Elements for life
Today I will talk about some of the important
elements required for life. In particular I will
discuss the process of biological nitrogen
fixation, where symbiotic microorganisms
convert atmospheric nitrogen into molecules
that plants can use.

Important elements for life
Macronutrients

Micronutrients

Group 1 H
Group 2 Na, Mg, K, Ca
Group 3 C, N, O, P, S,

Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al (?)
Group 3 Se, Ge, I, F, Cl

Plants need nutrients in different forms of the elements they need to grow.
Herbivores obtain their nutrition through eating plants.
Carnivores obtain their nutrition through eating herbivores and other carnivores.
Omnivores such as humans obtain their nutrition through eating both plants and animals.
The ultimate source of nutrition for non-autotrophs is therefore the consumption of plants.
Thus: "We all burn by the power of the leaf".

• Plants assimilate mineral
nutrients from their
surroundings
• Nutrient assimilation can
occur across the surface
of the plant or through the
root system of vascular
plants
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Plants assimilate mineral nutrients
mainly as cations or anions
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Charged ions require transport
proteins to cross membranes

Nutrient uptake, assimilation and utilization
involve many processes
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Physical and biological processes
affect nutrient availability
Erosion, rainfall patterns,
cultural practices, soil
biodiversity, soil pH,
atmospheric gases etc. all
affect soil fertility
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Nutrients removed from soils can be
replenished with fertilizers
Plants remove nutrients from the soil

Wheat
Soy

Kg/ha

600

Corn

800

Rice

Total nutrient requirement
Cotton

1000

Fertilizers can be
complex waste
products or
refined blends of
nutrient salts

400

Sulfur
Magnesium
Potash

200

Phosphate
Nitrogen

0

Kg/ha
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200

0

Typical fertilizer application

Most fertilizers
contain nitrogen
(N), phosphorus
(P) and potassium
(K). Some include
other elements

How much is the right amount of
fertilizer to apply to a field?
Cultivation
practices: Is
unharvested
material removed,
or left to replenish
the soil?

Species / variety
of plant: Different
plants have
different needs

Soil
characteristics:
Residual nutrients,
rate of nutrient
leaching, pH,
particle size,
presence of
microbes etc. affect
optimal application

Abiotic and biotic
factors: Temperature,
rain, stress and pests
or pathogens affect
nutrient needs
Developmental stage affects plant needs
Financial considerations:
Balancing the cost of fertilizers with
the gain reaped from their use

Interactions between nutrients:
There are both positive and negative
interactions between various nutrients

Fertilizer use can cause
environmental and health problems
Nitrogen fixation is
energy demanding

Human and animal waste
can spread disease

Transport requires energy

Phosphate and potash
mining is destructive

Nutrient runoff pollutes
waterways and can lead
to eutrophication

N

N

O

Nitrous oxide (N2O)
derived from fertilizer is a
major greenhouse gas

Plants need
nutrients, but their
application isn’t
always optimal or
sustainable – how
can plant science
contribute to
better practices?

Macronutrients

Group 1 H
Group 2 Na, Mg, K, Ca
Group 3 C, N, O, P, S,

Nitrogen: The most abundant
mineral element in a plant
•
•
•

N is in amino acids
(proteins), nucleic
acids (DNA, RNA),
chlorophyll, and
countless small
molecules

The most abundant element in
the earth’s atmosphere
The 4th most abundant element
in a plant (after C, H and O)
Often the limiting nutrient for
plant growth

Nitrogen is one of
the three major
macronutrients found
in most fertilizers

Macronutrients

Group 1 H
Group 2 Na, Mg, K, Ca
Group 3 C, N, O, P, S,

Plants are an important part of the
global nitrogen cycle
Atmospheric pool of N2
Atmospheric
fixation
5 Tg N / yr

NO3

NH4+
120 Tg N / yr
(50%
agricultural)
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Nitrification by nitrifying bacteria

Denitrification by
denitrifying bacteria

Industrial
fixation

Biological
fixation

Biological
fixation
(oceans)

140
Tg N / yr

Macronutrients

Group 1 H
Group 2 Na, Mg, K, Ca
Group 3 C, N, O, P, S,

Phosphorus
•
•
•

The 11th most abundant element
in the earth’s crust
The 5th most abundant element
in a plant
The 2nd most commonly limiting
nutrient for plant growth

P has roles in cell structure, energy and information
storage, as well as energy and information transfer
P has roles in cell structure,
energy and information
storage and energy and
information transfer

Phosphorus is one of
the three major
macronutrients found
in most fertilizers

The
Phosphorus
Cycle

• Extremely local recycling (no gaseous phase)
• Long-term weathering/erosion cycle
• Most important/limiting in aquatic ecosystems, tropical terrestrial habitats
The phosphorus cycle is much slower than that of C or N

Macronutrients

Group 1 H
Group 2 Na, Mg, K, Ca
Group 3 C, N, O, P, S,

Phosphorus is an essential nutrient
and found in many biomolecules
Membrane phospholipids

DNA and RNA

Phosphorus (P) is
assimilated and used as
phosphate (Pi) which
depending on the pH is
H2PO4- ,HPO42- or PO43H

H H

ATP

Macronutrients

Group 1 H
Group 2 Na, Mg, K, Ca
Group 3 C, N, O, P, S,

Phosphorus in soil is in the form of
immobile, insoluble complexes
Depletion Zone
Cation-phosphate complexes
are relatively insoluble and
immobile in soil; these
include oxides and
Fe-P
hydroxides of Al and Fe

Al-P
Mg-P
Ca-P

Plants don’t
take up organic
phosphate

Organic
phosphates
Roots growing in 31P-labeled soil. Only P
immediately next to roots is taken up

Macronutrients

Group 1 H
Group 2 Na, Mg, K, Ca
Group 3 C, N, O, P, S,

Root system architecture can optimize
foraging for phosphate
Root traits associated with enhanced
phosphate uptake:
•Reduced gravitropism
•Increased formation and elongation of
lateral roots and root hairs
•Aerenchyma (air spaces that allow
metabolically inexpensive growth)

Aerenchyma

Macronutrients

Group 1 H
Group 2 Na, Mg, K, Ca
Group 3 C, N, O, P, S,

Potassium
Potassium is an essential macronutrient
Enhances
fertility
Promotes stress
tolerance
Regulates
enzyme activities
Strengthens
cell walls
Stimulates
photosynthate
translocation

Maintains turgor
and reduces wilting
Regulates
stomatal
conductance,
photosynthesis
and transpiration
Maintains ionic
balance
[K+] in soil = ~0.1 – 1 mM
[K+] in plant cell
cytoplasm = ~100 mM

Symptoms of
potassium deficiency

Macronutrients

Group 1 H
Group 2 Na, Mg, K, Ca
Group 3 C, N, O, P, S,

Sulphur: Clean air can lead to
deficient plants
Sulphur
dioxide
damage

Until recently, sulphur dioxide emission from
fossil fuel combustion led to acid rain and
extensive damage to vulnerable plants

Eliminating S from air
pollution uncovered
crop plant
deficiencies,
particularly in oilseed
rape and wheat

Macronutrients

Group 1 H
Group 2 Na, Mg, K, Ca
Group 3 C, N, O, P, S,

Sulphur is an essential macronutrient in
amino acids & other compounds
HS-CH2-CH-COOH
NH2
Cysteine (Cys)

Amino
acids

Flavour
or odour

S

Allicin (garlic flavour)
O

H3C-S-CH2-CH2-CH-COOH
NH2

S

SH
S
Mercapto-pmenthan-3-one
(blackcurrant)

S
Allyl-isothiocyanate
(horseradish flavour)

Methionine (Met)
S

Cys

Glutathione
Glutathione is an amino
acid derivative involved
in Redox reactions

Oxidation /reduction,
metal transport and
detox

Defence

S

Camalexin is a
defence compound
induced by pathogens

Glucosinolates are
anti-herbivores
S

Macronutrients

Group 1 H
Group 2 Na, Mg, K, Ca
Group 3 C, N, O, P, S,

Magnesium
Mg in solution is a
divalent cation Mg2+

Soil magnesium is a
result of rock
weathering and Mg2+
from seawater

Serpentine
3MgO*2SiO2*2H2O

The Dolomite Mountains are
named for the mineral dolomite
MgCO3*CaCO3

Magnesite
MgCO3

Macronutrients

Group 1 H
Group 2 Na, Mg, K, Ca
Group 3 C, N, O, P, S,

Magnesium is a cofactor for many
enzymes and central to chlorophyll
Mg2+ is an essential
activator for many
enzymes including
Rubisco

Mg2+ is central
to chlorophyll
Mg2+
stabilizes
ribosome
3D structure

Mg2+ is a counter
ion for the negative
charges of ATP

Macronutrients

Group 1 H
Group 2 Na, Mg, K, Ca
Group 3 C, N, O, P, S,

Calcium: Low free cytosolic levels &
functions in apoplast / vacuole
Calcium
stabilizes pectin
in middle lamella
of cell walls

Middle lamella

Primary wall

2 µm

Secondary
wall

Cytosolic Ca2+
oscillations are
second
messengers in
diverse responses

Macronutrients

Group 1 H
Group 2 Na, Mg, K, Ca
Group 3 C, N, O, P, S,

Calcium deficiency causes cell wall
defects and sometimes cell death
Calcium is
translocated in the
xylem (apoplast)
but not the phloem
(symplast),
meaning that it
cannot be
remobilized when
external supplies
are limited

Ca2+

Ca2+ deficiency in growing tissues causes
weakness and death, leading to blossom
end rot (left), tip burn (right) and bitter pit
(bottom). Ca2+ deficiency also can result
from a low rate of transpiration.

Macronutrients

Macronutrients: Summary
• Macronutrients (N, P, K, S, Mg, Ca) are essential elements
that must be acquired from the environment
• Soil microbes affect nutrient availability and uptake
• Nutrient-specific transporters control uptake, translocation
and remobilization of mineral nutrients
• Some macronutrients are assimilated into organic compounds
• Uptake and assimilation reactions are coordinated by nutrient
availability and demand
• Replenishment of soil nutrients is essential for high-yielding
agricultural systems

Group 1 H
Group 2 Na, Mg, K, Ca
Group 3 C, N, O, P, S,

Micronutrients

Essential micronutrients are
normally found in small amounts
Element

Biologically
relevant form in
plants

Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al
Group 3 Se, Ge, I, F, Cl

Concentration in plant
(mg / kg)
(These values vary by species,
other nutrient levels etc.)
Deficiency

Normal

Toxicity

Iron (Fe)

Fe2+, Fe3+

< 20

20 – 1000

> 2000

Copper (Cu)

Cu+,

< 10

10 – 25

> 25

Zinc (Zn)

Zn2+

< 10

10 – 120

> 120

Manganese
(Mn)

Mn2+, Mn3+, Mn4+

< 90

90 – 200

> 200

Molybdenum
(Mo)

Mo4+, Mo6+ (in
Moco or
FeMoco)

< 0.1

0.1 – 90

> 90

Boron

B(OH)3

< 10

10 – 80

> 80

Chloride

Cl-

> 100

100 – 800

> 800

Nickel (Ni)

Ni2+

> 0.05

0.05 – 10

> 10

Cu2+

For comparison,
concentrations of
macronutrients
range from 1000 –
450,000 mg / kg)

Micronutrients
Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al
Group 3 Se, Ge, I, F, Cl

Plants respond to nutrient
deficiency and nutrient excess
Plant dry
weight

Limitation

Deficiency

Luxury

Toxicity

Optimal range
Concentration of element

Increased
Alternative
uptake:
metabolic
(upregulated
pathways
transporters,
secretion of
Recycling siderophores
and
chelators)

Efflux to
apoplast
Storage
(organelle)
Chelation /
sequestration

Micronutrients
Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al
Group 3 Se, Ge, I, F, Cl

Photosynthetic and respiratory
electron transport chains require Fe
Or flavodoxin (Cu)

Respiratory
electron
transport in
mitochondria

Or plastocyanin (Cu)

Photosynthetic
electron
transport in
chloroplasts

Micronutrients
Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al
Group 3 Se, Ge, I, F, Cl

Iron uptake and storage is regulated:
not too much or too little
Cytosol
Vacuole

Iron deficiency
triggers expression
of vacuolar metal
sequestration
genes

Fe deficit

FIT

It’s not clear
how iron is
sensed in
plants

Iron deficiency
induces iron uptake
genes and metal
homeostasis genes

Iron uptake genes
Metal-homeostasis
genes
FRO2

MTP

FeNon-iron
and metals
are transported by
otherFemetals
transporters

IRT1

IRT1 can be internalized
from the plasma
membrane or subjected to
proteolytic degradation to
prevent uptake of excess
iron or other metals

Micronutrients
Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al
Group 3 Se, Ge, I, F, Cl

Copper
proteins
are involved
in in
Copper
proteins
are involved
electron
transport
andand
other
reactions
electron
transport
other
rxns
Cu/Zn
Superoxide
Dismutase

Cytochrome c
oxidase
Ethylene
receptor
(in ER)

Laccase /
multicopper
oxidase /
ferroxidase

Plastocyanin

Micronutrients
Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al
Group 3 Se, Ge, I, F, Cl

Zinc: Deficiency common in plants
and people
Barley grown with
and without zinc

(A) Barley plants grown with diﬀerent
concentrations of Zn (from left to right: 0.005,
0.05 and 0.5 μM Zn), and (B) Three bread wheat
genotypes (from left to right: Stylet, RAC875-2
and VM506 grown with nil Zn supply.

Zinc is deficient in 50% of the world’s agricultural soils
and is recognized as the world’s most critical
micronutrient deficiency in crops. In humans, Zn
deficiency contributes to 800,000 child deaths annually

Soil

Micronutrients
Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al
Group 3 Se, Ge, I, F, Cl

Manganese: Central to the oxygenevolving reaction
Mn limitation interferes
with O2 evolution
O2 released

The light-dependent
reaction that splits
water and releases
oxygen depends on a
Mn cluster

Mn

Symptoms of Mn deficiency

MnSOD is the
dominant SOD in
mitochondria
SOD = Super Oxide Dismutase

Micronutrients
Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al
Group 3 Se, Ge, I, F, Cl

In most cells molybdenum functions
as Molybdenum cofactor Moco
+Mo

-Mo

Mo is functional
when conjugated to
a pterin, as
Molybenum cofactor
(Moco)
MoO 24

1939 Mo was shown to be an
essential micronutrient

The genes involved in pterin
moiety are conserved across
the domains of life

Micronutrients
Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al
Group 3 Se, Ge, I, F, Cl

Nickel: Necessary but rarely limiting
The requirement for Ni was demonstrated recently
1983

1975

The enzyme urease
requires Ni

In Ni-deficient soybean,
urea accumulation causes
tissue death

1987

Ni-deficient barley
seeds cannot
germinate

Ni in urease
active site

Other Ni-dependent
proteins are suspected but
have not been identified

% Germination

Urease

Ni (ng/g)

Micronutrients
Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al
Group 3 Se, Ge, I, F, Cl

Boron is indispensable for cell wall
crosslinking
In plant cell walls, B crosslinks complex
polysaccharides called Rhamnogalacturonan II (RG-II),
made up of a backbone and four side chains

Boron can crosslink
molecules by making diester
bridges between them
HO

B(OH)4

H3BO3

HO − OH
B
HO
OH

B

OH

− O

C

C

O

C

C

HO

HO

B
HO

O − O
B
O
O

Rhamnogalacturonan II

Backbone

-

Two RG-II
crosslinked
by boron
C
C

Micronutrients
Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al
Group 3 Se, Ge, I, F, Cl

Silicon is essential for some plants,
beneficial for many
Silicon (Si) is the
second most abundant
element in the earth’s
crust after oxygen
It is often found as
silica SiO2 (insoluble
quartz sand), and in
biological systems as
silicic acid Si(OH)4

Equisetum arvense

In 1969 Chen and
Lewis showed Si to be
essential for growth of
the common horsetail,
Equisetum arvense
Diatoms form cell walls from silicon

Micronutrients
Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al
Group 3 Se, Ge, I, F, Cl

Chlorine is an essential
micronutrient
Chlorine deficiency

Chlorine is an essential
micronutrient, although Cl
deficiency is not common
Cl in soil comes from rain, sea
spray or the application of KCl,
CaCl2, or MgCl2 in fertilizers

+ Cl

- Cl

Chlorine (Cl) is
taken up as
chloride (Cl-) and
its primary role is
as a negatively
charged anion

Major cellular anions
Chloride

Cl−

Nitrate

NO3−

Malate

Micronutrients
Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al
Group 3 Se, Ge, I, F, Cl

Toxic metals and metalloids
Cadmium interferes
with zinc uptake and
activities, affects copper
homeostasis, and
moves through iron
transporters

Al inhibits
root growth

Arsenate [As(V)] interferes
with phosphate uptake and
function, and arsenite
[As(III)] can move through
silicate transporters

Micronutrients
Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al
Group 3 Se, Ge, I, F, Cl

Arsenic is toxic to plants and
humans and affects millions
Arsenic is abundant, toxic
and a major human health
concern throughout south
and south-east Asia
where As naturally occurs
in soils and groundwaters

Micronutrients
Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al
Group 3 Se, Ge, I, F, Cl

Cadmium is an extremely toxic
heavy metal
Cd is usually mixed with zinc and released during the mining process

In the mid-20th century widespread
cadmium poisoning occurred
downstream of mining facilities in
Toyama prefecture, Japan
It was known as itai-itai
(ouch-ouch) disease after the
painful symptoms, which
include bone decalcification,
lung and kidney disease

Tobacco accumulates Cd,
so smoking significantly
increases your intake of Cd
P-containing
fertilizers are often
Cd-contaminated
Ni-Cd
batteries

Micronutrients
Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al
Group 3 Se, Ge, I, F, Cl

Breeding for altered transporter
activities leads to low-Cd rice
Altering activities of several
different transporters including
OsNramp5, LCT1 and HMA3
contributes to low-Cd rice grains

Control (L) and low-Cd (right)
grains stained with QAI, which
turns purple when it reacts with Cd

Micronutrients
Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al
Group 3 Se, Ge, I, F, Cl

Aluminium, a damaging element in
acidic soils
Aluminium is the most abundant
metal in the Earth’s crust. At
neutral pH it is bound into
insoluble complexes. Acidic
soils release Al3+ which arrests
root growth in sensitive plants

Low pH

Al3+
Soluble

Solid

Aluminium
sensitive

Aluminium
tolerant

Aluminium
tolerance is
genetically
determined

Much of the world’s soil is strongly (pH ≤ 4.5) or
moderately acidic (pH 4.6 – 5.5)

Micronutrients
Group 1 V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn
Group 2 B, Al
Group 3 Se, Ge, I, F, Cl

The study of plant
micronutrients helps
ensure:
1) Optimal crop
yields, particularly in
nutrient-poor soil,
2) Adequate dietary
iron and zinc so that
children and adults
can thrive, and
3) Helps protect
people from the toxic
effects of arsenic
and cadmium

Cd

The Carbon Cycle

Carbon Forms: CO2, CO, CH4, H2CO3, organic matter, CaCO3

Global Carbon - SeaWiFS Views the Global Carbon Cycle
Note how tropical seas are not as productive as temperate and cold seas

Major pools of the
carbon cycle in billions of
tons of carbon

The oceans
contain the
largest pool of
carbon

Atmospheric carbon dioxide
Annual increase: 3.5 Gt

Global greenhouse gas emissions (CO2, CH4, N2O, SF6, PFCs and
HFCs) in the year 2005 Gg CO2-equivalents per 0.1 degree grid cell.
Shown are emissions from anthropogenic origin excluding aviation
and land-use, land use change and forestry (LULUCF).

More on Nitrogen
Almost all N is in the atmosphere
90-190 Tg N fixed by terrestrial systems (various)
40-200 Tg N fixed by aquatic systems (cyanobacteria)
3-10 Tg N fixed by lightning (into nitrates)
32-53 Tg N fixed by crops (legumes)

Sources of Nitrogen
•
•
•
•
•
•

Lightning
Inorganic fertilizers
Nitrogen Fixation
Animal Residues
Crop residues
Organic fertilizers

organic = biological
inorganic = non-biological

Gas (Symbol)

Percentage

Nitrogen (N)

78.084

Oxygen (O)

20.946

Argon (Ar)

0.934

Carbon dioxide (CO2)

0.038

Hydrogen (H)

0.000055

Neon (Ne)

0.001818

Helium (He)

0.000524

Krypton (Kr)

0.000114

Ozone (O3)

0.00006

Xenon (Xe)

0.000009

Means of Nitrogen Fixation

1) Human manufacturing of synthetic fertilizers
2) Lightning
3) Nitrogen-fixing bacteria and cyanobacteria.

Global Nitrogen Reservoirs
Nitrogen
Reservoir

Metric tons
nitrogen

Actively cycled?

Atmosphere

3.9 x 1015

No

3,900,000,000,000,000

Ocean soluble
salts

6.9 x 1011

Yes

690,000,000,000

Biomass

5.2 x 108

Yes

Land organic
matter

1.1 x 1011

Slow

110,000,000,000

Biota

2.5 x 1010

Yes

25,000,000,000

520,000,000

Nitrogen Metabolism
Role of Nitrogen In Plants
Plants are surrounded by the nitrogen (N) in our atmosphere, but because atmospheric
gaseous nitrogen is present as almost inert nitrogen (N2) molecules, this nitrogen is not
directly available to the plants that need it to grow, develop and reproduce.
So, despite nitrogen being one of the most abundant elements on earth, nitrogen deficiency is
probably the most common nutritional problem affecting plants worldwide.
Nitrogen is required for the
synthesis of vitamins.
It is needed for certain amino
acids, which are the building
blocks from which proteins are
made.
Without proteins, plants wither
and die.

Symbiotic Nitrogen
Fixation
• Nitrogen-fixing bacteria fix N (e.g., Rhizobium)
• Plants fix sugars (e.g., legumes)
• Plants form swellings that house N-fixing
bacteria, called root nodules
• Mutualistic association
• Excess NH3 is released into soil
• Crop rotation maintains soil fertility

Agriculture
Crop rotation
Hundreds of years ago farmers knew that some
crops would put “goodness” into the soil, and others
would remove it. They soon realised that if they grew
cereal crops the year after peas or beans, then they
would get a better yield.

Growing the same vegetables in the same spot each
year can lead to problems. Soil living pests and
diseases, which thrive on that particular crop, can
build up in the soil to epidemic levels. Vegetables
also have various mineral needs and continuous
cropping of one particular crop can lead to the levels
of nutrients in the soil becoming unbalanced.
To prevent the build up of pests and diseases in the
soil and to help the vegetables in their nutrient
needs, crops need to be rotated. Vegetables grow
better in soil that has been previously used for a
diﬀerent crop, than in soil that has been used for
one of their own kind.

It didn’t take farmers long to recognise that legumes have a distinct advantage, and the crops
after legumes grew much better.

Farmers and early agriculturalists knew that legume roots had strange lumps on them, which
they called nodules, but it wasn’t until late in the 19th Century that scientists could show that
these nodules had a direct connection with the excellent growth of legumes in poor soils.

But remember that legumes are an important
part of your diet, and in some parts of the
world form the basis of diet, because they can
grown on poor soils and are high in protein.
What legumes do you eat every day?

Symbiosis
Living together. Originally termed by de Bary
for any intimate relationship between two
diﬀerent organisms. Symbiosis can be
divided into three kinds of relationship
a. commensalistic (commensalism) one
partner living on the other with no obvious
eﬀect on the second (literally: eating at the
same table).
Eg cockroaches in our houses, shrimps on
crabs, epiphytic plants (see tree by library
north facing side). There are thousands of
examples !

This is a Blue Spotted Shrimp hiding in a Sun Anemone on the reefs of Cozumel.
These shrimp actually clean fish that line up for the service. The fish hover over
the anemone and the shrimp jumps up onto the fish. Then it picks the parasites and
dead skin oﬀ the fish. The shrimp gets a meal and the fish gets cleaned -- a nice
arrangement all around. When there are no fish needing cleaning, the shrimp
hides in the anemone, gaining the protection of its venomous tentacles.

b. mutualistic (mutualism, symbiosis) :
advantages for both partners
cleanerfish: get food, cleaned fish avoids
parasites and disease; ants cultivate
caterpillars and aphids for honey which
are protected by the ants; termites have
obligate symbiosis with protozoa,
ruminants have obligate symbiosis, so do
humans with E. coli.
Plant symbiosis is not so obvious, and often involves the element Nitrogen.
Rhizobium/legume
Azolla/blue-green alga
Gunnera/blue-green alga
Frankia/Alnus
Mycorrhizae help in nutrient uptake

c. pathogenic (parasitism,
antagonism) : One partner living on
the other with detrimental eﬀect on
the second

Leaf Rust

Important nitrogen fixation symbioses
Lichen/blue-green alga (fungus and plant) Azolla/blue-green alga (plant and plant) ---------------Gunnera/blue-green alga (plant and plant) Rhizobium/legume (bacteria and plant) ----------------Frankia/Alnus (bacteria and plant) -Mycorrhiza (fungus and plant) ---------------------

Anabaena (Nostoc) and the Azolla
Symbiosis
Cyanobacteria, with the ability to both
photosynthesize and fix N2, are ideal pioneering
species. However, some occur in symbiosis with a
host including lichenous fungi, liverworts such as
Blasia, the aquatic fern Azolla, and the angiosperm
Gunnera. Of these, Azolla is the most commercially
important. Traditionally Azolla is maintained and
propogated in slow-flowing creeks or overwintered in
protected beds, then introduced into paddies between
plantings of rice. The fern can then be either
incorporated before rice seedlings are transplanted, or
left to be shaded out as the rice canopy develops.
Yields in the subsequent rice crop are enhanced by up
to 1000 kg ha-1.

A dorsal lobe of the water fern Azolla
showing the dark-green pocket filled
with cells of the microsymbiont
Anabaena (Nostoc) azollae.

A filament of the cyanobacterial microsymbiont
(Anabaena [Nostoc] azollae) showing both enlarged
heterocysts and normal cells of the micro-symbiont.
Heterocyst frequency is greater than 20%.

Gunnera sp. Botanic Gardens, Christchurch, NZ

Gunnera the only angiosperm
(flowering plant) that has
a symbiosis with a bluegreen alga

Gunnera chilensis stem. Scales normally
covering the stem have been removed.
Glandular tissue where symbiotic
interaction with Nostoc occur are
numerous.

Gunnera flower

The alder tree

Frankia and the
Actinorhizal
Symbiosis.
Frankia is an actinomycete
forming N2-fixing
(actinorhizal) nodules with a
range of angiosperms.

Frankia is a Gram-positive, filamentous organism characterized by multilocular sporangia
and N2-fixing vesicles in vitro.
Vesicle production occurs under conditions of N limitation, and in the nodule, mature
vesicles have a pronounced lipid envelope that protects the nitrogenase from oxygen. In
the symbioses in which vesicles are not formed (eg. Casuarina), lignification of infected
and adjacent cells results in formation of an oxygen diffusion barrier.

Root nodule symbiosis
Most plants that form
nitrogen-fixing nodules
are legumes. Their
partners are diverse
bacteria collectively
called rhizobia
Unrelated Frankia
bacteria nodulate a
diverse group of
plants called
actinorhizal plants
Root nodules of the legume
Medicago truncatula inoculated
with Sinorhizobium meliloti

Casuarina equisetifolia

Root nodule symbiosis is a mutually
beneficial arrangement
Light

CO2

Bartering reduced molecules
The plant provides organic carbon
derived from photosynthesis, and
the bacteria provide fixed nitrogen.
Most rhizobia cannot fix nitrogen
except in nodules

N2

Carbohydrate

N2
NH4+
NH4+

Glutamine

Legume with
nitrogen-fixing nodule

Fixing nitrogen to fertilize plants
accounts for ~2% of global energy use

CO2

Biological nitrogen fixation
3 H2
N2
16 ATP Nitrogenase

Many prokaryotes can fix nitrogen
using an enzyme called
nitrogenase. This process uses a
great deal of cellular energy, ATP

2 NH3

The rhizobia-legume symbiosis
•

The most sophisticated N2fixing symbiosis

•

The nodule is a unique root
organ designed to support
endosymbiotic rhizobia and
N2-fixation

Root nodules

•

Upon infection, the rhizobia
differentiate into bacteroids

•

Bacteroids are enclosed in the
plant cell by the symbiosome

•

Symbiosomes are surrounded
by a specialized plant
membrane - the peribacteroid
membrane
Cross-section of the
nodule

1 µm
Bacteroids inside symbiosomes

10 µm
Bacteroids inside a nodule

Legumes are important ecologically
and as food and fodder crops
Lupines and other legumes are
pioneer plants that can grow in
disturbed or infertile soils
Some legumes are too
successful and become
a pest, such as the
invasive legume kudzu
(Pueraria montana)

Legumes provide protein to
humans and other animals

Steps in nodule development

Generalized steps in the formation of a nodule

Communication
Rhizobia

Plant root

Root hair
curling

Infection
thread
formation

Cell
division
in root

Nodule
expressing
leghemoglobin

Bacteroid

NH4+

N2

Communication:
Flavonoids and Nod factors
Rhizobia

1. The plant root
produces specific
flavonoids that
attract rhizobia

2. Most rhizobia produce
Nod factors, identifying
them as appropriate
symbionts

Plant cell

3. The plant prepares to
form a symbiotic nodule
structure

Nod factor perception induces root
hair curling
time

•

•

•

Nod-factors are
concentrated in the
cell wall and are
almost immobile
Nod-factors cause
redirection of tip
growth (shown in a)
Only a few bacteria
actually redirect the
growth of the root
hair successfully and
become enveloped
in an infection thread

Bacterial entry and nodulation process

1 Root hair curling
2 Infection thread (IT)
formation and cortical
cell division (CCD)
3 Nodule primordium (NP)
formation
4 Nodule development
with formation of nodule
meristem (in some
legumes)

Symbiotic nitrogen fixation requires
teamwork
Light

CO2
Plants cannot fix nitrogen on
their own, and most rhizobia
cannot fix nitrogen on their
own.

Carbohydrate

N2

N2
NH4+
NH4+

Gln

Symbiotic nitrogen fixation is
a true partnership.
The bacteria provide
nitrogenase.
The host plant provides
leghemoglobin,
homocitrate, carbon
sources, organic
nitrogen…..

Bacteroids need a high O2 flux but low O2
environment
Oxidative phosphorylation
requires oxygen for ATP
production

A low oxygen environment
is maintained by an oxygen
permeability barrier

C6H12O6
O2

Leghemoglobin gives
nodules their pink color
A high affinity cytochrome
oxidase in the bacteroid
functions at low oxygen
concentrations

Leghemoglobin buffers
oxygen and deliver it to
respiring symbiotic cells

Summary
Symbiotic
microorganisms are
intimate allies of
plants
These symbioses are
mutualistic
associations in which
both partners benefit
The plant uses a
core SYM pathway
for symbioses with
mycorrhizal fungi and
rhizobia

If you continue to study biology, there are many sub-discplines that I have not been able to discuss, but which
in the most part you can learn here at ICU.

Biochemistry
Development of plants and animals
Ecology
Genetics
Microbiology
Molecular genetics
Molecular biology
Physiology of plants and animals
There are also laboratory classes and field studies available in many of those subjects.
If you do senior year in biology then you will spend one year on the laboratory of one of the professors.

