON DIOXIDE  

It has been discovered, based on many lines of experimental work, that carbon dioxide is absolutely required for many cellular processes. A brief discussion of the evidence for this is helpful for understanding the underappreciated importance of this gas for life on Earth. 

2.1. Carbon Dioxide Is Essential for Life 

Carbon dioxide, or its hydrated state as bicarbonate, has been recognized as essential for growth of bacteria since Valley and Rettger published results of an extensive survey in the Journal of Bacteriology (previously alluded to) that documented that none of more than 100 microbial species tested would grow when carbon dioxide was excluded [8]. 

I strongly believe that many biologist, even experienced microbiologists, today fail to appreciate the significance of metabolism of carbon dioxide. Much has been learned, using microbes, that is applicable to understanding the essential nature of its metabolism for all forms of life. This includes elucidating basic advances in our understanding of the interactive nature of metabolic pathways, and for genetics and molecular biology. Indeed, the recent (2024) review of advancements in biochemical fixation of carbon dioxide by Karishma and Kamalesh [17] reported: “Microorganisms are essential for the uptake of inorganic CO2 molecules and their subsequent conversion into bio-based products in the biochemical fixation process.”

Thus, discovering the complex but basic metabolism of carbon dioxide is essential for understanding the balance of carbon dioxide in the atmosphere and the proper role of humans in this balance (over-emphasized in my view) where there is a continuing emphasis on human-induced climate change (formerly called global warming).

2.2. The Carbon Cycle

The flow of carbon, in its various chemical forms, throughout animate and inanimate nature on Earth is referred to as the carbon cycle. 

2.2.1. Rubisco

Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase) is the principal carbon dioxide-fixing enzyme in Earth’s biosphere. Plants, algae and photosynthetic bacteria use Rubisco to fix approximately 100 gigatons of carbon annually [18]. Perhaps unexpectedly, Rubisco has slow kinetics, and the roles of evolution and chemical mechanisms in constraining its biochemical function remain debated [18]. 

In addition, Rubisco catalyzes an oxygenase reaction with molecular oxygen in an analogous reaction series at the same active site. The reactions catalyzed are: enolization to the enediolate form, addition of carbon dioxide or dioxygen to create the carboxy or peroxo adduct, hydration, scission of the C2-C3 bond and stereospecific or non-stereospecific protonation to form two molecules of the 3-carbon phosphoglyceric acid (PGA) or one molecule of PGA and one molecule of a 2-carbon waste product, and one water molecule [19]. In the paper by Prywes et al. Rubisco Function, Evolution, and Engineering published in the Annual Review of Biochemistry in 2023 [20] states: “The Calvin-Benson-Bassham cycle (CBB) is the dominant carbon-consuming pathway on earth, driving 99.5% of the ≈ 120 billion tons of carbon that are converted to sugar by plants, algae, and cyanobacteria. The carboxylase enzyme in the CBB, ribulose-1,5-biphosphate carboxylase/oxygenase (Rubisco), fixes one CO2 molecule per turn of the cycle into bioavailable sugars. Despite being critical to the assimilation of carbon, Rubisco’s kinetic rate is not very fast, limiting flux through the pathway. This bottleneck presents a paradox: Why has Rubisco not evolved to a be a better catalyst?” 

2.2.2. Rubisco and evolution of enzymes

It is interesting to note that Rubisco was discovered twice, initially as an undefined enzyme of unusually high abundance in leaves and subsequently, as the first step in the assimilation of carbon dioxide by plants [20]. It shows the complexity of this large enzyme that there are two molecules of carbon dioxide at the active site during catalysis, and one is a cofactor and the other is a substrate. A significant question relative to the function of Rubisco relates to the fact that greater than 99% of carbon is fixed through the CBB cycle despite Rubisco’s well-known limitations. Prywes et al. [20] stated: “[intuitively] evolution could surely do better than relying on a slow and nonspecific catalyst to produce nearly all organic carbon in the biosphere [emphasis added].”

Indeed, I have co-authored papers critical of biological evolution by chance with absurdly low calculated probabilities that ‘survival of the fittest’ suffices to select outcomes for evolution by chance. Survival of the fittest is both illogical and a tautology. It is incompetent for the large job it must perform for evolution [21], [22], [23], [24]. Something critical is missing in the logic and it applies critically to the evolution of this complex enzyme Rubisco and to evolution of all enzymes [25]. The question is: how could random mutations, even though they could leave the enzyme functional, produce the continuous sequence of successful changes on the way to the largest known enzyme with its complex structure and function, with each step selected for (guided by) only survival of the fittest and with each step in the process not only producing a viable species but one with a selective advantage?

Rubisco (ribulose-1,5-bisphotase carboxylase/oxygenase is the key enzyme tor incorporation of atmospheric carbon dioxide into organic molecules and the Calvin cycle is the primary mechanism. For his work in this Melvin Calvin received the Nobel Prize in Chemistry in 1961 [26]. Rubisco catalyzes the first step in this fixation pathway. However, Rubisco is not the only carbon-fixing enzyme and the other five pathways that fix carbon do not involve Rubisco. 

[bookmark: _Hlk194745815]Rubisco is declared to be the most abundant enzyme on earth. The total mass of Rubisco on Earth, based on what was said to be a rigorous estimate, is ≈ 0.7 Gt, with about ≥ 90% found in ≈ 2 x 1014 m2 of leaves of terrestrial plants [27]. Rubisco accounts for ≈ 3% of the total mass of leaves and an amazing ≈ 30 Gt dry wt.   

2.2.3. Rubisco and biomass distributions on Earth

A comparison of the mass of Rubisco (described above) with Earth’s biomass is instructive. Bar-On et al. in 2018 [28] published comprehensive estimates of earth’s biomass and we quote their words extensively, rather than paraphrase, to provide accuracy. They stated [28]: “We assemble the overall biomass composition of the biosphere, establishing a census of the ≈ 550 gigatons of carbon (Gt C) of biomass distributed among all of the kingdoms of life… plants (≈ 450 Gt C, the dominant kingdom) are primarily terrestrial, whereas animals (≈ 2 Gt C) are mainly marine, and bacteria (≈ 70 Gt C) and archaea (≈ 7 Gt C) are predominately located in deep subsurface environments… terrestrial biomass is about two orders of magnitude higher than marine biomass and we estimate a total of ≈ 6 Gt C of marine biota… we highlight that the mass of humans is an order of magnitude higher than that of all wild mammals combined.”

The total biomass of crops cultivated by humans is estimated at ≈ 10 Gt C, which accounts for only ≈ 2% of the extant total plant biomass.” The authors discuss the uncertainties in their estimates and then state: “We find that the biomass of plants dominates the biomass of the biosphere and is mostly located on land. The marine environment is primarily occupied by microbes, mainly bacteria and protists, which account for ≈ 70% of the total marine biomass. The remaining ≈ 30% is mainly composed of arthropods and fish. The deep subsurface holds ≈ 15% of the total biomass… It is chiefly composed of bacteria ad archaea, which are mostly surface-attached and turn over their biomass every several months to thousands of years…”  

2.2.4. Role of microorganisms in the carbon cycle

The recent (2024) review: Unveiling the crucial role of soil microorganisms in carbon cycling [29] states: “Quantification of quantities of carbon in the various components of the carbon cycle are only approximations… Soil microorganisms… play a pivotal role in carbon cycling within soil systems and contribute to the stabilization of organic carbon… thereby influencing soil carbon storage and turnover… [this] is crucial for understanding the functionality of terrestrial carbon sinks and effectively addressing climate change.”

Soil constitutes a large reservoir of carbon on Earth and Janzen [30] provided data and stated opinions shared by many: “terrestrial ecosystems hold approximately 2000 Pg C in soil organic matter and 500 Pg in plant biomass… Oceans contain even more. And the atmosphere, now with about 785 Pg C, connects all of these pools. The flows of carbon between the pools, and their feedbacks, have kept atmospheric CO2 reasonably stable for millennia. But humans have increasingly distorted the balance, by changing land use and by injecting fossil carbon back into the cycle. Consequently, atmospheric CO2 has increased recently by more than 3 Pg C per year and, by century’s end, its concentration may be twice pre-industrial levels, or more…”  

3. CARBON DIOXIDE FIXING METABOLIC PATHWAYS 

Six different metabolic pathways are important for carbon dioxide metabolism (Table 1).    The mechanisms and relevancies of these pathways are unique. 
	Pathway
	Key Substrates
	Key Cofactors
	Representative
Organisms
	First Described

	Calvin-Benson-Bass 
(CBB) Cycle
	CO2 , Ribulose-1,5-bisphosphate
(RuBP)
	ATP, NADPH
	Cyanobacteria, plants, algae, purple bacteria
	1950s (Melvin Calvin and colleagues
[31]

	Reductive Tricarboxylic Acid (rTCA Cycle)
	CO2 , Acetyl-CoA, Succinate
	ATP, NADH, FADH2, Ferredoxin
	Green sulfur bacteria, some
proteobacteria
	1966 (Evans et al.) [32]

	Wood-Ljungdahl
(Reductive Acetyl-CoA Cycle)
	CO2 , H2
	ATP, NADH,  Ferredoxin, THF,
Corrinoids
	Acetogens, Methanogens, Certain Archaea
	1940s-1980s (Ljungdahl and Wood)
[33]

	3-Hydroxypropionate
(3-HP Bicycle)
	CO2 , Acetyl-CoA
	ATP, NADH
	Chloroflexus aurantiacus (green non-sulfur bacteria)
	2007 (Zarzycki et al.) [34]

	3-Hydroxypropionate
(HP/HB Cycle)
	CO2 , Acetyl-CoA
	ATP, NADH,
Ferredoxin
	Metallosphaera sedula, Sulfolobales (Crenarchaeota)
	2008 (Berg et al.) [35]

	Dicarboxylate/4-Hydroxybutyrate (DC/HB Cycle)
	CO2 , Acetyl-CoA
	ATP, NADH,
Ferredoxin
	Thermoproteus, Ignicoccus (Archaea)
	2007 (Huber et al., Berg et al.) [36]



Table 1. The six known carbon dioxide-fixing pathways, with details of the substrates and cofactors, representative biota, and a seminal reference.

The Calvin Cycle (Calvin-Benson-Bassham cycle) is globally the most important carbon dioxide fixing metabolic pathway on Earth.  The details of this cycle are shown in Fig. 2.
Carbon dioxide fixation fundamentally provides a significant part of the biomass of life on earth. 

Table 2 strikingly shows the tremendous importance of atmospheric carbon dioxide for supplying the elemental building blocks of life.    

[image: Generated image]
Fig. 2. The global Calvin Cycle  ̶  Credit ChatGPT 4o
Table 2: Estimated Percentages of Carbon and Oxygen in Life Forms
	Life Form
	Carbon (%)
	Oxygen (%)
	Carbon + Oxygen (%)
	Notes/References

	Land Animals
	18–25
	~65
	83–90
	Human body as reference [37]

	Green Plants
	~45
	~42
	~90
	Dry biomass [38]

	Microbes (Bacteria)
	~47
	~23
	~70
	E. coli, as representative [39]


Table 3 shows the approximate compositions of the major classes of biomolecules of life. This underscores the fundamental importance of carbon and oxygen, and thus of carbon dioxide for life on Earth. 
Table 3: Representative Elemental Composition of Biological Macromolecules
	Macromolecule
	Elements Involved
	Notes

	Carbohydrates
	C, H, O
	Typically, 1:2:1 ratio (e.g., glucose C₆H₁₂O₆)

	Lipids
	C, H, O
	Higher ratio of hydrogen than carbohydrates

	Proteins
	C, H, O, N, (sometimes S)
	Composed of amino acids

	Nucleic Acids
	C, H, O, N, P
	DNA and RNA; contain phosphate backbone



3.1. The Role of Carbon Dioxide in Metabolism, Focused on E. Coli
Carbon dioxide metabolism is under genetic control for certain enzymes. Specifically, Escherichia coli fails to grow with air as the gas phase when in the complete absence of the functioning gene CA (or CynT when induced) and this inhibition is removed by high concentrations of carbon dioxide added or provided by endogenous metabolism [13].

Reaction catalyzed by products of the Can gene are shown in the equation below [40]
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Significant relevant facts were reported by Merlin et al. in a lengthy article published in the Journal of Bacteriology in 2003 [13]: (1) the Can gene that encodes for CA (carbonic anhydrase) is dispensable for growth in anaerobic conditions with H2  and carbon dioxide supplied; (2) the Can gene is not specifically required for viability; (3) increased carbon dioxide in the growth environment partly ameliorates the growth deficit resulting from lack of Can; (4) growth with no gas phase (anaerobic and fermentative), carbon dioxide equilibrates between the growth medium and cell cytoplasm and data show that carbon dioxide is needed for growth; (5) Can expression is not autoregulated; (6) expression of Can promotor responds to growth rate changes rather than to the presence or absence of carbon dioxide; (7) during growth on simple substrates, one gram atom in each mole of arginine or nucleotide base  is derived from bicarbonate ion, incorporated by the reactions catalyzed by carbamoyl phosphate synthetase from bicarbonate ion. Incorporated by the reactions catalyzed by carbamoyl phosphate synthetase and 5-amoinoomidazpole ribotide carboxylase; however, with growth on complex media, biosynthesis of amino acids and nucleic acid precursors is not required and these pathways would make no demand for bicarbonate; (8) bicarbonate is incorporated into malonyl coenzyme A (the first committed step in fatty acid biosynthesis and is released as carbon dioxide in the subsequent condensation step; (9) bicarbonate/carbon dioxide also is cycled in a similar way) during the metabolism of cyanate; and (10) carboxylation is central in metabolism and bicarbonate is the substrate for phosphoenolpyruvate carboxylase and the flux through this reaction varies during the metabolism of a variety of simple substrates by Escherichia coli. 

Mills and Urey, in 1940, stated: “The important role of carbon dioxide in nature and in industry… have made it the subject of intensive study… [resulting] in the belief that in aqueous solution less than 1% of the carbon dioxide present exists in water…The difference between free and combined carbon dioxide [because] carbon dioxide does not react instantaneously with water” [40].

The question: ”why is carbonic anhydrase essential to Escherichia coli” was thoroughly addressed in a significant paper published in Physiology and Metabolism in 2003 by Merlin et al. [13]. The minimal requirement for bicarbonate is 103- to 104-fold greater than would be provided by uncatalyzed hydration at the prevailing steady-state concentration of carbon dioxide [13].  The can gene encodes a β-class of carbonic anhydrase (CA) that interconverts carbon dioxide and bicarbonate which are required for essential metabolic processes [13]. It is required for growth with air as the atmosphere. It is unnecessary when the atmospheric partial pressure of carbon dioxide is normal (as found in air) or during anaerobic growth in a closed vessel at low pH where sufficient carbon dioxide is generated endogenously [13].

3.2. Carbon Dioxide as a Growth Factor for Mutants 

Charles and Roberts, in 1968 in Microbiology, reported that some auxotrophic mutants of Escherichia coli can grow in a minimal medium without growth factors when the gas phase is supplemented with carbon dioxide [41]. These ‘mutants’ were said to resemble those already known in Neurospora. Without carbon dioxide supplementation, the mutants responded to the growth factors including arginine, uracil, adenine, succinate or isoleucine plus valine, depending on the locus of their mutation. One mutant was an obligate carbon dioxide mutant.

4. CARBON DIOXIDE AND ORIGIN AND DEVELOPMENT OF LIFE ON EARTH

It is necessary to summarize this positive aspect of carbon dioxide for context and thoroughness. Harrison et al. in the Annual Review of Ecology, Evolution, and Systematics, in 2023, wrote the article Life as a Guide to Its Own Origins [42]. They stated: “How life arose has long been considered a question in prebiotic chemistry, but there is clearly an extended continuum from the simplest prebiotic chemistry to the emergence of genes and molecular machines… Structured, far-from-equilibrium, environments such as hydrothermal systems drive reactions between CO2 and H2 to form organics that self-organize into protocells. CO2 fixation within protocells generates a reaction network with a topology that prefigures the universal core of metabolism. Positive feedback loops amplify flux through networks…Patterns in the genetic code show that genes and proteins arose … Random genetic sequences template nonrandom peptides… This context- dependent emergence of information gives rise seamlessly to an autotrophic last universal common ancestor.”

[bookmark: _Hlk194472938]In the article” Phanerozoic co-evolution of O2 and ocean habitability Lu et al., in 2024 writing in National Science Review [43], concluded: “Atmospheric carbon dioxide and oxygen concentrations are partially linked via the geological cycle of organic carbon… The history of these two biologically active components, controls on their concentrations, and implications for the complexity of the biosphere and habitability of Earth have been hotly debated… Ribulose bisphosphate carboxylase/oxygenase, Rubisco, is the enzyme responsible for all oxygenic photosynthesis, carbon fixation, and is the gatekeeper of energy flow to the animal kingdom. Since Rubisco also fixes O2 as part of photorespiration, O2 and CO2 compete for the active site of Rubisco… Rubisco, shifting the balance towards the energy-sapping photorespiration and limiting the carbon fixation ability of plants and algae, thereby reducing new productivity and the energy cascade to the higher trophic levels within the ecosystem… However, the complexity of the modern ecosystem has emerged and thrived amidst the backdrop of increasing O2 and CO2 throughout the Phanerozoic… To what extent can the biosphere adapt… Does the biosphere itself limit the range of environmental possibilities?”

5. ESSENTIAL ROLE OF CARBON DIOXIDE IN HUMAN PHYSIOLOGY

Traditionally, carbon dioxide is viewed as a byproduct of cellular respiration. Additionally, however, carbon dioxide is essentially involved in human physiology and it stimulates breathing and regulates its rate. It is a modulator of blood pH and vasodilation and a tumor regulator via releasing oxygen to tissues via the Bohr effect, and these authors concluded that carbon dioxide is vital to human physiology [44]. The Bohr effect changes hemoglobin’s affinity for oxygen. Interestingly, carbon dioxide was once used as  anesthetics.

It is essential that organisms be able to sense changes In the concentrations of internal and external carbon dioxide concentrations and respond. The review by Cummings et al. provides (without references) the following: “Since the radiation of metazoans, the level of CO2 in the atmosphere has fluctuated from around 7,000 ppm during the Cambrian period to current levels, which were just recently reported to exceed 400 ppm… it is important to note that local CO2 levels found in the microenvironments of niches such as in and around respiring organisms or decomposing matter are greatly increased … exposure to altered tissue levels of CO2 due to disturbed homeostasis during disease can lead to the common pathological states of hypocapnia and hypercapnia in mammals. Such conditions can lead to disrupted pH homeostasis, which in turn can result is systemic alkalosis/acidosis, organ failure, and in some cases, death… it is important that cells, tissues and organisms retain the ability to sense changes in CO2 and respond accordingly… [little] is known about cellular CO2-sensing mechanism(s), particularly as it pertains to transcriptional responses to hypercapnia.“ These authors also discuss the existence of discreet CO2 channels in biological membranes.

The minireview by Maniarasu and Kumar [45] states that CO2 is a colorless and odorless gas  with an ”essential function in aerobic metabolism for oxidation phases in microbial and human cells… [CO2] interacts with cellular metabolism, resulting in various transcriptional responses … [it] is the end product of respiration and is therefore unavoidable in aerobic microbial and mammalian bioprocesses.” 

[bookmark: _Hlk194305868]6. TOXICITY OF CARBON DIOXIDE

[bookmark: _Hlk194163811]Carbon dioxide is a poison, but not a poison in our atmosphere, based on the definition of ‘poison’ by Paracelsus, the ‘Father of Toxicology’ [46], [47]. I address this more fully in Section 7. Paracelsus offers no validation to those who desire to regulate carbon dioxide production by human activity because the words of Paracelsus are understood only when one applies the concluding part of his statement  ̶  “the dose makes the poison”. Clearly, the amounts of carbon dioxide in Earth’s atmosphere, including the measured estimated modern increases, are nontoxic and, indeed are essential for origin and development of life on earth. 

6.1. Toxicity of Carbon Dioxide for Humans 
 
The Agency for Toxic Substances and Disease Registry (ATSDR) of the U.S. government has published toxicological profiles for 275 chemicals [48], [49]. Carbon dioxide is not listed. ASDR describes its toxicological profiles as: “unique compilation of toxicological information on a given hazardous substance. Each peer-reviewed TOX Profile reflects a comprehensive and extensive evaluation, summary, and interpretation of available toxicological and epidemiological information on a substance.” 

The review in 2017 by Permentier et al. is titled: Carbon dioxide poisoning: a literature review of an often forgotten cause of intoxication in the emergency department [50]. This review states that carbon dioxide can be harmful as an asphyxiant and as a toxicant. Currently, it is said to be present at approximately 0.04% (400 PPM) in ambient air. The term ‘confined space hypoxic syndrome’ has been proposed to describe the toxic event occurring in water meter pits, tanks, holds of ships, mines, underground storage bins. This review [50] states: “there were 89 deaths per year in the USA … during work in confined spaces… Massive geothermal emissions have also been described as a possible cause of CO2 intoxication.” At approximately 5% and higher, it causes hypercapnia and respiratory acidosis which increases activity of the parasympathetic nervous system (increases acetylcholine hydrolysis by acetylcholinesterase) and can strongly depress respiration. Concentrations above 10% may induce convulsions, coma, and death; at above 30% it leads rapidly to loss of consciousness in seconds [51]

7. CARBON DIOXIDE FIXATION AND CLIMATE CHANGE

A reasonable review of carbon dioxide, even this minireview, must include the subject of climate change from increased atmospheric carbon dioxide. In my view, it is unfortunate for science and for mankind that this matter has become extremely politicized. At the extreme, voices have called those who question any aspect of what I view as the dogma around this subject, as deniers. I believe this mis-identifies may honest scientists. I have written about this and make necessary differentiation between a denier and a doubter [21]. Isaac Asimov described his ‘built-in doubter’ [52]. Nobel Laureate Richard Feynman, in an address to the National Science Teachers Association in 1966, expressed pleasure at “finding things out” and he said that students should be “made to think like scientists, to be open-minded, curious, and especially to be open to doubt” [emphasis added] [53].

It is possible to see the the beginnings of ideas about global warming (climate change) in the writings of John Tyndall [54] and Svante Arrhenius [55] in the 1800s. The current concerns about climate change are traceable to the period of the 1950s to 1970s and in the works of Keeling who made measurement of atmospheric carbon dioxide at Mauna Loa and produced the ‘Keeling Curve’ that showed evidence, published in 1958, that carbon dioxide concentration in the atmosphere was increasing [56]. In 1965, the Science Advisory Committee of President Lyndon Johnson issued a report that expressed concern that warming of the Earth from burning of fossil fuels could produce climate changes of concern [57]. In the 1970s there was debate and increasing concern that the Earth was warming from increased carbon dioxide, or that it might cool from certain aerosols that were increasing in the atmosphere and consensus moved to carbon dioxide and global warming [58]. 

In 1981, James Hansen and his colleagues at NASA published data that indicated significant global warming by greenhouse gases [59] and Hansen in 1988 testified to Congress that global warming was occurring and public awareness was markedly increased with this and establishment by the United Nations of the intergovernmental Panel on Climate Change (IPCC) [60]. 
 
The book Making Climate Change History edited by J. P. Howe [61] stated that
G. S. Callendar “was the first scientist to articulate the basic theory of CO2-driven anthropogenic warming in its recognizable modern form.” In this book, Callender wrote the chapter: The artificial Production of Carbon Dioxide and Its Influence on Temperature (1938) [62] and it is generally recognized as the initial scientific paper to provide empirical evidence that elevated atmospheric carbon dioxide concentrations from burning of fossil fuel caused atmospheric temperatures to increase globally. Callender stated: “By fuel consumption man has added about 150,000 million tons of carbon dioxide to the air during the past half century… three quarters of this has remained in the atmosphere… [the increase in temperature] is estimated to be at the rate of 0.003 o C. per year at the present time. The temperature observations at meteorological stations are used to show that world temperatures have actually increased at an average rate of 0.005 o C. per year during the past half century” [63]. 

The White House Report: Restoring the Quality of Our Environment, Report of the Environmental Pollution Panel, President’s Science Advisory Committee, November 1965 warned about the effect of pollution and the role of humans. The panel suggested “economic incentives to discourage pollution in which ‘special taxes would be levied against polluters” [57]. 

A potential natural remedy seemed to be already at work. In a 2011 paper by Saini et al. [64] titled: CO2 utilizing microbes – A comprehensive review declared: “CO2 fixing microbes are the species primarily engaged in complexing the inorganic carbon dioxide to organic carbon compounds. There are many microorganisms from archaeal and bacterial domain (sic) that can fix carbon dioxide through six known CO2 fixing pathways. These organisms are ubiquitous in nature and can survive in wide range of aerobic and anaerobic habitats.” 

CONCLUSIONS

Without the carbon cycle and the complex, giant enzyme called Rubisco, the varied and abundant life we know on Earth would not exist. Six different mechanisms for the fixation of carbon dioxide by living things have been discovered and the most important is the Calvin Cycle for which Melvin Calvin received the Nobel Prize in Chemistry in 1961, specifically for research on the carbon dioxide assimilation in plants. Concerns about the climate-changing effects (recently-measured increases in carbon dioxide in Earth’s atmosphere) have become controversial, politically and scientifically. Carbon dioxide is the end-product of the oxidation of carbon compounds whether by burning or by enzymatic oxidation in oxidative phosphorylation to form adenosine triphosphate (ATP) the energy source driving all of life. Significantly, carbon also must be ‘fixed’ into organic compounds for life to exist and function. Thus, carbon dioxide was essential for the origin and subsequent development of all life on earth and it is universally required in the metabolism of all living species. Carbon dioxide has an essential role in human physiology but at very high concentrations (unrelated to atmospheric concentrations) it can be lethal. Research from my laboratory using a bacterium was the first to show that, paradoxically, the absence of carbon dioxide also is lethal. 
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