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Essential mineral nutrients
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Element Chemical symbol Concentration in dry material (pg g') Concentration in fresh tissue*
Macronutrients

Nitrogen N 15,000 71.4 mM
Potassium K 10,000 17 mM
Calcium Ca 5,000 8.3 mM
Magnesium Mg 2,000 55 mM
Phosphorus P 2,000 4.3 mM
Sulfur S 1,000 2.1 mM
Micronutrients

Chlorine Cl 100 188 pM
Boron B 20 123 pM
Iron Fe 100 120 pM
Manganese Mn 50 61 pM
Zinc Zn 20 20.4 pM
Copper Cu 6 6.2 uM
Molybdenum Mo 0.1 0.07 pM
Nickel Ni 0.005 0.006 pM

*Fresh weight concentrations were calculated by assuming a 15:1 fresh weight—dry weight ratio.




Potassium

Mesophyll cells Xylem vessel

K™ 1s the most abundant
cellular cation

K™ functions:

* osmoticum
charge balance
* enzyme activation

Root apex




- Nitrogen
Compound  Oxidation state of N Name
N, 0 Dinitrogen (nitrogen gas)
HN, -3 Ammonia
NH,* -3 Ammonium ion
N,O +1 Nitrous oxide
NO +2 Nitric oxide
NO, +3 Nitrite
NO, +4 Nitrogen dioxide
NO; +5 Nitrate

nitrogen fixation  glutamine synthetase

N > NH,* » Glutamine —— Organic nitrogen compounds
2 4 g g p

Glutamate ———
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CH,
+
HyN—C—CO0"

H

Alanine
(an amino acid)

Adenine

Indoleacetic acid
(IAA, an auxin)

Zeatin
(a cytokinin)

Nitrogen deficiency phenotype

Selected organic nitrogen compounds
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Plants may acquire N as:

* ammonium ion
* nitrate

* dinitrogen, only in the case of
plant species capable of
endosymbiosis with nitrogen-
fixing bacteria

Obtaining nitrogen through
symbiosis consumes 12to 17 g
of carbohydrate per gram of N
fixed

Leaf

/ pl
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2 Root
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Amino
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Nodulated root
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Nitrogen fixation

Fe protein

Nitrogenase complex

Dinitrogenase reductase  Dinitrogenase
Fe protein MokFe protein

163ATP: 16 (ADP
+
16 @,

N, + 16ATP + 8¢ + 8H*—~
ONH, + H, + 16ADP + 16P,

MoFe protein
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Legume-rhizobial symbiosis

The plant creates root nodules to ensure:
* microaerobic environment

 organic acids to feed the bacteria
 carbon skeletons to transport fixed nitrogen

Bacterial symbionts fix nitrogen and release the resulting ammonia

1. Plant signals
2. Nod factors
3. Nodulin proteins
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Nodule morphogenensis
B T O

In symbiosomes, bacteria differentiate into bacteroids

Cell wall Plasma membrane

‘\ P Bacterium Bacteroid

R. leguminosarum

Matrix of
mfectlon thread N-fixing bacteria

T in peribacteroid e
membrane > B. japonicum
developing
symbiosomes ) \_

—

S. meliloti

Bacterium Bacterium in
in infection  unwalled droplet
thread entering into cytosol

>
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Microaerobic nodule environment is created

¢
|

St
J

Oxygen

@+. . .+Lb4—>Lb~. permeability
barrier

@6

[Cytochrome]

. [Leghemoglobln]

Carbon 1s provided to the bacteroids as dicarboxylic acids
* oxidation of DCA provides ATP
* DCA carbon backbones are used for nitrogen transport
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GS-GOGAT cycle

Ammonia assimilation

*:ﬁ a-Ketoglutarate

Glutamate or 2 Fd ¥

Aspartate Asparagine

Glutamate Glutamine Glutamate

G
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Nitrate assimilation

pH=72
Ay =-100 to =250 mV
[NO57]=1to5 mV

Vacuole

pH=5.5
Ay=-90 mV
[NO5;7] =20 to
70 mV

Plastid
Glutamine

GS-GOGAT

NH,*

/

Nitrite
reductase

Nitrate
reductase

Plasma
membrane

Nitrate @
transporter e \‘

NO,~ @



Nitrate reductase
NR reaction NR homodimer

NO, + NAD(P)H + Ht —
NO, + NAD(P)" + H,0

NAD(P)H NAD(P)* NO,  NO,

©®

Hinge I Hinge |
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Nitrite reductase

NiR reaction

NO, + 6 Fdx,, + 8 H' NH,* + 6 Fdx_, + 2 H,0O

Plant nitrite reductase

Fdx-binding
Fdx,eq domain 4 Fe—4S and siroheme NO,~

Fdxyy )N C< NH,*
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Relative NR mRNA abundance
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Regulation of nitrate assimilation
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Sulfur

Sulfated

polysaccharides

(algae)  O.sulfated

compounds
PAP Glucosinolates
PAP«—ﬁ S-Methylcysteine
PAPS S-Alkylcysteine

Glutathione —» Glutathione

/ conjugates
/ Cysteine

steine —| jogradation Y = HzS

2H
\\\ Pyruvate

O-Acetylserine

g Sulfate reduction 2-\
SO, —— APS —» — S £

- — < —

2 Cystine
Dimethyl l
sulfoniopropionate <¢— -— <—-<—S-Methylmethionine <««— Methionine
(DMSP, plants) r'd
¥

/ S-Adenosylmethionine

DMsP &
(marine algae) /\

Ethylene Polyamines

APS — 5-adenylylsulfate
PAPS — 3 phosphoadenosine-5 -phosphosulfate,
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Phytochelatin molecule

0}

SH

(y-Glu-Cys)3-Gly
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H . . C N
- {|: Thiamine pyrophosphate Coenzyme A frﬁ \ﬁ” Nen
il T o o e
o T B
M s Il Il o] O OH CH, o) 0
’J\ | CH;—CH;— 0 — P—Q—P— 0" I - I |
He ™ 3 CH, | HS — CH— CH—N—C—CH,— CH;—N—C—C—C—CH,— O— P— 0~ P— 0~ CH,
W7 Sy A L \ \ | | | 5
H H H CH, o} 0
H H
O‘ OH
0=P—0"
(A) |
O NH, H,O  NHj 0 °
CH,==CHCH,SCH,CH— COOH

S-Alkyl-L-cysteine S-oxide

Alkyl sulfenate

Pyruvate

jO. 2

.

H,0 (|T
2 CH,=CHCH,SOH —A CH,=—=CHCH, — S — 88— CH,— CH=CH,
Alkyl sulfenate Spontaneous Allicin
(B)
Glucose
/S — Glucose ) /SH
R— C\ » R— C\
\N —O0—S04” | Thioglucosidase I N
Glucosinolate

Aglycone

N—0— 805" Spontaneous

CH,=—= CHCH,SOH + CH3C— COOH

~

R—N=C=8§8
Isothiocyanate
(principal product)

R—S—C=N
Thiocyanate
(minor product)

R—C=N + S
Nitrile

(minor product)



Leaf mesophyll cell

PARS

1

Chloroplast

S0,2 —= APS —= PAPS O
Sulfated compounds

Vacuole
SO&

|
i\

50,2 —= APS == SO04% —= S2- - Cys == Glutathione

/ \

Y Mitochondrion |
8% Cys

Low-affinity
sulfate permease

Xylem

Phloem

A\

\
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PAPS

Vacuole
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High-affinity
sulfate permease
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Proton- Root cell

pumping

®+ ATPase



Sulfate activation

N
[ > 00 i
N CH—0—P—0—P—0—P—0O + '04%—0'

| | |
0 0 o} o 0

OH OH 4

Sulfate

ATP sulfurylase

N
[ > ] 1
N CH2—O—T—O~#S‘$7O' + O0—P—O0—P—O"

0 0" 0 0" o7
H H
OH OH
5’-Adenylylsulfate Pyrophosphate

(APS)
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Sulfate reduction to sulfide

E. coli pathway
r A N\
APS PAPS
kinase reductase
APS = PAPS S04~
2 GSH GSSG

Glutathione-dependent APS reductase

Plastid-localized plant enzyme

6 Fdx,eq 6 Fdx,y

NS

Sulfite reductase

> 52'
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Cysteine synthesis
T
i
OH CoASH )
| 0 |
CH, I j CH,
| + H,C—C—R—CoA > |
HsN* —C —H Serine acetyltransferase HsN* —C —H
COO™ COO~
Serine Acetyl-CoA O-Acetylserine
T
C=0
: i
CH, ) CH,
| + H,S > | + CH,CO00~
HaN* — (|3 —H OAS(thiol)lyase HaN* — Cl =
COO Coo
Hydrogen
O-Acetylserine sulfide Cysteine Acetate
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Regulation of sulfate assimilation

* Sulfur assimilation is not strongly regulated by light
the enzymes are also active in etiolated plants and do not demonstrate diurnal
oscillations

* Sulfur assimilation is regulated by developmental stage
all the enzymes are highly active in young leaves and root tips

* Sulfur assimilation 1s regulated in response to the availability of sulfur
sulfur starvation results in the up-regulation of sulfate transport and APS
reductase

* The content of reduced sulfur and nitrogen is strictly coordinated

o Sulfite and sulfide are not allowed to accumulate
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Phosphorus

Root modifications in low Pi1
concentration, days

Phosphate functions:

* component of nucleic
acids and phospholipids

* energy conversion
(ATP)

e regulation

Arbuscule

Endomycorrhizae



