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Plant roots and carbon sequestration

Rajeew Kumar¥*, Sharad Pandey and Apurv Pandey

Carbon management is a serious concern confronting the world today. A number of summits have
been organized on this subject ranging from the Stockholm to Kyoto protocol. The current level of
carbon in the atmosphere is about 375 ppm. It is estimated that if the carbon increases in the atmo-
sphere at the present rate and no positive efforts are pursued, the level of carbon in the atmosphere
would go up to 800—1000 ppm by the end of current century, which may create havoc for all living
creatures on earth. Soil may be an important sink for the carbon storage in the form of soil organic
carbon. This form of carbon is also a matter of serious concern for agricultural scientists across
the globe because various researches reveal that the soil under intensive cultivation results in de-
clining potential productivity due to reduction in soil organic carbon, thereby proving an obstacle
Jor sustainable agriculture. Plants are the main source of the soil organic carbon, either from the
decomposition of aerial plant parts or underground plant parts, e.g. rootsin the form of root death,

root exudates and root respiration. About 40% of the photosynthates synthesized in the plant parts
is lost through the root system into the rhizosphere within an hour and the rate of loss is
influenced by several factors, e.g. plant age, different biotic and abiotic stresses, etc. The
rhizospheric environment of the plant is different compared to bulk soil with respect to physical,

chemical and biological properties. Thus the aim of this article is to provide an insight on the contri-
bution of plant roots for transfer of carbon from atmosphere to rhizosphere and further their signi-
Jicance in sustainable agriculture.
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SINCE the beginning of the industrial revolution, carbon
dioxide concentration in the atmosphere has been rising
alarmingly. Prior to the industrial revolution carbon con-
centration was around 270 ppm, but today it is around
372 ppml. If the pace of increase in carbon concentration
remains constant and efforts are not made to reduce it,
carbon concentration in the atmosphere would go up to
800-1000 ppm by the turn of the current century’. Car-
bon sequestration refers to taking carbon dioxide from the
atmosphere through crops and storing the carbon in soil
in the form of soil organic matter. An effort has been
made in this article to understand how plant roots play a
significant role in carbon transfer from the atmosphere
into the soil.

Soil carbon sequestration

Soils are the largest carbon reservoirs of the terrestrial
carbon cycle. Soils contain about three times more C than
vegetation and twice as much as that present in the atmos-
phere’. Soils contain much more C (1500 Pg of C to 1 m
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depth and 2500 Pgof Cto2 m; 1 Pg=1 X 10" g) than is
contained in vegetation (650 Pg of C) and twice as much
C as the atmosphere (750 Pg of C)4. Carbon in the form
of organic matter is a key element to healthy soil. It is estima-
ted that each tonne of soil organic matter releases
3.667 tonnes of CO», which is lost into the atmosphere.
Similarly, the build-up of each tonne of soil organic matter
removes 3.667 tonnes of CO; from the atmospheres. The
conversion of natural habitats to cropland and pasture,
and unsustainable land practices such as excessive tillage
frees carbon from organic matter, releasing it to the atmos-
phere as CO,. Depleted of organic carbon, soils develop a
carbon deficit. Soils can regain lost carbon by reabsorb-
ing it from the atmosphere. This process is called carbon
sequestration.

Through photosynthesis, plants convert CO; into organic
forms of carbon, viz. sugars, starch and cellulose, also
known as carbohydrates. In natural habitats, carbon from
plants is deposited in the soil through roots and plant
residues, such as fallen leaves.

Plant roots

Plant roots have ability to synthesize, accumulate and secrete
a diverse array of compounds. More than 200 carbon
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compounds released from plant roots in the form of exudates
are reported, which is termed as rhizodeposition®. These
exudates contain simple water-soluble compounds such
as amino acids, organic acids, sugar and various plant
secondary metabolites to complex polymeric compounds
such as polysaccharides, polypeptides and enzymes. On
the basis of molecular weight, they can be grouped into
high molecular-weight compounds such as mucilage, gelati-
nous material, covering root surfaces, ectoenzymes and
low molecular-weight compounds such as organic acids,
sugars, phenolics, amino acids, phytosiderophores, flavo-
noids and vitamins. Secretion of compounds into the
rhizosphere is one of the most remarkable metabolic fea-
tures of plant roots’. Cereals transfer 20-30% of total as-
similated carbon into the soil, and half of this amount is
subsequently found in the roots and about one-third is
lost in the form of CO, by root respiration and microbial
utilization of root-borne organic substances®. The remain-
ing part of underground translocated carbon is incorporated
into the soil microorganisms and soil organic matter. Pas-
ture plants transfer about 30-50% of assimilate below the
ground and their translocation patterns are similar to cereals.
Researchers argue that photosynthetically fixed carbon in
cereals and grasses is transported rapidly towards the root
and can reach the external environment of the root within
an hour’. On an average, the total amount of carbon trans-
located into the soil by cereal and pasture plants is approxi-
mately the same (1500 kg C/ha), if we consider the same
growth period. However, during one vegetative period,
cereals and grasses allocated below the ground are about
1500 and 2200 kg C/ha respectivelys. This accounted for
nearly 5 to 21% of all photosynthetically fixed carbon
transferred to the rhizosphere through root exudates and
ranged from 20 to 50% of plant biomass.

Plant roots and soil carbon

All the organic carbon found in the soil is primarily plant-
derived. The two main sources of carbon in the soil are:
(1) accumulation of soil organic matter due to the humifi-
cation after plant death and (2) root exudates and other
root-borne organic substances released into the rhizo-
sphere during plant growth as well as sloughing of root
hairs and fine roots by root elongation. The first mode of
carbon sequestration is well documented, but carbon se-
questration by plant roots is still under investigation. CO,
fixed by crop plants and its translocation into the roots is
a simultaneous process. Figure 1 reveals the pathway of
carbon transfer from biosphere towards the rhizospherelo.
Carbon is added in the soil system by plant roots through
root death, root exudates and root respiration. It is difficult
to quantify the contribution of these three separately. Meta-
bolically active respiring roots are responsible for exuda-
tion and respired CO,. However, non-metabolically
active roots release carbon in its soluble form, which is
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termed as lysis. The mechanism of root death provides a
greater insight into the understanding of carbon seques-
tration into the soil''. There are three states of root death:

(1) Non-apoptotic death, where metabolic activity imme-
diately ceases and all the carbon and nutrients from
the roots enter into the soil (e.g. in mechanically
damaged roots).

(2) Non-apoptotic death, where the root become excised,
remains metabolically active and slowly depletes
and exhausts internal soluble C reserves (e.g. sewer-
age of the main roots).

(3) Apoptotic death, where re-translocation of both carbon
and nutrients occurs to the other growing areas of
the plants.

Theoretically, almost all soluble components present in-
side the root can be lost into the rhizosphere, but exudation
is dominated by low molecular-weight solutes present in
the cytoplasm in high concentration'”. The continual release
of carbon compounds from the roots into the soil falls
into two categories: exudates that are lost simply as a result
of passive diffusion and over which the plant exerts little
control (basal exudation), and exudates which are released
for a specific purpose and over which the plant exerts a
close degree of control. Photosynthates transfer towards
root vicinity via roots is in the form of organic molecules by
the process of root lysis, root exudation and root death.

Plant roots and rhizospheric carbon

The compounds released by plant roots which deposit in
the root sphere are many and complex (Table 1)'°, often
ranging from mucilage, root border cells, extracellular
enzymes, simple and complex sugars, phenolics, amino
acids, vitamins, organic acids, nitrogenous macromole-
cules as purine and nucleosides to inorganic or gaseous
molecules such as HCO3;, OH", ete.l?,

Transfer of carbon from the atmosphere to the soil through
the plant system is largely dependent on a gradient which
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Figure 1. Carbon sequestration in soil via plant roots'.
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Table 1. Carbon compounds released by roots into rhizosphere '
Inorganic ions/

Amino acids Organic acids Sugars Vitamins Purines/nucleosides Enzymes gaseous molecules
a-Alanine Citric Glucose Biotin Adenine Acid/alkaline phosphatase HCO3
a-Alanine Oxalic Fructose Thiamin Guanine Invertase OH~
Asparagine Malic Galactose Niacin Cytidine Amylase H
Aspartate Fumaric Maltose Pantothenate Uridine CO,
Cystine Acetic Xylose
Glutamate Butyric Rhamnose
Glycine Valeric Arabinose
Leucine Piscidic Deoxyribose
Lysine Formic Oligosaccharides
Methionine Aconitic
Serine Lactic
Threonine Pyruvic
Proline Glutaric
Valine Malonic
Tryptophan Aldonic
Ornithine Erythronic
Histidine Tetronic
Arginine
Homoserine
Phenylalanine

Aminobutyric acid
Aminoadipic acid

is maintained continuously as a result of constant removal
of exudated carbon from the soil solution either by biotic
(e.g. soil microbial uptake) or abiotic process, such as
sorption. Soil provides formidable technical barriers in
measuring the flux of individual carbon compounds, but
in a study on maize crop it was found that 0.5-10% of
fixed carbon is transferred into the soil’.

Role of rhizodeposits

Rhizodeposits play a significant role in improving soil
health and quality. Carbon is lost from the roots leading
to a proliferation of microbial population within the endo-
rhizosphere, surface rhizosphere and outside the roots (ecto-
rhizosphere). Specific compounds released by plant roots
are involved in chemotaxis, hormonal activity and chemical
defence against competitive plant species and detrimental
microorganismsw. It solubilizes certain nutrients from the
soil, such as Fe, Mn and P (Table 2)10. Root exudates
could enhance microbial activity by providing substrates
for co-metabolism and may also have enzymatic properties
that can breakdown contaminants, e.g. increased degradation
of phenanthrene by oat exudates, pyrene by corn exudates,
atrazine by poplar exudates and 2-chlorobenzoic acid by
wild rye exudates. Individual chemical components such
as flavonoids, aromatic acids, amino acids and dicarboxylic
acids function as specific chemo-attractants for microorga-
nisms. Once the carbon is released in the rhizosphere,
many bacteria may multiply rapidly in response to growth
stimulation by quercetin or other flavonoid molecules re-
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leased by plants and in turn promote further exudation of
new or existing flavonoids into the rhizosphere. Organic
acid does lower rhizosphere pH, making P and micronu-
trients such as Mn, Fe and Zn readily available in calca-
reous soils. However, the relationship between organic
acid and rhizosphere acidification is not that simple'*.
Extrusion of H* from roots depends on the amount of
anions absorbed by roots relative to cations gaseous
molecules (e.g. CO, H,), which play an important role in
mineral nutrition of plants. Roots release CO; into the
soil environment from carbohydrate respiration and sti-
mulation by lumichrome, a plant and bacterial exudate
molecule. These accumulations are up to 17.5% in the
root zone and increased levels of CO; can enhance the
dissolution of soil CaCOj5 to produce Ca** for plant uptake'.
Similarly, HCOj3 excreted directly by plant roots into the
soil can aid the dissolution of calcite to yield soluble sup-
plies of Ca™ for plant nutrition. CO, released by roots
can also have indirect effects on N and P nutrition. Phenolic
compounds solubilize Fe, P and other nutrients from un-
available sources for uptake by plants. Dicots release
phenolic molecules that influence Fe and P mobility due
to formation of stable chelates of Fe and Al present in insolu-
ble Fe- and Al-phosphates, thereby increasing the solubility
of Fe and P for plant uptake. Other changes in exudate
composition could change the rhizosphere pH, thereby
immobilizing or mobilizing contaminants in the soil"”.
Root exudates are thought to be a major source of sub-
strate of microbial activity in the rhizosphere. Rhizode-
posits act as chemical attractants and repellants, and may
regulate the soil microbial community in their immediate
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Table 2.

Possible functional role of root exudate components in the rhizosphere'°

Component

Rhizosphere function

Phenolics

Nutrient source

Chemo-attractant signals to microbes
Microbial growth promoters

Nod gene inducers in rhizobia

Nod gene inhibiters in rhizobia
Resistance inducers against phytoalexins
Act as chelaters

Phytoalexin against soil pathogens

Organic acids

Nutrient source

Chemo-attractant signals to microbes
Chelaters of poorly soluble mineral nutrients
Acidifiers of soils

Detoxifiers of Al

Nod gene inducers

Amino acids and phytosiderophores

Nutrient source

Chemo-attractant signals to microbes
Chelaters of poorly soluble mineral nutrients

Promoters of plant and microbial growth

Vitamins

Nutrient source
Purines Nutrient source
Enzymes

Catalysts for phosphorus release from organic molecules

Biocatalyst for organic matter transformation in soil

Root border cells

Produce signals that control mitosis

Produce signals controlling gene expression
Stimulate microbial growth

Release chemo-attractants

Synthesize defence molecules for the rhizosphere
Act as decoys that keep root cap infection-free
Release mucilage and proteins

Sugars

Nutrient source

Promoters of microbial growth

vicinity, cope with herbivores, encourage beneficial sym-
biosis, change the chemical and physical properties of the
soil, and inhibit the growth of competing plant Specieslﬁ.
The enhanced microbial population may be either benefi-
cial or detrimental to plant growth.

Beneficial effect of microbial colonies may include
mobilization of nutrients, phytohormone production and
vesicular arbuscular micorrhizal infection. Detrimental
effect may include nutrient immobilization, competition for
substrate and plant pathogenesis. Root exudates also at-
tract pathogenic microbes and promote the growth of
plants, mutualistic fungi and rhizobacteria. Intense colo-
nization of the rhizosphere can itself lead to stiff compe-
tition between microbes and the plant for nutrient
resources. Chemical molecules of root exudates govern
the development of plant—fungal symbiosis and provide
powerful signals that alert the mycorrhizal fungi of the
presence of a host plant. Root-derived phenolic com-
pounds are thought to be involved in the genetic triggering
of legume—Rhizobium interaction and infection by patho-
genic microorganisms such as Agrobacterium may stimu-
late germination of propagules of pathogenic fungi-indu-
ced chemotaxis in various microorganisms, and participate
in the microorganism recognition process. They are a major
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localized source of nutritional organic carbon and nitro-
. . . 17
gen for rhizosphere microorganisms and plant growth .

Plant roots, carbon sequestration and
sustainability

The sequestration of carbon in soils used for agriculture,
forestry and land reclamation has been recognized as a
potential option to mitigate global change. Organic matter
constitutes 1 to 8% of the weight of most soils. Because
of the weight of soils to the plant rooting depth at which car-
bon accumulates, soils of the world store about 1600 Pg
of carbon'®. This represents a carbon storage capacity of
the soil that is twice compared to the atmospheric carbon.
The annual global rate of photosynthesis is generally balanced
by decomposition and represents one-tenth of the carbon
in the atmosphere or one-twentieth of the carbon in soils"”.
Archaeological evidence indicates that CO; content in
the atmosphere had a great influence on agriculture. Suc-
cessful plant breeding, fertilization and better pest control
would not have been as effective if the major plant nutri-
ent, i.e. carbon had not been increasing. Carbon, nitrogen,
oxygen and hydrogen are the building blocks of life on
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earth. They also are the most important constituents of soil
organic matter. The earth’s carbon cycles have the ability
to restore and even increase the soil organic matter con-
tent, improve fertility, increase the water-holding capacity,
and improve tilth if properly established scientific princi-
ples are applied to good soil management and sustainable
agriculture.

Soil organic carbon is composed of a wide range of com-
pounds that decompose at different rates depending on
their chemistry, soil temperature and moisture, organisms
present, association with soil minerals and the extent of
aggregationzo. Excess exploitation results in loss of soil
fertility and can be attributed to the misuse of the soil and
its organic matter. Man’s success in responding to the
latest challenge of global climate change will depend on
how we manage this vital resource. A proportion of the
soil organic carbon present in undisturbed soils has been
burned, lost through agriculture practices. This has con-
tributed to the global rise of CO; in the atmosphere. How-
ever, soil organic carbon is not a non-renewable resource;
unlike coal, gas and oil, it is a renewable resource. We
can put it back through proper management plractices21
which help reduce the overall greenhouse gases. Plant
roots increase soil organic matter, which will store more
atmospheric carbon and result in greater soil fertility, better
soil tilth, greater water-holding capacity, and reduced
erosion. It also will make plants more stress-resistant and
thus be able to better withstand the predicted climatic
fluctuations™. Control of water levels during periods of
non-plant growth could result in C sequestration, improved
water quality, flood control and better wildlife habitat.
Carbon deposits in soil result in the building of soil organic
matter, which will reduce soil erosion, nutrient loss, envi-
ronmental pollution and improve nutrient mobilization,
water-retention capacity and microflora. Thus this could
play an important role in sustainable agricultur623.

Agricultural practices for carbon sequestration

The carbon content of most agricultural soils is now about
one-third less than that in its native condition as either
forest or grassland. Fortunately, modern agriculture has
stopped this net loss to the atmospher624. This has come
about through higher levels of biomass production, the
return of greater proportions of crop residue to the land,
use of cover crops and conservation tillage such as reduced
and no till®. Simultaneously, better fertility management
through soil testing, precision farming and proper nutri-
ent application can also lead to lowering of greenhouse
gas emissions. Irrigation waters trap some CO, because
irrigated soils produce high crop residues which sequester
carbon at a rate of 0.16 to 0.27 Pg per yearzz. Precision
farming holds promise for better nutrient control and pes-
ticide application, which further improves organic matter
in the soil*’. The improved soil organic matter levels will
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sequester CO,, enhance sustainability and reduce soil ero-
sion. Plant residues in agricultural soils do not represent a
large storage pool. However, their management influ-
ences water penetration, wind and water erosion and the
extent of formation of soil organic matter, thus affecting
long-term soil fertility and carbon storagezs.

Conclusion

Plant root acts as a medium for transfer of atmospheric
carbon into the soil in the form of carbon-containing
compounds, viz. organic acid, phenolic acid, amino acid,
etc. Root lysis and root exudates contribute significant
quantities of carbon deposited in sub-surface soil. These
deposits have the potential for a greater contribution to
long-term soil carbon sequestration due to slow oxidation
than surface soil. Carbon components affect agriculture
by reducing pH, nutrient mobilization and microbial
growth. The exact amount of sequestration depends on
land-management practices, edaphic factors, climate, and
the amount and quality of plant and microbial inputs.
Studies on carbon transfer via roots will generate a whole
new idea that will allow better decisions on the specific
use of crop rotation, fertilization and other methods of
soil amelioration. These approaches provide valuable tools
for addressing many problems in both natural and agricul-
tural soils. Carbon sequestration will certainly contribute
in reducing atmospheric CO, concentration and will miti-
gate drought, salinity stress and desertification. It will
certainly be the most viable approach towards sustainable
agriculture. Thus, sequestered soil carbon may be used
for agriculture, forestry, and will be a potential option to
mitigate global change.
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