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Mineral Nutrition

1. Introduction

Next to water, nutrients are the environmental factor
that most strongly constrains terrestrial productiv-
ity. The productivity of virtually all natural ecosys-
tems, even arid ecosystems, responds to addition of
one or more nutrients, indicating widespread nutri-
ent limitation. Species differ widely in their capacity
to acquire nutrients from soil. Some plants can take
up Fe, P, or other ions from a calcareous soil from
which others cannot extract enough nutrients to
persist. In other soils, the concentrations of alumi-
num, heavy metals, or sodium chloride may reach
toxic levels, whereas some species have genetic
adaptations that enable them to survive in such
environments. This does not mean that metallo-
phytes need high concentrations of heavy metals or
that halophytes require high salt concentrations to
survive. These species perform well in the absence
of these adverse conditions. Their distribution is
restricted to these extreme habitats because, on one
hand, these plants resist the adverse conditions,
whereas most other plants do not. On the other
hand, metallophytes and halophytes generally per-
form less well than most other plants in habitats
without toxic levels of minerals or salts. Terms like
metallophytes, halophytes, and others that we will
encounter later in this chapter therefore refer to the
ecological amplitude of the species rather than
to their physiological requirements (Fig. 2 in
Chapter 1 on assumptions and approaches).

This chapter deals with the acquisition and the
use of nutrients by plants, focusing on terrestrial
plants that absorb nutrients predominantly via
their roots from soil. Leaves are also capable of
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acquiring nutrients. For example, volatile nitrogen-
ous and sulfurous compounds, which may occur
either naturally or as air pollutants in the atmo-
sphere, can be taken up through the stomata. Nutri-
ents in the water on wet leaves are also available for
absorption by leaves. This may be of special impor-
tance for aquatic and epiphytic plants as well as for
mosses and even Sequoia sempervirens (coast
redwood) (Burgess & Dawson 2004). Other mechan-
isms to acquire nutrients include those found in
carnivorous plants, which acquire nutrients from
their prey, symbiotic associations with micro-
organisms, and parasitic associations with host
plants. These will be treated in separate chapters.

2. Acquisition of Nutrients

Most terrestrial plants absorb the inorganic nutri-
ents required for growth via their roots from soil.
For the uptake into the root cells, transport proteins
“carriers”, “channels”, and “transporters”) are used
(Sect. 2.2.1). Before describing mechanisms asso-
ciated with transport across the plasma membrane,

we discuss the movement of nutrients in soil.

2.1 Nutrients in the Soil
2.1.1 Nutrient Availability as Dependent
on Soil Age

In relatively young landscapes, following recent
volcanic activity or glaciation, phosphorus (P) avail-
ability is relatively high, and nitrogen (N) tends to
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be the key nutrient that limits plant productivity. In

ancient, highly weathered soils that characterize

much of Australia and the Cape region in South
Africa, P is the key-limiting nutrient. Chronose-
quences (gradients of soil age) over various geolo-

gical time scales up to 4 million years constitute
natural experiments that allow the study of causes

6. Mineral Nutrition

of variation in availability and forms of N and P
(Walker & Syers 1976, Vitousek 2004) (Fig. 1A) and
of plant strategies for accessing different forms of
nutrients (Lambers et al. 2008). These strategies
broaden the options for uptake of resources from
soils that differ in chemical composition. Individual
strategies such as mycorrhizas, N»-fixing symbioses

A7s —
7.0
g -0 §
6.5 —
=]
6.0 600 I
| 2 1
L 55 - E i E B
o o .
5.0 i - I
W |
45 u B 2 20 L =
4.0 = B _ = = —
o
07 18 21 24 27 37 41 46 5.1 07 18 21 24 27 37 41 46 5.1
Log site age Log site age
s00{ [l 1
o - - 12
o =
E’ 600 » e 10 I
5 Ee
o 400 = ! I I
s © -]
(=)
g 200 I = 4 2 I N
£ n . 2 g
0 - = 0
07 18 214 24 2.‘? 37 41 46 54a 07 18 21 24 2.?‘ 37 41 486 54
Log site age Log site age
B E > V) >0 Ea
3 | £ 2 | _FE| 2 | 3¢
= £ o o
w |22 |23 [Fo2|5e2| 28 | 82 :
Strongly acid s ey Sk Sewla5s | 5% Strongly alkaline
. cl
] 5 T
4 4.5 5 5:5 6 6.5 7 7.5 8 8.5 9 9.5 10
pH

FiGure 1. (A) Summary of mineral soil properties along
the Franz Josef soil chronosequence. Box plot symbols:
horizontal lines are the median; shaded bars give 25 and

75% percentiles, based on Richardson et al. (2004).
(B) The availability of a number of essential nutrients
in the soil as dependent on soil pH.
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(Chapter 9A), and P-absorbing cluster roots
(Sect. 2.2.5) may augment each other’s activities.
Together, these strategies allow plants to grow and
compete under a wide range of conditions, includ-
ing extremely nutrient-impoverished soils, such as
those in ancient landscapes.

2.1.2 Nutrient Supply Rate

Nutrient supply rates in the soil ultimately govern
the rates of nutrient acquisition by plants. Parent
material, the rocks or sediments that give rise to
soil, determines the proportions of minerals that
are potentially available to plants. For example,
granite is resistant to weathering and generally has
lower concentrations of P and cations required by
plants than does limestone. Other parent materials
such as serpentine rock have high concentrations of
heavy metals that are either not required by plants
or are required in such low concentrations that their
high concentrations in serpentine soils can cause
toxic accumulations in plants. Various ecological
factors (climate, vegetation, topography, and sur-
face age) strongly influence weathering rates and
rates of leaching loss and, therefore, the relationship
between parent material and nutrient availability
(Jenny 1980).

The atmosphere is the major source of N,
through both biotic N, fixation (Sect. 2 of
Chapter 9A on symbiotic associations) and deposi-
tion of nitrate and ammonium in precipitation.
Atmospheric deposition of P is considerably less
but can be important in extremely P-impoverished
biomes, such as ocean basins downwind from
deserts (Brown et al. 1984, Soderberg & Compton
2007). There is also substantial input from wet and
dry deposition. Some cations [e.g., sodium (Na)]
may come primarily from sea salt, particularly in
coastal regions, but other nutrients [calcium (Ca),
magnesium (Mg), phosphorus (P), and potassium
(K)] come predominantly from dust (from deserts,
agricultural areas, and unpaved roads) and from
industrial pollution. These atmospheric inputs can
be substantial. For example, atmospheric inputs of
Ca are equivalent to 62, 42, and 154% of uptake by
forests in the eastern United States, Sweden, and the
Netherlands, respectively (Hedin et al. 1994), which
is considerably higher than annual inputs by weath-
ering. In ecosystems receiving aeolian dust,
atmospheric deposition may contribute a substan-
tial proportion of the P requirement of natural vege-
tation (Gressel & McColl 1997), especially in
nutrient-impoverished landscapes (Soderberg &
Compton 2007). Thus, atmospheric inputs may
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determine external mineral supply to ecosystems
much more than generally appreciated.

Soil pH is a major factor in determining the
availability of nutrients in soils. High concentra-
tions of hydrogen ions (low pH) cause modest
increases in nutrient input by increasing weathering
rate (Johnson et al. 1972), but even greater loss of
base cations by leaching. Acid rain is a recent source
of soil acidity caused by atmospheric deposition of
nitric and sulfuric acid in precipitation. Protons first
displace cations from the exchange complex on clay
minerals and soil organic matter. Sulfate anions can
then leach below the root zone, carrying with them
mobile mineral cations (e.g., K, Ca, and Mg) and
leaving behind a predominance of hydrogen and
Alions (Fig. 1B) (Driscoll et al. 2001). The availabil-
ity of other ions is strongly affected by pH because
this affects their oxidation state and solubility (e.g.,
P, S, and Al)or the biological processes that control
production and consumption (e.g., N) (Fig. 1B).

In the short term, recycling of nutrients from
dead organic matter is the major direct source of
soluble nutrients to soils (Table 1). Soluble cations
like K and Ca are leached from dead organic matter,
whereas organically bound nutrients like N and P
must be released by decomposition. Plants can only
take up inorganic phosphate (P;), predominantly as
H,PO,~, which is released by plant or microbial
enzymes that release P; from organic P forms (phos-
phatases). N is released from dead organic matter
yielding soluble organic N, which may be further
decomposed to NH," (N mineralization). NH,"
may then be oxidized, via NO,~, to NO;™ (nitrifica-
tion), and NO;™ may be converted to gaseous N, or
N,O (denitrification) (Fig. 2A). The rates of these
steps depend on temperature and soil conditions
(e.g., pH and redox potential); however, nitrification
may also be affected by inhibitors released from

Taste 1. Major sources of available nutrients that
enter the soil.

Source of nutrient (% of total)

Nutrient Atmosphere  Weathering  Recycling
Temperate

forest
N 7 0 93
P 1 <10? >89
K 2 10 88
Ca 4 31 65
Arctic tundra
N 4 0 96
P 4 <1 96

Source: Chapin 1991.



Dead microbes
and exoenzymes

Ficure 2. (A) A simplified view of the terrestrial N cycle.
All N pools (boxes) and transformations (arrows) are
affected by both plants and microorganisms. Dead
plants, animals, and microorganisms are decomposed,
releasing dead organic matter and then dissolved
organic N (e.g., amino acids, urea). Some of the dis-
solved organic N in soils originate from living organ-
isms. Both plants and microorganisms are capable of
using dissolved organic N. Microorganisms use the dis-
solved organic N as a carbon source, releasing N that is
in excess of their requirement as NH,*. Both plants and
microorganisms can use NH,4" as a source of N. Incor-
poration of NH," into soil microorganisms leads to
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N-immobilization; the reverse transformation is called
mineralization. Immobilization predominates at high
availability of a carbon source, whereas mineralization
is favored by a shortage of a source of carbon for micro-
organisms. Under aerobic conditions, some NH," is
transformed into NO3 ™, in a process called nitrification.
In alkaline soil, nitrification predominantly results from
autotrophic microorganisms, whereas in acid soil het-
erotrophic microorganisms are probably most impor-
tant. NO;3;~ is available for both plants and
microorganisms; as with NH, ", some of the NO3;~ may
be immobilized, or lost from the system through leach-
ing or denitrification; denitrification can be inhibited by
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roots (Lata et al. 2004), as is further discussed in
Chapter 9E on interactions among plants. At each
step, plants or soil microorganisms can take up
soluble N, or N can be leached from the system,
reducing the substrate available for the next N trans-
formation. Therefore, the supply rates of the differ-
ent forms of “available N” to plants and microbes
must follow this same sequence: dissolved organic
N > NH," > NO5™ (Eviner & Chapin 1997). If N
supply rate always follows the same sequence in all
soils, why do the quantities and relative concentra-
tions of these soluble forms of N differ among
ecosystems?

First, microbes generally release P; or NH," to
the soil solution when their growth is more strongly
limited by carbon than by nutrients (Schimel &
Bennett 2004). On the other hand, they immobilize
nutrients when decomposing plant litter with low
nutrient concentrations and/or high concentrations
of labile carbon (e.g., inputs of straw). Second, envir-
onmental conditions further modify rates of specific
N transformations. For example, cold anaerobic
soils in arctic Alaska limit N mineralization and
nitrification (an aerobic process), so amino acid N
concentrations are relatively high and NO;~
concentrations low (Kielland 1994). On the other
hand, in many arid and agricultural soils, high tem-
peratures promote rapid mineralization and nitrifi-
cation, and denitrification (an anaerobic process)
occurs slowly, so NO5™ is the most abundant form
of soluble N. Finally, N-uptake rates by plants and
microorganisms modify availability of each N form
to other organisms. For example, low concentrations
of NOs5™ in acidic conifer forest soils may be caused
by rapid microbial NO;™ uptake (Stark & Hart 1997),
and not only by slow nitrification rates (Lodhi &
Killingbeck 1980). Plant species in a N-limited, arctic
tundra community are differentiated in timing,
depth, and chemical form of N uptake, and species
dominance is strongly correlated with uptake of the
most available soil N forms (Jones et al. 2005,
McKane et al. 2002).

The activity of phosphatases that release P; from
organic P sources (Sect. 2.2.5.1) implies that organic
phosphate is hydrolyzed independently of the utili-
zation of organic matter by microorganisms
(Fig. 2B). In addition, root exudates can greatly

-
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enhance weathering of primary minerals and mobi-
lize phosphate sorbed to soil particles (Sect. 2.2.5.2);
“sorption” refers to both adsorption (precipitation)
onto soil particles and absorption inside such parti-
cles (Barrow 1984). When compared with the N
cycle (Fig. 2A), the P cycle is, therefore, considerably
less dependent on microbial decomposition of
organic matter than the N cycle, on both biological
and geological time scales (Fig. 2B; Gressel &
McColl 1997, Johnson et al. 2003).

In summary, each nutrient is returned from dead
organic matter to plant-available forms through dis-
tinct processes that occur at different rates in
response to quite different environmental controls.
Consequently, nutrients in the soil are seldom avail-
able in the proportions required by plants.

2.1.3 Nutrient Movement to the Root Surface

As roots grow through the soil, they intercept some
nutrients. This amount, however, is often less than
the amount contained in the growing root, and
therefore cannot serve as a net source of nutrients
to the rest of the plant. That is, roots do not move
toward the nutrients; rather the nutrients must
move to the roots by mass flow or diffusion
(Table 2).

Rapid transpiration in plants may result in sub-
stantial nutrient transport from the bulk soil to the
root surface via mass flow. The extent to which mass
flow is responsible for ion transport to the roots
depends on the concentration of the different ions
in the bulk solution relative to the requirement for
plant growth (Table 2; Prenzel 1979).

If less nutrients arrive at the root surface than are
required to sustain plant growth, the concentration
at the root surface drops, due to absorption by the
roots. This creates a concentration gradient that
drives ion diffusion toward the root (e.g., for P;
and K™). Other ions are delivered more rapidly by
mass flow than they are required by the roots (e.g.,
Ca”"), which causes precipitation on the root sur-
face (often as CaSO,) (Barber & Ozanne 1970). Diffu-
sion from the bulk soil to the root surface depends
both on the concentration gradient and on the dif-
fusion coefficient. This coefficient, which varies
among soil types, differs by three orders of

Ficure 2. (continued) specific compounds released from
living roots or litter. (B) A simplified representation of
the major processes and components of the terrestrial P
cycle in plant—soil systems. Several processes explained
for the N cycle (e.g., mineralization, immobilization)

play a similar role in the P cycle; however, leaching of
P tends to be negligible, due to the low mobility of P in
soil. Note that plants have considerably greater control
over the P cycle than over the N cycle, e.g., via the
release of phosphatases and carboxylates.
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TasLe 2. The significance of root interception, mass flow, and diffusion in supplying Zea mays
(corn) and a sedge tundra ecosystem with nutrients.”

Approximate amounts supplied by

Nutrient Amount taken up by the crop  Root interception  Mass flow  Diffusion
Zea mays

Nitrogen 190 2 150 38
Phosphorus 40 1 2 37
Potassium 195 4 35 156
Calcium’ 40 60 165 0
Magnesium” 45 15 110 0
Sulfur 22 1 21 0
Copper’ 0.1 - 0.4 -
Zinc 0.3 - 0.1 -
Boron” 0.2 - 0.7 -
Iron 1.9 - 1.0 -
Manganese” 0.3 - 0.4 -
Molybdenum” 0.01 - 0.02 -
Sedge tundra ecosystem

Nitrogen 22 - 0.1 21.9
Phosphorus 1.4 - 0.01 1.4
Potassium 9.7 - 0.6 9.1
Calcium 20.9 - 52 0
Magnesium 47.1 - 39.1 8.0

Source: Clarkson 1981, Barber 1995, Jungk 1991; tundra data calculated from Shaver & Chapin 1991 and

Chapin, unpublished.

" All data in kg ha™". The corn data pertain to a typical fertile silt loam and a crop yield of 9500 kg ha~" and
the tundra data a wet sedge meadow with a low-nutrient peat soil. The amount supplied by mass flow was
calculated from the concentration of the nutrients in the bulk soil solution and the rate of transpiration.
The amount supplied by diffusion is calculated by difference; other forms of transport to the root (e.g.,
mycorrhizas) may also be important but are not included in these estimates. The elements marked * are
potentially supplied in excess by mass flow; they may accumulate at the soil/root interface and diffuse

back into the bulk soil.

magnitude among common ions. It is large for
NOj~, which therefore moves quickly to the root
surface in moist soils, even when there is little
water uptake. The diffusion coefficient is also fairly
large for K" so that most plants can acquire suffi-
cient K to sustain growth. Diffusion coefficients are
very low for zinc (Zn*") and P; (Table 3), due to
specific interactions with the clay minerals of the
soil cation-exchange complex. Hence, variation in
soil clay content is one of the factors that affect the
diffusion coefficient. N and P, which are the two
macronutrients that most frequently limit plant
growth, are seldom supplied in sufficient quantities
by mass flow to meet the plant requirement; there-
fore, diffusion generally limits their supply to the
plant, particularly in natural ecosystems. When soil
solution concentrations are much higher, as they are
in agricultural soils, mass flow delivers a major
fraction of all N required for pant growth (Table 2;
Yanai et al. 1998).

Most estimates of the importance of mass flow
consider only water movement associated with
transpiration. Bulk movement of soil solution, how-
ever, also occurs as a “wetting front” after rain. The
wetting front carries ions with it and replenishes
“diffusion shells” where plant uptake has reduced

TasLe 3. Typical values for diffusion coefficients for
ions in moist soil.”

lon Diffusion coefficient (m?s™")
Cl- 2-9 x 107"°

NO;~ 1x107"°

S0,%~ 1-2 x 107"°

H,PO,~ 0.3-3.3x 107"

K™ 1-28 x 107"2

Source: Clarkson 1981.
" The range of values represents values for different soil

types.
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nutrient concentrations around individual roots. In
arctic tundra, where permafrost causes substantial
lateral movement of water, bulk water flow accounts
for 90% of the nutrient delivery to deep-rooted
species (Chapin et al. 1988). Bulk water movement
may have a large (but currently unknown) influence
on nutrient supply in other wet ecosystems. Soil
heterogeneity may influence the importance of
bulk water flow for nutrient supply to roots. Roots
and rainwater both move preferentially through soil
cracks created by small animals or soil drying. These
effects of soil heterogeneity may increase the impor-
tance of bulk water movement as a mechanism of
nutrient supply more than is currently appreciated.

Mass flow and diffusion cannot always account
for the nutrient transport to the root surface. Mass
flow delivers very little P; to the roots, and the
diffusion coefficient for P; in soil is too low to
allow much P; to move by diffusion (Table 3).
Some organic phosphate molecules may diffuse
more rapidly and become available for the roots,
but generally diffusion of organic phosphate is also
slow (Sect. 2.2.5.1). If plants do not have access to
this source of P, then special adaptations or acclima-
tions are required to acquire P; when its concentra-
tion in the soil solution is low (Sect. 2.2.2).
Mycorrhizas are an additional important mechan-
ism of nutrient transport to the root (Sect. 2 of
Chapter 9A on symbiotic associations).

Because NO3™ moves more readily to the roots’
surface, it would appear to be available in larger
quantities than NH4*. Is NO;™ really the predomi-
nant source of N for any plant? That depends to a
large extent on environmental conditions. Where
both NO;™ and NH, " are present, NH, " is the pre-
ferred source (Garnett & Smethurst 1999,
Kronzucker et al. 1999a). When amino acids are
available, these can also represent a major source
of N (Kielland 1994, Warren 2006). When the soil
pH is low, the rate of nitrification, i.e., the oxidation
of NH, " to NO,~ and then to NO;~ by NH, "-oxidiz-
ing and NO,-oxidizing autotrophic bacteria,
respectively, tends to be slow (Lodhi & Killingbeck
1980). Under these conditions NO;~ will not be a
major source of N. The same is true for anaerobic
soils, since nitrification is an aerobic process. When
soils are cold, such as in arctic Alaska, mineraliza-
tion is slow, very little NH, " is made available, and a
large fraction of the total pool of soil N is present as
amino acids (Kielland 1994, Lipson & Nasholm
2001). Under such conditions, amino acids tend to
be a major source of N (Henry & Jefferies 2003), but
arctic plants will also absorb NO;~ or NH," and
assimilate it, if supplied in sufficient amounts.
Most plants from acid soils, similarly, appear to be
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capable of absorbing and assimilating NO;~ and
very few species appear to be incapable of using
NOj™ as a source of N (Atkin 1996, Min et al. 1999).
The potential to utilize amino acids as N sources is,
however, common in most plant communities,
regardless of soil fertility (Schmidt & Stewart 1999,
Kielland et al. 2006).

Low water availability reduces diffusion rates
below values in moist soils, because air replaces
water in pores of dry soil, greatly lengthening the
path from the bulk soil to the root surface (increased
“tortuosity”). Ion mobility in soil can decrease by
two orders of magnitude between a soil water
potential of -0.01 and -1.0 MPa, which is a range
that does not strongly restrict water uptake by most
plants (Fig. 3). Because diffusion is the rate-limiting
step in uptake of the most strongly limiting nutri-
ents (Table 2), reduction in water availability can
greatly reduce plant growth. Two lines of evidence
suggest that this may be a major causal mechanism
by which low water supply restricts plant growth
(Chapin 1991):

(1) Tissue concentrations of growth-limiting nutri-
ents often decline with water stress (Fig. 4),
whereas one would expect tissue concentrations
to increase if water restricted growth more than
nutrient uptake.

(2) Nutrient addition enhances growth of some
desert annuals more than does water addition
(Gutierrez & Whitford 1987).

The implication of this is that, with current predic-
tions of climate change, plant growth in Mediterra-
nean regions will become more limited by P
(Sardans et al. 2007).
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Ficure 3. The rate of ion diffusion (deduced from the
diffusion impedance factor for Cl™) and leaf conduc-
tance to water vapor as dependent on soil moisture for
Nerium oleander (oleander) grown in a sandy loam
(after Chapin 1991).
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Ficure 4. P concentration in the shoots of Hordeum
vulgare (barley) grown with or without irrigation (after
Chapin 1991).

For soil-mobile ions, such as NO;~, tissue
concentrations vary with soil moisture availability
in exactly the opposite manner as found for immo-
bile ions. That is, in plants of Australian semi-arid
mulga woodlands, the NO;~ concentration in the
tissue tends to be high and the rate of NO;~ assim-
ilation tends to be low, when the availability of soil
moisture is low. After a shower, the NO3~ concentra-
tion in the soil rises rapidly, and the rate of NO3~
assimilation in the tissue increases, whereas the con-
centration of NO;™ in the tissue declines (Erskine
et al. 1996).

2.2 Root Traits That Determine Nutrient
Acquisition

Rates of nutrient uptake depend on the quantity of
root surface area and the uptake properties of this
surface. Once nutrients arrive at the root surface,
they must pass the plasma membrane of the root
cells. As with carbon uptake by photosynthesis
(Sect. 2.2 of Chapter 2A on photosynthesis), the
rate of nutrient uptake depends on both the concen-
tration in the environment and the demand by the
plant as well as on the inherent capacity of a plant to
take up certain nutrients. The plant’s demand is
determined by its growth rate and the concentration
of the nutrient in the tissues. At a high internal
concentration, the capacity for uptake of that nutri-
ent tends to be down-regulated so as to avoid nutri-
ent toxicity. Despite this feedback mechanism,
plants may show luxury consumption of specific
nutrients (i.e., absorption at a higher rate than
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required to sustain growth), leading to the accumu-
lation of that nutrient. Many species from N-rich
sites [e.g., Urtica dioica (stinging nettle), Spinacia oler-
acea (spinach), and Lactuca sativa (lettuce)] show
luxury consumption of NO;~ and accumulate NO;~
in their vacuoles (Martinoia et al. 1981). Some spe-
cies from severely P-impoverished habitats [e.g.,
Hakea prostrata(harsh hakea), Banksia grandis(bull
banksia), and Protea compacta (bot river sugarbush)]
exhibit P toxicity when exposed to slightly higher P
levels than that occurring in their natural habitat,
because they fail to sufficiently down-regulate P
uptake as internal P concentration increases (Lam-
bers et al. 2008).

2.2.1 Increasing the Roots’ Absorptive Surface

Because diffusion is the major process that delivers
growth-limiting nutrients to plant roots (Table 2),
the major way in which plants can augment nutrient
acquisition is by increasing the size of the root sys-
tem. The relative size, expressed as the root mass
ratio (root mass as a fraction of total plant mass), is
enhanced by growth at a low nutrient supply (accli-
mation) (Brouwer 1962). Similarly, plants adapted
to low nutrient supply typically have a high root
mass ratio. Increased root allocation is particularly
important for those ions that diffuse slowly in soil
(e.g., P;). In a heterogeneous soil, roots tend to pro-
liferate in those zones with highest availability of
N or P, rather than in depleted zones, thus maximiz-
ing the effectiveness of each unit of root production
(but see Sect. 2.2.5).

The effective absorbing root surface can be
enlarged by root hairs (Table 4). These root hairs
vary in length from 0.2 to 2 mm, depending on
species. Root hair length may increase from 0.1 to
0.8 mm, due to reduced supply of NO3;™ or P;
(Bates & Lynch 1996). The diameter of most roots
involved in ion uptake is between 0.15 and 1.0 mm,
so the presence of root hairs allows a considerably
larger cylinder of the soil to be exploited by the root
than could be achieved by a root without root hairs.
Root hairs have greatest effect on absorption of
those ions that diffuse slowly into soil; they are
probably not important for the uptake of Si, since
mutants of Oryza sativa (rice) that lack root hairs take
up Si at the same rates as the wild type, and Si
transporters involved in Si uptake are not expressed
in root hairs (J.F. Ma et al. 2001b, 2006). In low-P soils
root hairs may be responsible for as much as 90% of
total P; uptake (Fohse et al. 1991). Total root hair
length in cereals may be 20-50 m m™ (of roots
from which they emerge); the higher values are
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TasLe 4. Phosphorus uptake of seven plant species in relation to morphological root properties (root radius and

root hairs).
Root hairs

P; uptake (1 02 Root radius Number Average Surface area of root
Species molm~'s™) (nm) per mm length (mm) hairs (m?* m~?)
Allium cepa 84 2290 1 0.05 6.5x10°3
Lolium perenne 69 660 45 0.34 1.2
Triticum aestivum 91 770 46 0.33 1.2
Brassica napus 320 730 44 0.31 1.3
Solanum lycopersicum 186 1000 58 0.17 0.6
Spinacia oleracea 485 1070 71 0.62 1.9
Phaseolus vulgaris 60 1450 49 0.20 0.4

Source: Fohse et al. 1991.

typical for P-efficient cultivars (Gahoonia & Nielsen
2004). Species with a high frequency of long root
hairs yield relatively more when P is limiting, in
comparison with those with less frequent or shorter
root hairs which need a high P; supply for good
growth. Increasing the root mass ratio or production
of root hairs must incur costs, in terms of investment
of carbon, N, and other resources. To achieve a 200%
expansion of the root surface by root hairs incurs
less than 2% of the costs associated with a similar
increase realized by a greater investment in roots
(Clarkson 1996). Mycorrhizal associations are
even more effective in terms of enlarging the P; -
absorbing surface per unit cost, even if we consider
that the fungus requires additional plant-derived
carbohydrates for its functioning (Sect. 2.6 of
Chapter 9A on symbiotic associations).

2.2.2 Transport Proteins: lon Channels
and Carriers

Roots transport nutrients across their plasma mem-
brane either by diffusion down an electrochemical
potential gradient or by active transport against an
electrochemical potential gradient. The electroche-
mical potential gradient is caused by the extrusion
of protons by a proton-pumping ATPase that
pumps H' from the cytosol across the plasma
membrane. This creates an electrical potential dif-
ference of approximately 80-150 mV (negative
inside) across the plasma membrane (Fig. 5A);
however, values outside this range have also been
measured (Cheeseman & Hanson 1979, Szczerba
et al. 2006a). The proton pump functions like the
ATPase in the thylakoid membrane of the chloro-
plast (Sect. 2.1.3 of Chapter 2A on photosynthesis)
and the inner membrane of mitochondria (Sect.

2.5.1 of Chapter 2B on plant respiration); however,
here the ATPase acts in reverse: it uses ATP and
extrudes protons. Cations tend to move inward
and anions outward along this electrochemical
potential gradient. The Nernst equation allows us
to calculate that monovalent cations are at electro-
chemical equilibrium (no driving force for move-
ment) if the concentration of the cation is 40- to
150-fold lower outside than inside the cell. For
monovalent anions, the reverse can be calculated:
the concentration of an anion at electrochemical
equilibrium is 40- to 150-fold lower inside than
outside the cell. When concentration gradients are
less than this, ions may move in the direction pre-
dicted by the electrochemical gradient; when the
concentration gradients exceed these values, ions
may move in the opposite direction (Fig. 5B).

For most ions, diffusion across the lipid bilayer of
the plasma membranes is a very slow process,
unless facilitated by special transport proteins.
Such transport proteins include ion-specific chan-
nels (i.e., “pores” in the membrane through which
ions can move single file) (Roberts 2006). These
channels function is a similar way as the water-
channel proteins discussed in Sect. 5.2 of Chapter 3
on plant water relations. The ion channels are either
open or closed, depending on the membrane potential
or the concentration of specific effectors (Fig. 5A). Ion
channels have the advantage that they allow massive
transport, albeit only down an electrochemical poten-
tial gradient. If such a gradient does not exist or when
the gradient is in the opposite direction, channels can-
not be used for net transport. In that case, transport
may require, first, the extrusion of protons via a H'-
pumping ATPase (Fig. 5A). The proton gradient can
then be used for uptake of ions, in a proton-cotransport
mechanism via carrier proteins (Fig. 5A). Such carriers
are like enzymes: they bind their substrates, followed
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Ficure 5. (A) lon transport across the plasma mem-
brane. The membrane potential is negative (i.e., there
is a negative charge inside and a positive charge out-
side). Cations can enter via a cation channel, down an
electrochemical potential gradient. Anions (e.g., NO3")
can only leave the cytosol via an anion channel, down an
electrochemical potential gradient. An H*-ATPase
(“proton pump”) extrudes protons from the cytosol,
thus creating a proton-motive force. Protons can be
used to drive ion uptake against an electrochemical
potential gradient. For further explanation, see the

by a specific reaction (release of the substrate at the
other side of a membrane), and may be allosterically
regulated. Carriers tend to have a much lower trans-
port capacity than channels. Both types of proteins are
subject to turnover so that continuous protein synth-
esis is required to maintain ion transport.

Although ions can move via a channel down an
electrochemical potential gradient across the plasma
membrane, it should be noted that also ion transport
via channels is eventually an active process, because
charge balance must be accomplished, by the H"-
pumping ATPase, at the expense of ATP; otherwise,
membranes subjected to, say, NHy* or Na* uniport
would electrically supercharge and “combust” very
quickly (Gerendas & Schurr 1999, Britto &
Kronzucker 2006).

Both channels and carriers are, in principle, ion
specific, but other ions with similar structure might
occasionally enter the cell via these transport pro-
teins. This may account for the entry of some Na*,
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B
RT [ion]:
AE =- — log ——— (mV)
zF [ion]g
-58.9
If
Outside  AE=-118mV Inside
concentration concentration
at equilibrium
1 mM NOjy 0.01 mM
1 mM K* 100 mM
1 mM 50, 0.0001 mM
1 mM Ca®t 10,000 mM

text. (B) Schematic representation of the concentration
of monovalent and divalent anions and cations that is
expected if the plasma membrane is perfectly perme-
able for these ions in the absence of energy-requiring
mechanisms at a membrane potential of 118 mV. The
Nernst equation gives the relationship between the
membrane potential AE and the outside and inside ion
concentrations. R is the gas constant; T is the absolute
temperature; z is the valency of the ion for which the
equilibrium concentration is calculated; and F is Fara-
day’s number. For further explanation, see the text.

heavy metals, and Al in plant roots. Transport pro-
teins are involved in the influx of nutrients from the
rhizosphere, as well as in the transport of some of
the acquired nutrients into the vacuoles and the
release into the xylem vessels (De Boer & Wegner
1997). Channels and carriers are also involved in ion
efflux, sometimes spectacularly so, as during sto-
matal movements (Sect. 5.4.2 of Chapter 3 on plant
water relations), or they may be responsible for
efflux of nutrients, which may occur simultaneously
with nutrient influx. Uptake of Na* ions from a
saline soil occurs down an electrochemical potential
gradient, in which case the ions may be extruded
with an energy-dependent carrier mechanism
(Sect. 3.4.1; Davenport & Tester 2000). Silicon (as
silicic) acid is transported into the root cells by a
passive channel, but out of the cells by an active
transporter (Ma et al. 2006, 2007).

Transport from the rhizosphere across the
plasma membrane into the cytosol (influx) is mostly
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against an electrochemical potential gradient for all
anions and sometimes also for some cations. Such
transport must involve an active component (i.e., it
requires metabolic energy); however, transport
mediated by channels also requires metabolic
energy, although indirectly to generate the electro-
chemical potential gradient. This requires respira-
tory energy: ATP is used to extrude protons,
catalyzed by an H"-ATPase, so that a membrane
potential is created (inside negative). Efflux of
ions, from the cytosol to the rhizosphere, is mostly
down an electrochemical potential gradient for
anions; the efflux of NO;~ may be very low in
some circumstances, but it may also be of similar
magnitude as the influx (Kronzucker et al. 1999b),
especially in slow-growing plants grown with a
high nutrient supply (Scheurwater et al. 1999). Like
the NOjz -uptake system, the NO; -efflux system is
NO;™ inducible, and it strongly increases with
increasing internal NO3™ concentrations. The efflux
system requires both RNA and protein synthesis,
but has a much lower turnover rate than the uptake
system (Aslam et al. 1996). NO3" efflux may contri-
bute significantly to the respiratory costs associated
with nutrient acquisition (Sect. 5.2.3 of Chapter 2B
on plant respiration). NO5™ efflux may reflect a fine
control of net uptake, compared with the coarse
control of gene expression. Ion efflux from roots is
not restricted to Na* and NO5~, but is quite common
for a range of other cations and anions (Demidchik
et al. 2002, Roberts 2006).

2.2.3 Acclimation and Adaptation of Uptake
Kinetics

2.2.3.1 Response to Nutrient Supply

Nutrient uptake by roots increases in response to
increasing nutrient supply up to some maximum
uptake rate, where a plateau is reached (Fig. 6A)
which is very similar to the CO; or light-response
curves of photosynthesis (Sect. 2.2 of Chapter 2A on
photosynthesis; Epstein & Hagen 1952). If nutrient
uptake is not limited by diffusion of the nutrient to
the root surface, then the shape of this curve is also
similar to that obtained with enzymes in solution
(Michaelis-Menten kinetics). This leads to the sug-
gestion that the maximum inflow rate (I,,,) may be
determined largely by the abundance or specific
activity of transport proteins in the plasma mem-
brane; the K,,, describes the affinity of the transport
protein for its ion. This analogy may not be entirely
accurate, however, because the access of ions to
carriers and ion channels in plasma membranes of
a structurally complex cortex is probably quite
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different from the access of substrates to an enzyme
in a stirred solution. Nonetheless, I ., is a useful
description of the capacity of the root for ion uptake,
and K, describes the capability of the root to utilize
low concentrations of substrate (low K, confers
high affinity). Affinities and transporter abundance
may be reasonably inferred, provided influx is prop-
erly measured, and this can be difficult at high
nutrient concentrations (Szczerba et al. 2006b).
Cinin is the minimum ion concentration at which
net uptake occurs (analogous to the light- and
CO,-compensation points of photosynthesis). Cyin,
the minimum ion concentration at which net uptake
occurs (Fig. 6A), is determined by the balance of
influx by ion-transport proteins and efflux along
an electrochemical potential gradient. The experi-
mental determination of C.;, is difficult. For
instance, in nonsterile conditions much of the nutri-
ent remaining in solution is in microorganisms. If
these are filtered out, then the C,;, is often specta-
cularly lower than is usually determined in this
critical experiment.

For many nutrients, roots have both a high-
affinity uptake system, which functions well at
low external concentration but has a low I,,,, and
a low-affinity system, which is slow at low external
concentrations but has a high I, (Forde 2002,
Bucher 2007). The high-affinity system is most prob-
ably carrier mediated, whereas the low-affinity sys-
tem may reflect the activity of a channel, at least for
K. However, there are also “ dual-affinity transpor-
ters”, e.g., for NO;~ (Liu & Tsay 2003). Switching
between the two modes of action is regulated by
phosphorylation; when phosphorylated, the trans-
porter functions as a high-affinity NO;™ transporter,
whereas, it functions as a low-affinity NO;™ trans-
porter when dephosphorylated. This regulatory
mechanism allows plants to change rapidly between
high- and low-affinity NO5;~ uptakes. The ecophy-
siological significance of low-affinity systems for
NO;~, which only allow significant uptake at NO3~
concentrations well above that in most natural soils,
still remains to be demonstrated (Sect. 2.2.3.2).

When nutrients are in short supply, plants tend
to show a compensatory response in that the I, is
increased and a high-affinity transport system is
sometimes induced. For example, plants exhibit a
high capacity (i.e., high I,..) to absorb P; when
grown at a very low supply of P;, a high potential
to absorb NO;~ and NH, " under conditions when N
is in short supply, a high potential to absorb K* or
SO,* when K or S are limiting (Table 5). Information
about other nutrients is sparse, but it suggests that
there is little stimulation of the inflow of Ca, Mg, and
Mn (Robinson 1996). The compensatory increase in



266

6. Mineral Nutrition

A

2

AN

g

T o

a o - Imax (G- cmin)
3 E Km+(cs'cmin)
g =1

Increase in I,

External concentration C; (mM)

Ficure 6. (A) The relationships between uptake rates
(net inflow = I) of ions and their external concentrations
(O). At Cyin the net uptake is zero (influx = efflux).
(B) Uptake kinetics in control plants and in plants
grown with a shortage of nutrients. Note that both

Imax for P, N, and K in response to a shortage of
these nutrients occurs over a 2- to 15-day period,
but can be as fast as hours (Siddiqi et al. 1990). It is
specific to the nutrient that limits growth: N limita-
tion increases the capacity to absorb both NH,"
and NOj3, but it decreases the capacity to absorb
other nonlimiting nutrients (Table 5). The appear-
ance of a high-affinity system (low Ky,) is especially
strong for K, and happens within an hour (Smart
et al. 1996).

Taste 5. Effect of a shortage of one nutrient or of
water and exposure to a low irradiance on the max-
imum rate of nutrient uptake (/4.

Limiting lon Uptake rate by stressed
factor absorbed plants (% of control)
Nitrogen Ammonium 209
Nitrate 206
Phosphate 56
Sulfate 56
Phosphorus  Phosphate 400
Nitrate 35
Sulfate 70
Sulfur Sulfate 895
Nitrate 69
Phosphate 32
Water Phosphate 13
Light Nitrate 73

Source: Chapin 1991.

“Values for Hordeum vulgare (barley), except for water
stress [Solanum lycopersicum (tomato)]. Stress is due to
low availability of the resource listed in the left-hand
column.

induction of a different high-affinity system and up-reg-
ulation of the same low-affinity system enhance the
capacity for nutrient uptake at low external
concentration.

Compensatory changes in I, involve synthesis
of additional transport proteins for the growth-lim-
iting nutrient, and an up-regulation of mRNA levels
coding for a high-affinity uptake system
(Sect. 2.2.3.2). A decrease in K, could be due to
induction of a high-affinity system, or to allosteric
effects on or phosphorylation of existing transpor-
ters (Smart et al. 1996, Liu & Tsay 2003). Both an
increase in capacity (Imax) of a low-affinity system
and induction of a high-affinity system may
enhance the uptake capacity at a low nutrient
supply (Fig. 6B).

An increase in I, or a decrease in K, is
functionally important if processes at the root
surface limit nutrient uptake, as would be the
case for NO;™. The significance of the up-regula-
tion of the uptake system for the plant is that the
concentration of the limiting nutrient at the root
surface is decreased which increases the concen-
tration gradient and the diffusion of the limiting
nutrient from the bulk soil to the root surface.
The significance of such up-regulation for plants
growing in soil is relatively small for immobile
ions such as P;, when compared with that for
mobile ions such as NOj~. For immobile ions, it
is the mobility in the soil, rather than the I, of
the roots, that determines the rate at which roots
can acquire this nutrient from the rhizosphere
(Sects. 2.1.2 and 2.3). Rather than considering an
up-regulation of I,.x for P uptake at a low P
availability uptake as being functionally impor-
tant, a down-regulation at higher P supply is prob-
ably important in avoiding P toxicity (Shane
et al. 2004a, b).
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2.2.3.2 Response to Nutrient Demand

Any factor that increases plant demand for a specific
nutrient appears to cause an increase in I, for that
nutrient. Up-regulation of the system for NOj;~
uptake upon an increased demand involves the
NOj™ concentration in the root itself as well as sys-
temic signals from the shoot, imported via the
phloem (King et al. 1993). The signals that arrive
via the phloem probably include a low concentra-
tion of amino acids and/or an increased concentra-
tion of organic acids (Touraine et al. 1994). In
experiments on effects of the demand for P;, K*, or
SO,*, effects of demand can be simulated by a per-
iod of starvation, as discussed in 2.2.3.1. For
example, in Arabidopsis thaliana (thale cress) the
expression of genes that encode a P; transporter
and the capacity to take up P; increases with
decreasing internal P concentration (Dong et al.
1999). The same happens with genes that encode
NH," transporters and the capacity to take up
NH," when the external NH," supply increases
(Rawat et al. 1999). The influence of demand and
starvation on NOj~ transport, however, is more
complex (Fig. 7).

For NOj57, as is the case for many other ions, there
are two inducible uptake systems: a high-affinity
transport system (HATS) and a low-affinity trans-
port system (LATS); other genes encoding NO;™-
uptake systems are constitutively expressed (Miller
& Cramer 2005). In the complete absence of external
NOj™ (rather than low external concentrations as
described in Table 5), the uptake capacity is very
low. In Hordeum vulgare (barley) and Lotus japonicum

Ficure 7. Regulation of the inducible
high-affinity NO3;~ uptake system
(HATS) by NO3 . The HATS is affected
both by external NO; ™ supply and by
internal demand. Situation 1: If no
nitrate is present in the rhizosphere,
there is no positive effector. The gene
encoding the NO; transporter is
repressed and the system cannot
respond immediately to the addition of
NO;". Situation 2: If there is an inade-
quate nitrate concentration in the rhi-
zosphere, NO;™ is sensed (probably by
the constitutive HATS) and the gene
encoding the NO; ™ transporter is tran-
scribed and the system responds to the
addition of NO;~. Products of the
reduction and assimilation of NO;~
(amino acids, organic acids) have a
negative effect on the transcription of
the gene encoding the HATS.

rhizosphere
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(birdsfoot-trefoil), the mRNA for the HATS is almost
absent after 72 hours of NO;™ deprivation. Upon re-
exposure of the roots to NOj3~, this is first taken up
by the constitutive HATS. After 30 minutes, there is
a huge rise in mRNA encoding the HATS, and after
2-4 hours the inducible HATS is reassembled in the
plasma membrane (Trueman et al. 1996a), and the
rate of NO;~ uptake increases (Siddiqi et al. 1990).
The general experience, however, is that plants
receiving NO5~, but in amounts inadequate for sup-
porting maximum growth, de-repress their NO;™-
transport activity (Table 5), so net NO;~ uptake
increases in experimental conditions where the
plants are given a sudden dose of NO;™ (Fig. 7).
The significance of the low-affinity uptake sys-
tems, which only function at external NO3~ concen-
trations well above that normally found in soil, is
puzzling. Concentrations in the range of 5-20 mM,
however, do occur in the rhizosphere of crop plants
and ruderals (i.e., species that occupy disturbed sites
where nitrification rates are generally high) (Wolt
1994). In Arabidopsis thaliana (thale cress), the gene
that encodes the inducible low-affinity system is
expressed in epidermal cells close to the root tip,
and in cells beyond the epidermis and even the
endodermis further away from the tip; but it is
never expressed in the vascular cylinder (Huang
et al. 1996). The low-affinity NO;™-uptake systems
cannot be passive, because transport occurs against
an electrochemical potential gradient even at an
external NO;™~ concentration of 1 mM (Siddiqi et al.
1991). The constitutive system may serve as a NO3™-
sensing system, because it is associated with a
plasma membrane-bound nitrate reductase. The

plasma
membrane

cytoplasm
reduction

05 >
assimilation

repressor

negative
effect

positive
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concerted action of the constitutive system and its
associated nitrate reductase may lead to the produc-
tion of intermediates that induce both the inducible
high-affinity system and cytosolic nitrate reductase.
Both the constitutive and the inducible systems are
carrier-mediated proton-cotransport systems, requir-
ing the entry of two protons for every NO;™ taken up
(Mistrik & Ullrich 1996, Trueman et al. 1996b).

Cmin for a given ion decreases in minutes to hours
in response to decreases in supply of that ion, due to
decreases in its cytoplasmic concentration, which
reduce leakage across the plasma membrane and
therefore efflux rates (Kronzucker et al. 1997). The
increase in In.x When plants acclimate to low avail-
ability of a given nutrient increases the plant’s capa-
city to absorb nutrients from solutions of low
concentration (Fig. 8). This compensation, however,
is always less than 100%, so tissue concentrations
increase under conditions of high nutrient supply
(luxury consumption) and decrease under condi-
tions of low nutrient supply (high nutrient-use effi-
ciency) (Sect. 4). A low capacity to down-regulate
Imax for P; uptake is typically associated with species
occurring on severely P-impoverished soils (Fig. 8).

A plant’s response to nutrient stress, e.g., a short
supply of P, requires a capacity to sense the internal
nutrient status, e.g., leaf [P]. Recent studies have
demonstrated the novel functions of micro-RNAs
(miRNAs) in regulating adaptive responses to nutri-
ent stresses. Plant miRNAs usually down-regulate
the abundance of their target mRNAs by post-tran-
scriptional cleavage of the targeted mRNA. For
example, miR399 is up-regulated during Pi defi-
ciency which results in down-regulation of
UBC24,a gene involved in targeted protein degra-
dation. Plants over-expressing miR399 or defective
in the gene involved in targeted protein degradation
(UBC24)display P toxicity because of increased P
uptake, enhanced root-to-shoot translocation, and
retention of P in their old leaves. This suggests that
the miR399-mediated regulation of UBC24 expres-
sion is critical in P homeostasis. Similar results have
been found for plants that are deprived of S. The
existence and conservation of miRNAs and their
target genes involved in P and S uptake among
many plant species point to the evolutionary impor-
tance of these miRNA-mediated nutrient-stress
responses (Chiou 2007).

The nature of genetic adaptation to infertile
soils differs among ions. Plants adapted to infertile
soils typically have a low capacity to absorb immo-
bile ions like P which follows from their relatively
low growth rate and hence a low demand for
nutrients.
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Ficure 8. Net P;-uptake rates for intact whole root sys-
tems, calculated from P;-depletion curves. The nutrient
solution for the uptake studies contained 5 pM P. Uptake
rates are plotted against the external P concentration
during plant growth, for Grevillea crithmifolia and
Hakea prostrata (harsh hakea). Note down-regulation
of net P-uptake rates (the common response) in Grevil-
lea crithmifolia, and a lack of down-regulation of net P-
uptake rates in Hakea prostrata (which accounts for this
species showing signs of P toxicity upon fertilization
with P). After Shane et al. (2004b) and Shane & Lambers
(2006).

2.2.3.3 Response to Other Environmental and Biotic
Factors

The responses of nutrient-uptake kinetics to changes
in water, light, and other factors are readily predicted
from changes in plant demand for nutrients. Water
stress may reduce the capacity of roots to absorb
nutrients, if it reduces growth, and therefore plant
demand for nutrients (Table 5, Fig. 9A). Similarly,
plants adapted to dry environments typically have
low relative growth rates (Chapter 7 on growth and
allocation), and, consequently, low capacities to
absorb nutrients. The effect of irradiance on nutri-
ent-uptake kinetics depends on nutrient supply.
With adequate nutrition, low light availability
reduces nutrient uptake (Table 5, Fig. 9B). By con-
trast, nutrient uptake by nutrient-limited plants is
not strongly affected by light availability.

Low temperature directly reduces nutrient
uptake by plants, as expected for any physiological
process that is dependent on respiratory energy
(Fig. 10A; Macduff et al. 1987). Plants compensate
through both acclimation and adaptation for this
temperature inhibition of uptake by increasing their
capacity for nutrient uptake (Fig. 10B,C). In contrast
to plants from dry and infertile environments, arctic
and alpine plants often grow quite rapidly and so
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Ficure 9. Effect of soil water content on root biomass
and P; uptake per unit root biomass in Solanum lycoper-
sicum (tomato) (A) and of growth irradiance on

exploit the short growing season; therefore, they have
a substantial demand for nutrients.

When plants are grown with an adequate nutri-
ent supply and store nutrients, grazing of leaves
reduces plant nutrient demand and therefore
reduces nutrient-uptake capacity (Clement et al.
1978). By contrast, grazing of nutrient-stressed
plants can deplete plant nutrient stores, so that
plants respond by increasing nutrient-uptake capa-
city (Chapin & Slack 1979). Plants that are adapted
to frequent grazing, such as grasses from the Seren-
geti Plains of Africa, similarly increase their capacity
to absorb P; when clipped to simulate grazing
(McNaughton & Chapin 1985).

2.2.4 Acquisition of Nitrogen

N can be absorbed by plants in three distinct forms:
NO;~, NH; ", and amino acids. N assimilation (i.e.,
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ammonium uptake per plant in Oryza sativa (rice) (B)
(after Chapin 1991).

the conversion of inorganic to organic N) has a sub-
stantial carbon cost: NO3™ must first be reduced to
NH, ", which must then be attached to a carbon
skeleton before it can be used in biosynthesis.
Thus, the carbon cost of assimilation which is gen-
erally large is NO;~ >> NH;" > amino acids
(Zerihun et al. 1998). Depending on the species,
NOj" is reduced either in the roots or transported
to the leaves, where it is reduced in the light. The
first step in the reduction is catalyzed by nitrate
reductase, which is an inducible enzyme; the gene
encoding nitrate reductase is transcribed in
response to NO3™ application (Campbell 1996). The
protein is rather short lived, being degraded with a
half-time of a few hours (Miller & Cramer 2005). In
addition, the activity of the enzyme is controlled by
phosphorylation. In the leaf, the enzyme is turned
off at night by phosphorylation, which allows inac-
tivation of nitrate reductase by an inhibitor protein.
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Ficure 10. Response of P; uptake by Carex aquatilis (a
tundra sedge) to temperature at different time scales:
(A) immediate response, (B) response following
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acclimation, and (C) response of adapted genotypes
(measured at 5 C) (after Chapin 1974; copyright Ecolo-
gical Society of America, and Chapin & Bloom 1976).
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A protein phosphatase reactivates the enzyme when
irradiance increases (Kaiser & Huber 2001). NO5~
assimilation is energetically expensive because of
the costs of NO;™ reduction. NH,* is toxic to plant
cells, and therefore must be assimilated rapidly to
amino acids. NO;~ reduction to NH," requires
approximately 15% of plant-available energy when
it occurs in the roots (2% in plants that reduce NO5~
in leaves) with an additional 25% of available energy
for NH," assimilation (Bloom et al. 1992). One
might think that the lower costs when NH, ", rather
than NOj7, is used as the source of N by the plant
would allow for a higher growth rate. This does not
always occur, however, because of either adjust-
ments in leaf area ratio (Sect. 2.1.1 of Chapter 7 on
growth and allocation) or possibly a lower efficiency
of root respiration (Sect. 2.6 of Chapter 2B on plant
respiration).

The distribution of nitrate reductase activity and
the presence/absence of NO;™ in xylem sap suggest
the following ecological patterns (Andrews 1986):

1. All species increase the proportion of NOj;~
reduced in the shoot as NOj3™ supply increases
which suggests a limited capacity for NOj3~
reduction in the root system.

2. Temperate perennials and annual legumes
reduce most NO5™ in the roots under low NO3~
supply.

3. Temperate nonlegume annuals vary consider-
ably among species in the proportion of NO;~
reduced in roots under low NO3™ supply.

4. Tropical and subtropical species, both annuals
and perennials, reduce a substantial proportion
of their NOj;™ in the shoot, even when growing at
alow NO;™ supply.

Despite these general patterns, some NOj3~
reduction occurs in leaves of most plants, particu-
larly in ruderals. Leaf nitrate reductase activity is
typically highest at midday in association with high
light intensities. Some plants, particularly those in
the Ericaceae, show low levels of nitrate reductase
(Smirnoff et al. 1984), presumably because NO;~
availability is generally low in habitats occupied
by these species. Leaves of most Gymnospermae
and Proteaceae reduce NO;~ only after induction
by feeding leaves with NO3~ which suggests that
these species also reduce most NO;™ in the roots
(Smirnoff et al. 1984).

Plant species differ in their preferred forms of N
absorbed, depending on the forms available in the
soil. For example, arctic plants, which experience
high amino acid concentrations in soil, preferen-
tially absorb and grow on amino acids, whereas
Hordeum wvulgare (barley) preferentially absorbs
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inorganic N (Chapin et al. 1993); Picea glauca (white
spruce) preferentially absorbs NH, " (Kronzucker et
al. 1997). Much of the early work on NO3~ and NH,*
preference is difficult to interpret because of inade-
quate pH control (Sect. 2.2.6) or low light intensity.
Species from habitats with high NO;™ availability
(e.g., calcareous grasslands), however, often show
preference for NO;™ and have higher nitrate reduc-
tase activities than do species from low-NO;™ habi-
tats. Most plants are capable of absorbing any form
of soluble N, however, especially if acclimated to its
presence (Atkin 1996).

Plants can also acquire N from the air. This is an
important avenue of N uptake by N-limited forests
exposed to rain that has high NO;™ due to fossil fuel
combustion or high NH, " due to volatilization from
agricultural lands and stockyards (Clarkson et al.
1986). Natural and agricultural vegetation acts as a
major “sink” for atmospheric pollutants in terres-
trial ecosystems. When the needles of Picea abies
(Norway spruce) are exposed to NO,, they rapidly
induce nitrate reductase and assimilate the N (Von
Ballmoos et al. 1998). It has been estimated that the
total emissions of NO, (i.e., a combination of NO
and NO,) are around 150 million tons per year, and
that more than half of this is from a natural origin. In
metropolitan areas, however, 75% of the NO, may
be due to road traffic. The capacity to assimilate NO,
from the air varies greatly among species. Some
species [e.g., Magnolia kobus (kobus magnolia), Euca-
lyptus viminalis (manna gum), and Nicotiana tabacum
(tobacco)] may derive more than 10% of their N
from NO,. Information about the species that can
assimilate a lot of NO, may be useful in choosing
street trees in polluted areas (Morikawa et al. 1998).

2.2.5 Acquisition of Phosphorus

There are numerous traits involved in acquiring
sufficient quantities of P; from soil. Some of these
traits are specific for P; (e.g., root phosphatases);
other traits (e.g., root hairs and root mass ratio)
promote uptake of all ions, but are most critical for
P; because of the low diffusion coefficient of P; in soil
(Table 3) and therefore the small volume of soil that
each root can exploit. The specialized association
with a mycorrhizal fungus will be discussed in
Sect. 2.3 of Chapter 9A on symbiotic associations.

2.2.5.1 Plants Can Also Use Some Organic
Phosphate Compounds

In agricultural soils, 30-70% of all P is present in an
organic form; in nutrient-poor grasslands, peat
soils, and forest soils this may be as much as
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80-95% (Macklon et al. 1994, Turner 2006), or 99% in
organic tundra soils (Kielland 1994). A major form
of soil P is inositol phosphate, which consists of
esters containing four, five, or six P molecules, or
stereo-isomers thereof (Turner & Richardson 2004).
Many species [e.g., Lupinus albus (white lupin)
(Adams & Pate 1992), Carex acutiformis (pond
sedge) (Pérez Corona et al. 1996), Trifolium subterra-
neam (subclover) (Hayes et al. 2000), Triticum aesti-
vum (wheat) (Richardson et al. 2000)] can use nucleic
acids, phospholipids, glucose 1-phosphate, and
glycerophosphate (all present in the soil), in addi-
tion to P;, due to the activity of phosphatases in the
soil. Production of phosphatases by the roots pro-
vides an additional source of P;; these enzymes
hydrolyze organic P-containing compounds, releas-
ing P; that is absorbed by roots (Richardson et al.
2007). Phosphatase production is enhanced by a low
P; supply to the plants. Phosphatases cannot hydro-
lyze phytate (the calcium salt of myo-inositol hexaki-
sphosphate), the major form of organic P in seeds;
phytase is required to release P; from this source.
Some plants may release phytase into the rhizo-
sphere, but for many plants phytate is a poor source
of P (Hayes et al. 2000, Richardson et al. 2000). Roots
may, however, exude organic substances that act as
substrates for microorganisms, which produce
enzymes that hydrolyze organic phosphate, includ-
ing phytate (Richardson 1994). Whatever the exact
mechanism by which organic P is hydrolyzed, the
concentration of organic P’ near the root surface may
decrease by as much as 65% in Trifolium alexandri-
num (berseem clover) and 86% in Triticum aestivum
(wheat) (Tarafdar & Jungk 1987). This shows that
these roots do have access to organic forms of P in
the soil (Fig. 11).
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The capacity to use organic P varies among spe-
cies and also depends on soil conditions. It may
range from almost none to a capacity similar to
that of the rate of P; uptake (Hiibel & Beck 1993).

2.2.5.2 Excretion of Phosphate-Solubilizing
Compounds

Some plants that are adapted to low-P soils excrete
acidifying and/or chelating compounds (e.g., citric
acid and malic acid). Acidification enhances the
solubility of P; in alkaline soils; however, in acid
soils, when phosphate is bound to Al or Fe, phos-
phate solubility is not enhanced by a pH decrease in
the rhizosphere (Fig. 1B). Chelating compounds,
including citrate and malate, occupy sites that bind
phosphate (ligand exchange), and thus solubilize
phosphate sorbed to soil particles. Both acidifica-
tion (in alkaline soils) and chelation (all soils) pro-
cesses enhance the concentration gradient for P;
between the bulk soil and the root surface (Lambers
et al. 2006). Crop species vary widely in their capa-
city to access sparingly available P (Pearse et al.
2006), and such variation offers potential for
improving crops for specific soils, intercropping,
and crop rotations (Kamh et al. 1999, 2002, Nuruzza-
man et al. 2005, Li et al. 2007).

The capacity to excrete carboxylates is very pro-
nounced in members of the Proteaceae, which do
not form a mycorrhizal association, but have pro-
teoid roots (Fig. 12). The term “proteoid roots” was
given because the structures were first discovered in
the family of the Proteaceae (Purnell 1960). Similar
structures have since been found in many other
families, and now the term cluster roots is used
more commonly. Proteoid cluster roots consist of
clusters of longitudinal rows of extremely hairy
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FiGUre 12. Root-cluster morphology of Proteaceae and
Cyperaceae species. In A-F plants were grown hydro-
ponically at very low P supply (< 1 pM). (A) Dryandra
sessilis (parrot bush) root system with “compound”
“proteoid” root clusters; bar is 20 mm. (B) Hakea pros-
trata (harsh hakea) root system with “simple” proteoid-

root clusters; bar is 30 mm. (C) Tetraria (sedge) species
root system with “dauciform” root clusters; bar is
20 mm. (D) Young, compound proteoid-root cluster of
Banksia grandis (bull banksia) terminates with third-
order determinate, branch rootlets; bar is 3 mm. (E)
Simple proteoid-root clusters of Hakea sericea (silky
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rootlets, which originate during root development,
1-3 cm from the root tip. One lateral branch may
contain one, two, or several clusters, centimeters
apart from each other. Clusters may consist of
unbranched rootlets [simple cluster roots, as in
Huakea species (Proteaceae) and Lupinus albus (white
lupin, Fabaceae) (Fig. 12B,E)],or they may have
branched rootlets [compound cluster roots, as in
Banksia species (Proteaceae) (Fig. 12A,D) (Shane &
Lambers 2005)]. The cluster roots excrete carboxy-
lates, phenolics, and phosphatases (Lambers et al.
2006), but this process takes place during only a few
days after their formation (Neumann et al. 2000).
Many sedges (Cyperaceae) produce dauciform
roots, carrot-shaped roots with long root hairs
(Fig. 12CF), which are physiologically similar to
the cluster roots in Proteaceae and Fabaceae (Shane
et al. 2005). A third type of root clusters, capillaroid
roots, is restricted to some species in the Restiona-
ceae (Lambers et al. 2006).

Root clusters are almost universal in the Protea-
ceae; they also occur in species belonging to the
Betulaceae, Casuarinaceae, Cucurbitaceae, Cypera-
ceae, Flaeagnaceae, Fabaceae, Moraceae, Myrica-
ceae, and Restionaceae. Many species that form
cluster roots are nonmycorrhizal or weakly mycor-
rhizal (e.g., Cyperaceae, some Fabaceae, Proteaceae,
Restionaceae), but this is not universal (e.g., Betula-
ceae, Casuarinaceae, Elaecagnaceae, some Fabaceae)
(Lambers et al. 2006).

In Australia and South Africa, nonmycorrhizal
cluster-bearing species of the Proteaceae occur on
the most heavily leached and P-impoverished soils.
Mycorrhizal species of the Myrtaceae, on the other
hand, are found on soil with higher P levels. Species
of the Casuarinaceae, which are both mycorrhizal
and cluster bearing, occupy an intermediate posi-
tion (Lambers et al. 2006). This distribution pattern
is explained by the fact that cluster roots are very
effective at acquiring P from soils in which phos-
phate is largely sorbed to soil particles; they effec-
tively “mine” the soil for P;. Arbuscular mycorrhizal
associations, on the other hand, act as “scavengers”
for P; (Sect. 2.2 of Chapter 9A); they are more effec-
tive when the P; concentration in solution is
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somewhat higher than that in soils where Protea-
ceae are more abundant (Fig. 13A).

The development of root clusters is suppressed
by an increased supply of P; (Fig. 9A.9 in Sect. 2.3.2
of Chapter 9A on symbiotic associations; Reddell
et al. 1997, Keerthisinghe et al. 1998, Shane & Lam-
bers 2006). Because the formation of cluster roots is
suppressed by foliar application of P;, the induction
must be controlled systemically by the internal P
concentration, rather than by that in the soil (Gilbert
et al. 1998).

Proteoid roots of Lupinus albus release 40, 20, and
5 times more citric, malic, and succinic acid, respec-
tively, than lupin roots in which the development of
proteoid roots is suppressed by P. The mechanism
that allows the massive and rapid release of carbox-
ylates is not yet known, but we know that it is
mediated by anion channels (Zhang et al. 2004).
Although the excretion of citrate is highest close to
the root tip, the capacity to absorb P from the med-
ium is equally high close to, and further away from,
the tip. In situ, however, most of the P; in the soil will
be depleted by root cells close to the tip, leaving little
to be absorbed by the older zones. The mechanism
by which citrate and other chelating substances
enhance P uptake is by solubilizing P; that is sorbed
to soil particles; both inorganic and organic P com-
pounds are solubilized, the latter then becoming
available for hydrolysis by phosphatases (Fig. 13B).

The capacity to excrete acidifying and/or chelat-
ing compounds is not restricted to species with mor-
phological structures such as cluster roots. Species in
the Brassicaceae also excrete citric acid, thus enhan-
cing the capacity to solubilize rock phosphate (Hoff-
land et al. 1989). Some species induce a dissolution of
poorly soluble phosphate at a faster rate than that of
P; uptake, leading to accumulation in the rhizosphere
(Hinsinger 1998). Neighboring plants may profit
from the capacity to release inorganic P from spar-
ingly soluble sources. Intercropping, i.e., growing at
least two crop species on the same plot of land at the
same time, can enhance plant productivity. Zea mays
(corn) yields 43% more and Vicia faba(faba bean)
yields 26% more when the species are intercropped
on alow-P soil, instead of grown as a monoculture on
the same soil (Table 6). Using permeable and

-

Figure 12. (continued) hakea) at various stages of devel-
opment terminate with second-order determinate
branch rootlets (white root clusters are young-mature,
whereas brown ones are senescent or dead). (F) Higher
magnification of dauciform-root clusters of Tetraria spe-
cies in C. Root hair density is extremely high on indivi-
dual dauciform roots; bar is 10 mm. (F) Tetraria species.

In G and E, simple proteoid-root clusters of Hakea cer-
atophylla that tightly bind the sand excavated at the
University of Western Australia’s Alyson Baird Reserve
at Yule Brook (Western Australia) (courtesy M.W.
Shane, School of Plant Biology, the University of Wes-
tern Australia, Perth, Australia). A-F: copyright Elsevier
Science, Ltd.
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FiGure 13. (A) P;-sorption isotherms on goethite (at pH
6.3) and AI(OH); (at pH 5.8), using Ca(H,POy,),.
Goethite is a common, Fe-containing compound in
soil. AI(OH); was used for the sake of comparison,
since no reduction of the metal was possible. Note that
P; is “not readily available” for Lolium perenne (peren-
nial ryegrass) until about 40% of all the goethite is
“covered”. P availability then increases, reaching a max-
imum at 2 uM in solution, when 75% of the goethite is
covered by sorbed P;. Mycorrhizas increase the avail-
ability for ryegrass in the range 0.5-2 uM, marked by the
arrows, when 60-70% of the goethite surface is “cov-
ered by sorbed P;. Modified after Parfitt (1979). (B)

Effects of carboxylates (and other exudates) on inor-
ganic (P;) and organic P (P,) mobilization in soil. Car-
boxylates are released via an anion channel. The exact
way in which phosphatases are released is not known.
Carboxylates mobilize both inorganic and organic P,
which both sorb to soil particles. Phosphatases hydro-
lyze organic P compounds, once these have been mobi-
lized by carboxylates. Carboxylates will also mobilize
some of the cations that bind P. Some of these cations
(especially Fe) move to the root surface for uptake by the
roots. Others move down the soil profile. Modified after
Lambers et al. (2006).

TasLe 6. Average biomass and grain yield of Zea mays (corn) and Vicia faba (faba bean) grown in continuous
monoculture, in a continuous intercropping system, or in a continuous rotational system for 4 years in a low-P,

high-N soil in China.

Crop Cropping system Average for 2003-2006 kg ha™ % Increase

Grain yield Corn Continuous monoculture 12810 -
Intercropped with faba bean 18910 49

Rotated with faba bean 17360 37

Faba bean  Monoculture 4290 -

Intercropped with corn 5240 22

Rotated with corm 5720 29

Above-ground biomass  Corn Monoculture 26920 -
Intercropped with faba bean 39990 49

Rotated with faba bean 36990 38

Faba bean  Monoculture 10380 -

Intercropped with corn 12660 22

Rotated with corn 13000 21

Source: Li et al. 2007.
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impermeable root barriers, the positive effects on
corn can be ascribed to rhizosphere acidification by
faba bean. The positive effect on faba bean is due to
exploration of a different rooting depth (Li et al.
2007). P-solubilizing effects may also benefit the fol-
lowing crop (Table 6). When Triticum aestivum
(wheat) is grown in rotation with Lupinus albus(white
lupin) on a low-P soil in northern Nigeria, wheat
benefits from the P-solubilizing activity of white
lupin as the preceding crop (Kamh et al. 2002).

2.2.6 Changing the Chemistry
in the Rhizosphere

The availability of several micronutrients in the
rhizosphere is greatly affected by physiological pro-
cesses of the roots (Table 7). For example, proton
extrusion by roots may reduce rhizosphere pH by
more than 2 units from that in the bulk soil
(Hinsinger et al. 2003); the capacity to affect the pH
is strongest at a soil pH of 5-6. Roots also have the
capacity to reduce compounds in the rhizosphere or
at the plasma membrane which is particularly
important for the acquisition of Fe, when available
in its less mobile oxidized state in soil. On the other
hand, roots in flooded soils can oxidize compounds
in the rhizosphere, largely by the release of oxygen
(Sect. 3.5). This can reduce the solubility of poten-
tially toxic ions like aluminum and sulfide. Roots

Taste 7. The availability of a number of micronutri-
ents, aluminum, and toxic heavy metals for plants
when the pH decreases, and the reason for the
change in availability.

Effect of decreased

pH on availability of Cause of the

Microelement the microelement effect

Aluminum Increase Increased
solubility

Boron Increase Desorption

Cadmium Increase Cadmium-
organic ligand
complexation

Copper No effect

Iron Increase Reduction,
increased
solubility

Manganese Increase Desorption,
reduction

Molybdenum Decrease Adsorption

Zinc Increase Desorption

Source: Marschner & Romheld 1996, Krishnamurti et al.
1997.
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often excrete exudates that mobilize sparingly solu-
ble micronutrients, or stimulate the activity of rhizo-
sphere microorganisms and therefore the
mineralization of N and P.

2.2.6.1 Changing the Rhizosphere pH

The pH in the rhizosphere is greatly affected by the
source of N used by the plant, because N is the
nutrient required in largest quantities by plants
and can be absorbed as either a cation (NH;") or
an anion (NOj"). Roots must remain electrically
neutral, so when plants absorb more cations than
anions, as when NH, " is the major N source, more
protons must be extruded (reducing rhizosphere
pH) than when NOj™ is the major N source, in
which case the pH tends to rise slightly. An addi-
tional cause of the decline in rhizosphere pH when
NH," is the source of N is that, for each N that is
incorporated into amino acids, one H" is produced.
Because NH," is assimilated exclusively in the
roots, whereas NOj;™ is assimilated partly in the
roots and partly in the leaves, the production of
H* is greatest with NHy*. A somewhat smaller
decrease in pH also occurs when atmospheric N is
the sole source of N for legumes or other N,-fixing
systems (Sect. 3 of Chapter 9A on symbiotic associa-
tions). The drop in pH with NH, " as N source is due
to exchange of NH," for H" (or uptake of NHjs,
leaving H" behind). The rise in pH with NO;™ as
the source of N is thought to be associated with the
generation of hydroxyl ions during its reduction
according to the overall equation: NO;™ + 8 ™ +
1.5 H,O — NH; + 3 OH™. A more comprehensive
analysis, however, which also accounts for primary
transport at the plasma membrane and N metabo-
lism subsequent to NO3™ reduction shows that NO;~
entry does not raise the pH intracellularly (Britto &
Kronzucker 2005). To compensate for an increase in
pH associated with NO;™ accumulation, protons are
taken up; some hydroxyl ions are neutralized by the
formation of organic acids (mainly malic acid) from
neutral sugars. As a result, plants grown with NO5~
contain more organic acids (mainly malate) than
those using NH, ™ or N,.

Application of ammonium or urea as fertilizers
can create major agricultural problems, since both
the pH in the rhizosphere and that of the bulk soil
will decline in the longer term. This may mobilize
potentially toxic ions, including Al and Mn, and
reduce the availability of required nutrients (Fig. 1
and Sect. 3.1).

Rhizosphere pH affects the availability of both
soil micronutrients and potentially toxic elements
that are not essential for plant growth (Al)
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(Table 7). The solubility of iron (Fe) decreases a 1000-
fold for each unit increase in soil pH in the range
4-9; that of manganese (Mn), copper (Cu), and zinc
(Zn) decreases a 100-fold. Mn and Fe also become
more available when they are reduced (to Mn** and
Fe”", respectively). Although Fe is abundant in the
Earth’s crust, it predominates as insoluble Fe*" pre-
cipitates, which are largely unavailable to plants,
especially at neutral or alkaline pH. Fe-deficiency
symptoms in calcareous soils can be prevented by
supplying NH, ", which acidifies the rhizosphere,
rather than NOs;~, which tends to further increase
the pH around the roots; however, it is only effective
in the presence of nitrification inhibitors that pre-
vent the microbial transformation of NH, " to NO5~
(Marschner 1991). Net nitrification is often favored
by a high pH, which increases nitrification more
than NO3™ immobilization by soil microbes. In prac-
tice, supplying Fe in a chelated or reduced form is
more effective (Table 8).

The availability of molybdenum (Mo) decreases
with a decreasing pH, and that of Cu, which tends to
be complexed in the soil, is unaffected by pH. As a
result, when grown in soil with (NHg),SOy4, the con-
centrations of Fe, Mn, Zn, and B are higher in plant
biomass than those in plants given Ca(NOs),
(Table 8).

Plants can strongly reduce rhizosphere pH by
excreting organic acids (Sect. 2.2.6) or by excreting
protons which occur when the uptake of major
cations (e.g., K) exceeds that of anions (Hinsinger
et al. 2003). In calcareous soils, this acid excretion
occurs to an extent that bulk soil pH is lowered.

Some nutrient deficiencies cause plants to reduce
rhizosphere pH. When the Fe supply is insufficient,
Helianthus annuus (sunflower) plants lower the pH
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of the root solution from approximately 7 to 4. Simi-
lar responses have been found for Zea mays (corn)
and Glycine max (soybean) genotypes with a low
susceptibility to Fe deficiency (“lime-induced
chlorosis”). Fe deficiency-induced acidification of
the rhizosphere is mediated by the proton-pumping
ATPase at the plasma membrane, with cations being
exchanged for H" (Fig. 14). Zn deficiency can also
cause a lowering of the rhizosphere pH (Romheld
1987). Organic acid-mediated dissolution of Fe
plays a significant role in elevating the concentra-
tion of Fe complexes in the rhizosphere, especially
when Fe occurs as Fe(OH);, but less so when it is
present as Fe oxides (Fe;O3; and Fe30,) (Jones et al.
1996a).

Lowering the pH in response to Fe deficiency
may coincide with an increased capacity to reduce
Fe at the root surface, due to the activity of a specific
Fe reductase in the plasma membrane (Schmidt
2003). Reducing and chelating compounds (pheno-
lics) may be excreted, solubilizing and reducing
Fe®" (Deiana et al. 1992). This is the typical response
of Fe-efficient dicots and monocots other than
grasses (“strategy I” in Fig. 15). Excretion of redu-
cing and chelating compounds also enhances the
availability and uptake of Mn. In calcareous soils
with a low concentration of Fe and a high concen-
tration of Mn, this strategy may lead to Mn toxicity.
When the buffering capacity of the soil is large and
the pH is fairly high, “strategy I” is not very
effective.

2.2.6.2 Excretion of Organic Chelates

Grasses exude very effective chelating compounds,
particularly when Fe or Zn are in short supply

TasLe 8. The effect of the form of nitrogen applied to a sandy loam [Triticum aestivum (wheat) and Brassica
oleracea var. botrytis (cauliflower)] or a calcareous soil [Arachis hypogaea (peanut)] on concentrations of

micronutrients or chlorophyll.”

Micronutrient concentration (mg kg‘1 DM)

Chlorophyll concentration

N-source Fe Mn Zn B [mg (g FM™)]
Nitrate 55 23 18 3.5 0.89
Ammonium 68 45 24 129 0.85
Ammonium + nitrification inhibitor 1.76
Nitrate + FeEEDDHA 2.96

Source: Marschner 1991.

“ Chlorophyll concentration is a good indicator for the availability of Fe in the rhizosphere. To inhibit the transformation of
ammonium into NO5~ by nitrifying bacteria, a nitrification inhibitor (nitrapyrin) was added. FeEEDDHA is a chelated form of
Fe, which is readily available to the plant. Concentrations were measured in mature leaves (B), young leaves (chlorophyll),

or the entire shoot (other micronutrients).
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Ficure 14. Changes in pH in the root environment of
Cicer arietinum (chickpea) as affected by Fe supply. (A)
Effects of Fe supply in the absence and presence of an
organic buffer (MES, 4-morpholineethanesulfonic acid)

(Fig. 15). These chelators are called phytosidero-
phores, because of their role in the acquisition of
Fe. However, these chelators are also important for
the uptake of metals like Zn, when these are in short
supply, and hence the term phytometallophore is
also used (Cakmak et al. 1996). Phytosiderophores
are probably released through an anion channel;
concomitant K" uptake ensures charge balance
(Sakaguchi et al. 1999). Fe diffuses in the form of
an Fe-phytosiderophore chelate to the root surface,
and is absorbed as such by root cells (“strategy II”;
Fig. 17). The system responsible for uptake of the Fe
chelate is induced by Fe deficiency. In strategy II, Fe
reduction takes place after uptake into the root cells,
rather than prior to uptake as in strategy I. The
capacity of a genotype to release phytosiderophores
is inversely related to its sensitivity to Fe or Zn
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Ficure 15. The response to Fe deficiency of )
species following two contrasting “strategies”. &5
Strategy Il is restricted to grasses. Strategy lis n £
found in monocots, with the exception of c
S

grasses, and in dicots. Plants are grown with
or without Fe and then supplied with >°FeED-
DHA or >°Fe hydroxide (Romheld 1987).
Copyright Physiologia Plantarum.

Tirme (hours)

on the acidification of the nutrient solution. (B) Effects
of an inhibitor of the plasma membrane ATPase (vana-
date) on the acidification of the nutrient solution
(Ohwaki & Sugahara 1997).

deficiency. For example, Hordeum vulgare (barley)
is less sensitive to Fe deficiency and excretes more
phytosiderophores than sorghum (Sorghum bicolor)
and corn (Zea mays) (Marschner & Rémheld 1996).
Genotypes of wheat [Triticum aestivum (bread
wheat) and Triticum durum (durum wheat)] that
are more resistant to Zn deficiency exude more phy-
tosiderophores than do more sensitive genotypes
(Cakmak et al. 1996, Rengel & Rémheld 2000).
Phytosiderophores are similar to and sometimes
derived from nicotinamine (Fig. 16). Nicotinamine
itself is also an effective chelator and probably
plays a role in chelating Fe inside the cell, in both
strategies I and II (Scholz et al. 1992). Phytosider-
ophores are specific for each species and are more
effective in chelating Fe than are many synthetic
chelators used in nutrient solutions. They also form
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Ficure 16. Scheme for the biosynthesis of phytosidero-
phores, which are hydroxy- and amino-substituted
imino-carboxylic acids exuded by graminaceous

stable chelates with Cu, Zn, and, to a lesser extent,
Mn and enhance the availability of these nutrients
in calcareous soils. Fe-efficient species belonging to
strategy I or Il show an enhanced capacity to absorb
Fe upon withdrawal of Fe from the nutrient solu-
tion (Fig. 17).

Phytosiderophores that are excreted by
Fe-efficient grasses can also enhance the Fe status

+
NH,

6. Mineral Nutrition

methionine
cycle
ADP

ATP

COOH
/\l)\ NH; OH
mugineic acid
(Hordeum vulgare)
coou
HO <5 /\]/'\ oH

3-ep|hydroxymugmerc acid
(Hordeum vulgare)

monocotyledonous plants (Ueno et al. 2007). Copyright
Trustees of The New Phytologist.

of some Fe-inefficient dicotyledonous neighboring
plants, both in nutrient solution and in pot experi-
ments. This mechanism offers an explanation for the
success of intercropping Arachis hypogaea (peanut)
with Zea mays (corn) in northern China (Zuo et al.
2000) and for the re-greening of fruit trees when
grown in combination with Festuca rubra(red fescue)
(Ma et al. 2003).
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Figure 17. Induction of the capacity to absorb Fe as
affected by Fe deficiency in dicotyledonous and non-
graminaceous dicotyledonous species (strategy 1) and
in graminaceous species (strategy 11) (Ma 2005).

Carboxylates are a common component of root
exudates. They are excreted in response to a short-
age of P, Fe, K, and some other cations (Jones 1998,
Neumann & Romheld 1999). Depending on the dis-
sociation properties and number of carboxylic
groups, carboxylates can carry varying negative
charges, thereby allowing the complexation of
metal cations in solution and the displacement of
anions from the soil matrix. For this reason, carbox-
ylates play a role in many soil processes, including
the mobilization and acquisition of nutrients by
plants (e.g., P; and Fe) and the detoxification of
metals (e.g., Al, Pb), microbial proliferation in the
rhizosphere, and the dissolution of soil minerals,
leading to pedogenesis (e.g., laterite formation and
podzolization) (Pate et al. 2001). Organic acids trans-
form high-molecular-mass humus compounds into
smaller ones (molecular mass less than 10000). Upon
transformation of the humus complex, Ca, Mg, Fe,
and Zn are released from the humus complex.
Organic acids are far more effective than their
K*-salts or inorganic acids; their action is likely a
combination of acidification and chelation
(Albuzzio & Ferrari 1989).
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2.2.7 Rhizosphere Mineralization

Root exudation of organic acids, carbohydrates, and
amino acids, and the sloughing of polysaccharides
from growing root tips, usually accounts for less
than 5% of total carbon assimilation, but it may
increase substantially when P availability is low
(Table 2 in Chapter 2B on respiration). Root exu-
dates have major effects on microbial processes in
soils which are often carbon limited (Chapter 10A
on decomposition). The densities and activity of
microorganisms, especially bacteria, and microbial
predators are much greater in the rhizosphere than
they are in bulk soil, and they are enhanced by
factors, such as elevated atmospheric CO, concen-
trations, that increase root exudation (Cheng &
Johnson 1998). The effects of root exudates depend
on soil fertility (Sect. 3.2 of Chapter 10A on decom-
position). In infertile soils, stimulation of root
exudation by elevated CO, concentrations tends to
increase N immobilization by rhizosphere microbes
and reduces plant uptake (Diaz et al. 1993). By con-
trast, in more fertile soils, where microbes are more
carbon limited, the stimulation of root exudation by
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elevated [CO,] increases N mineralization and plant
uptake (Zak et al. 1993). Annual N uptake by vege-
tation is often twice the N mineralization estimated
from incubation of soils in the absence of roots
(Chapin et al. 1988). Much of this discrepancy
could involve the more rapid nutrient cycling that
occurs in the rhizosphere, as fueled by root
exudation.

2.2.8 Root Proliferation in Nutrient-Rich
Patches: Is It Adaptive?

When N, K, or P are limiting for plant growth and
only available in localized root zones, roots tend to
proliferate in these zones more than they do in
microsites with low nutrient availability. Roots
experiencing nutrient-rich patches can also enhance
their physiological ion-uptake capacities compared

6. Mineral Nutrition

with roots of the same plant outside the patch zone
(Hodge 2004). Local proliferation, however, is
found only if the elongating tip of the axis from
which the laterals emerge has experienced these
favorable local conditions while elongating. If it has
not, or if the plant as a whole does not experience
nutrient deficiency, then no laterals emerge in favor-
able zones (Drew et al. 1973; Drew 1975). Local root
proliferation occurs similarly in species from nutri-
ent-rich [Holcus lanatus (common velvetgrass), Lolium
perenne (perennial ryegrass)] and nutrient-poor habi-
tats [Anthoxanthum odoratum (sweet vernalgrass), Fes-
tuca rubra(red fescue)] (Franken et al. 1999). Recent
discoveries on molecular aspects of plant responses
to N-rich patches are discussed in Box 6.1.

It would seem that the proliferation of roots in
response to a localized nutrient supply is functional,
but is it really? When Triticum aestivum (wheat)

Box 6.1

Local root proliferation in response to patches
enriched in N, P, or K is well documented (Sect.
2.2.8; Zhang & Forde 1998). In roots of Arabidopsis
thaliana (thale cress), NO;™ induces a gene (ANR1T)
that codes for a NO; -specific transcription factor;
this gene is not affected by K or P (Zhang & Forde
1998, Forde 2002). Transgenics in which expres-
sion of this key gene is repressed no longer
respond to NO;™-rich zones by lateral-root prolif-
eration. When NOj™ is supplied to the entire root
system, lateral-root growth is unaffected by NO5~
in the range of 0.01-1 mM, whereas it is inhibited
in the transgenic plants. A mutant that has only
0.5% of the nitrate reductase activity of the wild
type exhibits a response that is similar to that of
the wild type. This shows that NO;" itself, rather
than an assimilation product, is responsible for
the effects on localized root proliferation.

Root proliferation corresponds with an
increased rate of cell production in the lateral-root
meristem (Sect. 2.2.5 in Chapter 7 on growth and
allocation). An auxin-resistant mutant does not
respond to the NOj;™~ signal, suggesting involve-
ment of the phytohormone auxin (Box 7.1 in
Chapter 7) in the NOj;-stimulated lateral-root
expansion (Zhang et al. 1999). Lateral-root primor-
dia originate from pericycle founder cells. Sophis-
ticated mass-spectroscopy-based techniques have

Molecular Control of Local Root Proliferation

been used to determine the exact map of the sites of
biosynthesis of auxin and its distribution in Arabi-
dopsis thaliana. This has highlighted the importance
of the phytohormone during lateral-root initiation
and emergence (Casimiro et al. 2003).

The systemic inhibitory effect (i.e., the sup-
pression of root proliferation when a high NO5~
concentration is supplied to the entire root sys-
tem) acts by suppressing the development of
lateral-root primordia at a stage just after emer-
gence through the epidermis. Mature laterals are
insensitive to NO5~, and the stunted lateral roots
that are produced in 50 mM NOj;~ grow out as
normal after plants have been transferred to
1 mM NOj". Therefore, the post-emergence
stage is specifically susceptible to the systemic,
inhibitory signal (Zhang et al. 1999).

To explain the manner in which down-regula-
tion of ANRI leads to suppression of the growth of
lateral roots in well-fed plants and to the absence
of a response to a local NO;™ supply, thefollowing
model has been suggested. First, there is the loca-
lized stimulatory effect that requires the presence
of NO;™ at the lateral-root tip and ANRI expres-
sion. Second, there is a systemic inhibitory effect
that results from the influence of NO;™ supply on

continued
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Box 6.1. Continued

the N status of the shoot; this effect does not
depend on expression of ANRI and might
involve cytokinins (Box 7.1 and Sect. 5.4.4 in
Chapter 7 on growth and allocation). This
model is consistent with a response of the lateral
roots of wild-type plants in NOz -rich patches,
and with the lack of a response in the transgenics.
It is also consistent with the inhibition of lateral-
root growth of the transgenics when NOj™ is
supplied to the entire root system; the positive
effect of ANRI is blocked, and there is only the
inhibitory effect of the N status of the entire plant

(F1%; 1).

he localized stimulatory effect begins with
perception of the NO;™ signal by a NO5™ sensor,
involving a specific NO;~ transporter, NRT1.1
(Fig. 7; Remans et al. 2006). The signal is then
transduced through a pathway that involves the
products of ANRI. The transcription factor
encoded by this gene activates a set of genes
that modulate meristematic activity in the lat-
eral-root tip. An auxin-sensitivity gene (AXR4)
interacts with ANRI, but it is not yet clear how
the two genes interact.

]
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The systemic inhibitory effect requires the
uptake of NO;~; the more NOj" is taken up, the
stronger the inhibition. Evidence from experi-
ments with a mutant deficient in nitrate reduc-
tase suggests that the plant senses the internal
NO;™ pool. The nature of the inhibitory signal is
unknown, but it probably originates in the shoot,
because applying 50 mM KNO; to one half of a
split-root system leads to the suppression of lat-
eral-root development in both halves. The inhi-
bitory signal appears to be sensed specifically
during a critical phase of lateral-root develop-
ment after emergence from the parent root and
just prior to the point at which the cells of the
newly differentiated lateral-root meristem
become activated and elongation of the mature
lateral root begins.

The two opposing effects of NO5™ provide a
regulatory system that enables root branching to
respond to both the plant’s N status and the local
availability of NO5™. In this way, the intensity of
the response to a localized NO3™ source (i.e., the
foraging response) can be adjusted according to
the plant’s demand for N, so that resource alloca-
tion within the plant as a whole can be optimized
(Zhang & Forde 2002).

Activation of other
nitrate-inducible genes,
e.g., for nitrate
reductase, nitrite
reductase

Ficure 1. Dual-pathway model for regulation of lat-
eral-root growth and development by NO;™ in Ara-
bidopsis thaliana(thale cress). Broken lines indicate
signaling steps; solid arrows indicate transport or
metabolic steps. The localized stimulatory effect
depends on the external NO3~ concentration and
acts on the mature lateral-root tip to increase mer-
istematic activity. The systemic inhibitory effect

depends on the internal N status of the plant and
acts on a critical stage of lateral-root development
prior to activation of the lateral-root meristem. Both
effects are specific to the lateral roots, and growth of
the primary root is largely insensitive to the supply of
NO;~ (Forde 2000). With permission from Oxford
University Press.
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plants are grown with a localized '“N-labeled
organic residue in soil, rates of N uptake per unit
root length greatly increase during growth through
the localized source of N. Plants obtain only 8% of
the N that they ultimately absorb during the first
5 days of exploitation of the localized source. Only
after this initial absorption do the roots proliferate in
the residue; over the next 7 days they absorb 63%
of the total N obtained from the local source. After
that time, massive proliferation occurs in the resi-
due, but relatively little further N is captured
(Fig. 18). This suggests that local proliferation is of
only limited importance for the capture of the N
released from locally decomposing organic matter.
When plants are competing for nutrients, however,
local proliferation is advantageous. For example,
when Lolium perenne (perennial ryegrass) grows
together with Poa pratensis (smooth meadow-
grass), L perenne produces greater root densities in
the patch than does Poa pratensis, and it also captures
more N from the patch (Hodge et al. 1999). Prolif-
eration, triggered by the local source of N, might
also be advantageous in the longer term to take up
nutrients other than N.

The extent of the response to a localized supply
depends on the overall nutrient status of the plant.
Thus, if one half of the roots receives no nutrients at
all, then the response is considerably stronger than if
that half is supplied with a moderate amount
(Table 9; Robinson 1994). The development of an
individual root obviously depends both on the
nutrient availability in its own environment and on
other roots of the same plant.

2.3 Sensitivity Analysis of Parameters
Involved in Phosphate Acquisition

The contribution of different parameters involved in
the uptake of P; can be assessed using simulation
models. Such models are increasingly used to ana-
lyze ecophysiological problems.

Nye and co-workers (Bhat & Nye 1973, Nye &
Tinker 1977, Tinker & Nye 2000) analyzed the sig-
nificance of root hairs using an experimental and a
mathematical approach. They measured the
(labeled) P; concentration at the root surface of an
oil seed root with dense root hairs. In addition, they
simulated the P; concentration under one of the
following two assumptions: (1) root hairs are not
involved in P; uptake, and (2) root hairs effectively
increase the cylinder intercepted by the root. There
was good agreement between the simulated and the
experimental data, only when they assumed that
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Ficure 18. The response of Triticum aestivum to a loca-
lized organic residue, enriched with 15N. (A) Total N in
the plant (open symbols) and N in the plant derived from
the organic residue. (B) Total root length density in the
residue (filled symbols) and in the soil above (triangles)
and below (triangles) the residue; (C) N uptake for the
whole root system (lower curve) and for the part of the
roots that proliferated in the localized residue (upper
curve) (Van Vuuren et al. 1996).

root hairs are effective (Fig. 19). This work corrobo-
rated earlier ideas based on the significance of
root hairs for the acquisition of immobile ions,
including P; (Table 4).

Barber and co-workers (Silberbush & Barber
1983, Barber 1995) analyzed the sensitivity of P;
uptake by pot-grown soybean plants to various
soil and root factors (Fig. 20). The simulated
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TasLe 9. Root development of Pisum sativum (garden pea) in a split-root design, in
which root halves were grown in different pots and supplied with different
nutrient concentrations from the time they were 24 mm long.*

Root dry mass (mg)

Nutrient strength

Shoot dry mass

pot 1-pot 2 Pot1 Pot2 Total Ratio pot 1/pot 2 (mg)
0-50 51 450 501 0.11 806
1-50 60 427 487 0.14 847
10-50 142 370 512 0.38 874
25-50 194 269 463 0.72 935
50-50 300 283 582 1.05 1032
10-0 225 61 286 3.77 463
25-0 343 52 394 6.76 670

Source: Gersani & Sachs 1992.

* Plants were harvested when they were 3 weeks old.

Ficure 19. Calculated and measured P; concen-
tration profiles around a Brassica napus (oil
seed) root. P; profiles are calculated under the
assumption that root hairs do (ii, outer broken
lines) or do not (i, inner broken lines) play a role
in P; uptake. The solid line gives the experimen-
tally determined profile. The radii given are the
radius of the root axis only (a,) and that of the root
plus root hairs (a.) (Bhat & Nye 1973 and Nye &
Tinker 1977).

Fraction of exchangeable

Ficure 20. Effects of changing parameter values
(from 0.5 to 2.0 times the standard value) on simu-
lated P; uptake by roots of Glycine max (soybean). kis
the rate of root elongation, Gj; is the initial P; concen-
tration in solution, r, is the root diameter, b is the
buffer power of the soil, D, is the diffusion coefficient
of P; in the soil, I,,,, is the maximum P; inflow rate, v,
is the rate of transpiration, r; is the spacing between
individual roots, C,,;, is the lowest concentration at
which P; uptake is possible, and K, is the P; concen-
tration at which the rate of P; uptake is half of that of
Imax (Silberbush & Barber 1983). With kind permis-
sion, from the Annual Review of Plant Physiology,
Vol. 36, copyright 1985, by Annual Reviews Inc.
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uptake agreed well with their experimental
results. Their results demonstrated that P; uptake
is much more responsive to changes in the rate
of root elongation (kin Fig. 20) and root diameter
(ro) than to changes in kinetic properties of the
uptake system: Ky, Imax, and Cpn. Soil factors
such as diffusion coefficient (D.) and buffer
power (b) have greater effects if their values are
decreased than if they are increased. Transpira-
tion (v,) has no effect at all on the rate of P;
uptake. The spacing between roots (r;) was such
that there was no inter-root competition; hence,
changes in the value for this parameter had no
effect. It is clear that, for a relatively immobile
nutrient such as P, kinetic parameters are consid-
erably less important than are root traits such as
the rate of elongation and root diameter. This is
consistent with the generalization that diffusion
to the root surface rather than uptake kinetics is
the major factor determining P; acquisition. For
more mobile ions, such as NO;~, kinetic proper-
ties play a somewhat more important role
(Kirk & Kronzucker 2005).

This example shows how simulation models can
be helpful to explore our intuitive ideas elegantly, if
they are used in combination with experimental
approaches.

3. Nutrient Acquisition
from “Toxic” or “Extreme” Soils

The term toxic or extreme soil is clearly anthropo-
morphic. For example, a soil of a rather high or
low pH may be toxic for some species, but a favor-
able habitat for others. Similarly, the presence of
high concentrations of “heavy metals” may prevent
the establishment of one species, but allow comple-
tion of the life cycle of another. As pointed out in
Sect. 1, the occurrence of species in sites that we tend
to call “toxic” does not necessarily mean that
adapted plants grow better in such sites. We use
terms like halophytes and calcifuges to refer to the
ecological amplitude of the species. The physiolo-
gical amplitude of a species is usually much
broader than its ecological amplitude (Sect. 3 of
Chapter 1 on assumptions and approaches). The
restriction of a species to extreme soils might indi-
cate that adapted plants are the only ones that can
survive in these soils, due to their specialized
mechanisms and that they are outcompeted on
soils that we consider less extreme.

The following sections discuss specialized plant
traits associated with phenotypic acclimation and
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genotypic adaptation to extreme soils and their con-
sequences for species distribution.

3.1 Acid Soils

Soils naturally tend to become acid with age (Fig. 1),
as a result of several processes (Bolan et al. 1991):

1. Decomposition of minerals by weathering, fol-
lowed by leaching of cations, such as K*, Ca®",
and Mg”" by rain. This is particularly important in
humid regions.

2. Production of acids in soils (e.g., due to hydra-
tion and dissociation of CO,, formation of
organic acids, oxidation of sulfide to sulfuric
acid and nitrification of ammonia).

3. Plant-induced production of acidity, when an
excess of cations over anions is taken up (e.g.,
when N, or NH, ", rather than NOj, is used as
N source for plant growth).

Soils may also acidify due to human activities
such as input of nitric and sulfuric acids from “acid
rain”; the addition of acidic fertilizer, such as ammo-
nium sulfate or urea, or the exposure of acidic mine
tailings.

Soil acidity modifies the availability of many
mineral nutrients (Fig. 1) as well as the solubility of
Al. Although a low soil pH per se may limit the
growth of plants, Al toxicity is considered a major
yield-limiting factor in many acid soils, especially in
the tropics and subtropics (Kochian et al. 2005). In
acid soils, concentrations of Mn may also increase to
toxic levels, generally at a somewhat higher pH than
that which causes Al toxicity. P, Ca, Mg, K, and Mo
may decline to an extent that deficiency symptoms
arise (Table 7 in Sect. 2.2.6).

3.1.1 Aluminum Toxicity

Aluminum is of the most abundant metal in the
Earth’s crust and the third most abundant element.
Like all trivalent cations, it is toxic to plants. Alumi-
num hydrolyzes in solution, such that the trivalent
cation dominates at low pH (Fig. 21). In addition, at
low pH aluminum is released from chelating com-
pounds (J.E Ma et al. 2001a). Many species have a
distinct preference for a soil with a particular pH.
Calcifuge (“chalk-escaping”; also called “acidophi-
lous”, acid-loving) species resist higher levels of solu-
ble A" in the root environment. There are several
potential sites for injury due to Al (Fig. 22):

1. the cell wall
2. the plasma membrane
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Ficure 21. Calculated distribution of total inorganic 100 =1 =
Al concentration over various monomeric and poly- -
meric forms as a function of pH. Calculations are il —
based on parameters given by Nair & Prenzel (1978). 75
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FiGure 22. Possible mechanisms of Al toxicity and Al resis-
tance in plants. Al toxicity targets are illustrated on the left
side of the diagram. For clarity, the interactions of Al with
the cell wall are not shown. On the right side, Al-resistance
mechanisms (Al exclusion and internal Al detoxification)
are based on the formation of Al complexes with
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carboxylates. The Al-exclusion mechanism involves the
release of carboxylate anions via an Al-gated anion chan-
nel at the plasma membrane. The internal Al-detoxification
mechanism involves chelation of cytosolic Al by carbox-
ylate anions with the subsequent sequestration into the
vacuole via unknown transporters (Kochian et al. 2005).
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3. signal-transduction pathways
4. the root cytoskeleton
5. DNA/nuclei

The root apex appears to be the most sensitive
region for Al toxicity. When most of the roots are
exposed to Al, but root tips are in a solution with-
out Al, plant growth is not affected. On the other
hand, when only the root tips are exposed to Al,
toxicity symptoms are readily visible (Kochian
1995). Inhibition of root elongation is the primary
Al-toxicity symptom (Ryan et al. 1994). Inhibition
of root elongation in the root tip is due to inter-
ference with the formation of cell walls, decreas-
ing cell-wall elasticity by cross-linking with pectin
(Kochian et al. 2005, Ma et al. 2005). Root cells
become shorter and wider. As a consequence,
root elongation is impaired and the roots have a
“stubby” appearance (Fig. 23) and a low specific
root length, when grown in the presence of Al
(Table 10; Delhaize & Ryan 1995).

Important toxic effects of Al occur at the plasma
membrane. These are partly due to the inhibition of
the uptake of Ca and Mg (Table 11), due to blockage
of ion channels in the plasma membrane (Kochian et
al. 2005). Some of the symptoms of Al toxicity are
very similar to those of a deficiency of other ions.
This may be due to competition for the same site in
the cell walls (some cations), precipitation of Al
complexes (with P;), or inhibition of root elongation,
which reduce the absorption capacity (Kochian et al.
2005). Inhibition by Al of the uptake of Ca and Mg

pH 6.5

Ficure 23. (Left) Seedlings of an Al-sensitive (ES8,
right) and a near-isogenic Al-resistant (ET8, left) line
of Triticum aestivum (wheat) grown in soil at pH 6.5,
where Al is harmless for roots, and at pH 4.4, where
aluminum is toxic if not chelated (courtesy J.F. Ma,
Plant Stress Physiology Group, Research Institute for
Bioresources, Okayama University, Kurashiki, Japan;
Ma 2000, by permission of Oxford University Press).
(Right) Scanning electron micrograph of the root tips
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TasLe 10. The effects of aluminum concentration on

various root parameters of Mucuna pruriens (velvet
.

bean).

[AP*] DM M D SRL
(mgL™) ® ® (mm) Lm (mg")
0 6.4 126 037 1160 175
0.1 6.6 155  0.44 1100 166
0.2 6.6 126 046 931 141
0.4 3.3 55 051 253 76

Source: Hairiah et al. 1990.

* DM, dry mass; FM, fresh mass; D, diameter; L, root length
per plant; SRL, specific root length (per gram dry mass of
roots).

Note: The increase in root dry mass was not statistically
significant.

decreases the concentration of these cations in the
cell, causing Ca- and/or Mg-deficiency symptoms.
Ca is required during cell division for spindle for-
mation and to initiate metaphase/anaphase transi-
tion. Hence, the presence of Al prevents cell division
and root development (Kochian et al. 2005). Inter-
ference with Mg uptake causes Mg deficiency symp-
toms (i.e., chlorotic leaves with brown spots), and
stubby discolored roots (Kochian et al. 2005). Al
toxicity also resembles boron deficiency, but the
reason for this is not clear (LeNoble et al. 1996a).
Some Al is rapidly taken up in the symplast as
well, possibly via carriers whose function is to take
up Mg or Fe, or via endocytosis (Kochian 1995). In

of the two near-isogenic lines shown in the top panel;
the photo on the right shows a root tip of the Al-
sensitive line, and the one on the left a root tip of the
Al-resistant line. The seedlings were grown for 4 days
in a solution containing 5 mM AICI; in 200 mM CaCl,
at pH 4.3 (courtesy E. Delhaize, CSIRO, Canberra,
Australia; Delhaize & Ryan 1995). Copyright Ameri-
can Society of Plant Biologists.
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Taste 11. Aluminum, phosphorus, calcium, and magnesium concentration [mmol (kg dry mass)~'] in roots and
shoot of Sorghum bicolor (sorghum), grown for 35 days at three levels of Al (zero, low: 0.4 mg L™, high 1.6 mg
L") and P [low, medium, and high: 285, 570, and 1140 mmol plant™ (35 days)™'].*

Shoot Root
P level Al level Al P Ca Mg Al P Ca Mg
Low Zero - 26 171 69 - 29 28 22
Medium Zero - 30 151 63 — 34 21 20
High Zero - 38 139 63 - 39 19 23
Low Medium 1 27 127 36 7(29) 30 20 16
Medium Medium 1 29 108 37 5(40) 34 18 16
High Medium 1 40 85 36 5(40) 46 20 19
Low High 1 93 61 23 11(36) 70 16 14
Medium High 1 108 51 21 13(31) 76 15 15
High High 1 335 65 25 131(45) 263 16 16

Source: Tan & Keltjens 1990.

“ Values in brackets indicate the percentage removable with 0.05 M H,SO, (i.e., the fraction in the apoplast).

the cytosol, with a neutral pH, it is no longer soluble,
and the AI*" concentration is less than 10™° M, due
to the formation of nontoxic forms of Al e.g,
Al(OH);. Al may also displace Ca and/or Mg from
sites where they have a vital function in activation of
enzymes; interference with calmodulin (a major
component of signal-transduction pathways in
plants) and the cytoskeleton may be particularly
harmful.

Because of the very high affinity of Al for pro-
teins and P-containing compounds, including ATE,
phospholipids, and DNA, these very low Al con-
centrations are potentially phytotoxic (Ma et al.
1998). Most of these effects occur after the very
rapid (1-2 hours) inhibition of root elongation.
They are, therefore, not the primary cause of inhibi-
tion of plant growth (Kochian 1995). Cell division is
also inhibited; mitosis appears to be arrested in the
S-phase of DNA replication.

Leaf disorders (e.g., Fe-deficiency symptoms)
occur several days after exposure to Al In Triticum
aestivum (wheat),which exhibits Fe uptake accord-
ing to strategy II (Sect. 2.2.6), Fe deficiency is due to
inhibition of the biosynthesis and release of phyto-
siderophores (Chang et al. 1998).

3.1.2 Alleviation of the Toxicity Symptoms by
Soil Amendment

Al toxicity symptoms can be diminished by addi-
tion of extra magnesium or calcium. Phosphate
addition also has a positive effect, because it pre-
cipitates Al, either outside or in the roots. There is
some evidence that the toxicity symptoms can be
alleviated by Mg (especially in monocotyledons)

and Ca (especially in dicotyledons) (Keltjens & Tan
1993, Silva et al. 2001a). This pattern is consistent
with the higher requirement for Ca in dicots
(Sect. 4). Cation amelioration of Al toxicity is prob-
ably caused by a reduction of Al accumulation
(Ryan et al. 1997). In Glycine max (soybean), adding
50 uM Mg to a nutrient solution containing toxic
levels of Al increases exudation of citrate (which
chelates Al) by the tap root tips several fold. This
suggests that alleviation of Al toxicity by Mg is due
to increased production and exudation of citrate
(Silva et al. 2001D).

The ability of high-molecular-mass organic acids,
such as humic acid and fulvic acid, to bind Al is
well documented. These substances form much
more stable complexes with Al than do citrate,
malate, and oxalate, which are excreted by roots of
Al-resistant plants (Sect. 3.1.3). Fulvic acid and
humic acid are constituents of humus, peat, and
leaf litter, which can be added to alleviate toxic
effects of Al (Harper et al. 1995).

Some of the symptoms of Al toxicity [e.g., inhibi-
tion of root elongation of Cucurbita pepo (squash)
growing in nutrient solution] are relieved by the
addition of boron (LeNoble et al. 1996a). Incorpora-
tion of boron in an acidic high-Al subsoil promotes
the depth of rooting and total root growth in
Medicago sativa (alfalfa) (LeNoble et al. 1996b).

3.1.3 Aluminum Resistance

Recent progress in several laboratories has set the
stage for identification and characterization of the
genes and associated physiological mechanisms
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that contribute to Al resistance in important crop
species grown on acid soils. This provides the
necessary molecular tools to address a major,
worldwide agronomic problem (Kochian et al.
2005). Different mechanisms can be discerned to
account for a plant’s resistance to potentially toxic
levels of Al:

1. Al exclusion from the root apex (avoidance)
2. Al tolerance

There is clear evidence for both exclusion
mechanisms (Kochian 1995) that confer Al resis-
tance and for internal detoxification in species
that accumulate Al, such as Hydrangea macrophylla
(hydrangea), Camellia sinensis (tea), Richeria grandis
(a tropical cloud-forest tree) (Ma et al. 1997), and
Fagopyrum esculentum (buckwheat) (Zheng et al.
1998). Internal detoxification of Al in Al-accumulat-
ing species is probably based on binding of Al to
citrate or oxalate in leaf cells (Ma et al. 1997, Zheng
et al. 1998).

Work on the aluminum-resistant species Fago-
pyrum esculentum(buckwheat) and comparisons of
resistant and sensitive genotypes of Phaseolus vul-
garis (common bean), Triticum aestivum (wheat), Zea
mays (corn), and Arabidopsis thaliana (thale cress)
highlight the importance of carboxylates (citrate,
malate, and oxalate) release by roots, especially by
root tips (Figs. 23 and 25; Zheng et al. 1998). Some
species, e.g., Lupinus albus (white lupin) release car-
boxylates in response to both Al supply and P defi-
ciency, but the response differs in the exact part of
the root system from which the carboxylates are
released (Wang et al. 2007).

In resistant wheat genotypes, Al activates a chan-
nel that allows the exudation of carboxylates. Trans-
porters responsible for Al-activated release of
carboxylates have been identified in several species
(Delhaize et al. 2007, Furukawa et al. 2007,
Magalhaes et al. 2007). Higher rates of exudation
reflect higher rates of carboxylate synthesis, rather
than higher concentrations in the root tips. The
excretion of carboxylates is accompanied by K*
efflux, so the positive effect of the chelator is not
negated by lowering the pH. Mucilage exuded by
the root cap may allow the malate concentration to
remain sufficiently high over extended periods to
protect the root tip (Delhaize & Ryan 1995). Wheat
genotypes that excrete both malate and phosphate
at the root tip show a threefold greater resistance to
Al. Contrary to the inducible release of malate, the
release of phosphate is constitutive (Pellet et al.
1996). Microbial degradation of the malate released
by the roots of Al-resistant plants could potentially
limit the effectiveness of these compounds in
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sequestering Al because the half-life of the released
organic acids is less than 2 hours. For rapidly grow-
ing roots (> 15 mm day™"), however, the residence
time of the malate-releasing root tips in any zone of
soil is around 5 hours, because root tips and their
carbon release to the rhizosphere move quickly
enough, so that the size of the microbial biomass in
the rhizosphere of the root tip does not change much
from the time the tip enters a zone. Electron micro-
scopy and physiological studies confirm that there
is little microbial proliferation at the root apex.
Carboxylate release protects the root tip from the
toxic effects of Al, despite some microbial break-
down of malate in the rhizosphere (Jones et al.
1996b).

Al resistance may be based not only on the
release of carboxylates and phosphate, but also on
an Al-induced root-mediated elevation of the pH in
the rhizosphere adjacent to the root tip (Degenhardt
et al. 1998, Larsen et al. 1998). Because the solubility
of Alis pH dependent, increases in rhizosphere pH
reduce the concentration of AI>* (Fig. 21).

At a high pH, calcifuge species may show
Fe-deficiency symptoms. This is probably asso-
ciated with their Al-resistance mechanism, which
may immobilize other ions as well, including Fe.
Root growth of calcifuge species may be stimulated
by low Al concentrations. This growth-enhancing
effect of Al is most pronounced at low pH (high
H" concentration). It is probably associated with
the alleviation of the toxic effects of a low pH
which is a general effect of cations; trivalent cations
have the strongest effect, followed by divalent and
then monovalent ones (Kinraide 1993). The growth
of calcicole (“chalk-loving”; also called acidifuge,
“acid-escaping”) species, which naturally occur on
soils with a high pH (Sect. 3.2), may also be stimu-
lated by Al, but the optimum Al concentration for
such species is about 5 uM, as opposed to 20-30 pM
for calcifuge species, such as Nardus stricta (mat-
grass) and Ulex europaeus (gorse).

3.2 Calcareous Soils

Calcifuge (“chalk-escaping”) species have a dis-
tinct preference for a soil with a low pH. They
tend to have a very low ability to solubilize the P;,
Fe, and Zn and in limestone, but resist higher levels
of soluble AI*" in the root environment (Sect. 3.1);
NO;™ availability will be low, and NH," will be a
more important source of N (Sect. 2.1.2). Carbo-
nate-rich soils may contain high levels of Fe and
this may arrive at the root surface, but calcifuge
species are unable to acquire sufficient Fe to sustain
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rapid growth. The lack of a high capacity to utilize
the forms of Fe, Zn, and other trace elements that
prevail in alkaline soils (Sect. 2.2.6) leads to “lime
chlorosis” and may be the cause of failure of estab-
lishment of calcifuge species in such soils. Some
calcifuge plants [e.g., Carex pilulifera (pill sedge)]
are unable to translocate sufficient Fe to their leaves
when grown in calcareous soil; Fe may accumulate
in or precipitate on their roots. Others [e.g., Veronica
officinalis (heath speedwell)] may increase the
amount of Fe that is transported to their leaves,
but accumulate this Fe in a form that is not meta-
bolically active (Table 12; Zohlen & Tyler 1997,
2000). In addition, calcifuges tend to lack the capa-
city to access the prevalent poorly soluble P sources
in alkaline substrates (Sect. 2.2.5). Calcifuges have
very low leaf P concentrations to support physio-
logical functions and consequently low biomass
production, when grown in calcareous soil (Zohlen
& Tyler 2004).

Calcicole species are associated with soils of high
pH. Their growth may be stimulated by high Ca con-
centrations, which are saturating for calcifuge species;
however, this is not the major factor explaining their
distribution. More importantly, calcicole species do
not resist Al in their root environment (Sec. 3.1).

The solubilization of P; and Fe by carboxylate
exudation in calcicoles inevitably also enhances the
concentration of Ca. Indeed, high Ca concentra-
tions may be found in the xylem sap of calcicole
species. Because Ca is an important “second mes-
senger” (e.g., in the regulation of stomatal conduc-
tance) (Sect. 5.4.2 of Chapter 3 on plant water
relations), how does a calcicole plant avoid being
poisoned by Ca? Calcicoles store excess Ca as crys-
tals, sometimes in leaf trichomes (De Silva et al.
1996). Calcifuge herbs are unable to avoid exces-
sive uptake of calcium from calcareous soil (Zohlen
& Tyler 2004).
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3.3 Soils with High Levels of Heavy Metals

Heavy metals are characterized by their high den-
sity, which is greater than 5 g mL™. Their biological
activity, however, is due to ligand properties. More-
over, some of the “heavy metals” (e.g., arsenate) do
not quite fit the above definition, and hence the term
“heavy metal” is a bit of a misnomer (Duffus 2002); it
will be used in this chapter, as it is a term that is
common in the ecophysiological literature. Some
heavy metals [cobalt (Co), copper (Cu), iron (Fe),
manganese (Mn), molybdenum (Mo), nickel (Ni),
and zinc (Zn)] are essential micronutrients for plants
but become toxic at elevated concentrations. Their
role as an essential micronutrient may be as a cofac-
tor or activator of specific enzymes or to stabilize
organic molecules. Other heavy metals [e.g., cad-
mium (Cd), lead (Pb), chromium (Cr), mercury
(Hg), silver (Ag), uranium (U), and gold (Au)] are
not essential for plant functioning.

3.3.1 Why Are the Concentrations of Heavy
Metals in Soil High?

High levels of heavy metals in soils may have a geo-
logical or anthropogenic origin. In 1865 the first refer-
ence to heavy metal hyperaccumulation in plants was
made when Thlaspi caerulescens (alpine pennycress)
growing on Zn-rich soils near the German-Belgium
border was reported to contain 17% of Zn in its ash.
However, it was the discovery in 1948 by Minguzzi
and Vergnano of extreme Ni accumulation in Alyssum
bertolonii from serpentine hills in Italy, reaching 10 mg
Ni g™ dry mass, that marks the beginning of an
increasing interest in this subject (Assuncado et al.
2003). Brooks et al. (1977) first coined the term hyper-
accumulator to define plants with Ni concentrations
higher than 1000 pg g™ dry mass. There is increasing

TasLe 12. Total, “metabolically active”, and “HCl-soluble” Fe in freshly sampled leaf tissue of two calcifuge
species, grown in acid silicate soil, calcareous soil, and calcareous soil amended with calcium phosphate.”

Species Soil Total Metabolically active HCl soluble

Carex pilulifera Acid 781 283 691
Calcareous 491 163 272
Calcareous + P 360 115 202

Veronica officinalis Acid 1148 689 818
Calcareous 1588 399 654
Calcareous + P 1311 480 593

Source:Zohlen & Tyler 1997.
" Expressed as nmol g™ dry mass.

Note: The “metabolically active” fraction was extracted with 1,10-phenantroline, an Fe-complexing reagent considered to
extract mainly Fe>"; the HCl-soluble fraction is considered the fraction that is important in chlorophyll synthesis.
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evidence that hyperaccumulation confers protection
against herbivores and microbial pathogens (Chapters
9A and 9B; Poschenrieder et al. 2006).

Serpentine soils have naturally high levels of
nickel (Ni), chromium (Cr), cobalt (Co), and magne-
sium (Mg), but low concentrations of Ca, N, and P.
The flora associated with these soils is rich in spe-
cially adapted endemic species (Arianoutsou et al.
1993). It has been known in Europe for centuries that
rock formations containing high levels of certain
metals (e.g., Cu) are characterized by certain plant
species associated with these sites (metallophytes).
This is also true for southern Africa, where only
certain herbaceous species [e.g., Senecio coronatus
(woolly grassland senecio)] establish in metal-rich
sites (Przybylowicz et al. 1995). Such metal-
hyperaccumulating plants may contain very high
levels of heavy metals. Hyperaccumulators of Co,
Cr, Cu, Pb, or Ni have concentrations >1 mg g'1 dry
mass, and hyperaccumulators of Mn or Zn contain
up to 10 mg g™ dry mass. Recently a fern, Pteris
vittata(Chinese brake fern) was found to hyperaccu-
mulate arsenate (As). In As-spiked soils, it accumu-
lates 23 mg g™ dry mass of As in its above-ground
biomass (fronds) (L. Ma et al. 2001c). Metal-resistant
species can be used as indicators to identify poten-
tial mining sites (e.g., Hybanthus floribundus, from
the Eastern Goldfields area of Western Australia, to
find Ni) (Brooks 1998).

In sites close to mines, where the remains of the
mining activity have enriched the soil with heavy
metals, or under electricity pylons, which cause zinc
contamination due to corrosion of their galvanized
surfaces, metal-resistant genotypes emerge [e.g., of
Agrostis capillaris (colonial bentgrass), Agrostis stolo-
nifera (creeping bentgrss), Anthoxanthum odoratum
(sweet vernalgrass), Deschampsia caespitosa (tufted
hair-grass), and Festuca ovina (sheep’s fescue)
(Al-Hiyaly et al. 1990)]. The shoots of such plants
may contain as much as 1.5 mg g™ Zn on a dry mass
basis, a level that is highly toxic to other plants
(Brown & Brinkmann 1992). Along roadsides,
which are often enriched in lead (Pb) from automo-
bile exhaust, Pb-resistant genotypes occur. Some
Agrostis  tenuis (common bentgrass) genotypes
grow even better in soils that contain as much as
10 mg g Pb than in unpolluted control soil
(McNeilly 1968). Resistant genotypes are usually
resistant only to one metal, unless more than one
heavy metal is present in high level at such a site.

Cadmium (Cd) pollution has increased drasti-
cally in recent decades as a result of combustion of
fossil fuel, disposal of pigments and stabilizers for
plastics, application of sewage sludge, and the use
of phosphate fertilizers. This has led to concern
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about possible health and ecosystem effects. A com-
parison of several cultivars of two Lupinus species
[Lupinus albus (white lupin), and Lupinus angustifo-
lius (narrow-leaved lupin)] with Lolium multiflorum
(Italian ryegrass) showed much greater uptake by
the grass. Because the lupins release considerably
more carboxylates(citrate, malate, and succinate)
into the rhizosphere than the grass does, cadmium
is possibly chelated by root exudates which would
reduce its availability for uptake (Romer et al. 2000).

3.3.2 Using Plants to Clean or Extract Polluted
Water and Soil: Phytoremediation
and Phytomining

Some metal-accumulating species have been used to
remove heavy metals from polluted water [e.g.,
Eichhornia crassipes (water hyacinth)]. Terrestrial
metallophytic species are also potentially useful to
remove heavy metals from polluted sites, a process
termed phytoremediation (Chaney et al. 1997,
Kramer 2005). It requires plants that show both a
high biomass production and metal accumulation to
such high levels that extraction is economically
viable. For example, Brassica juncea (Indian mus-
tard) accumulates high levels of Cd, even when the
Cd level in solution is as low as 0.1 mg L™ (Salt et al.
1995), Thlaspi montanum (Fendler’s pennycress) and
Thlaspi goesingense (tiny wild mustard) accumulate
high levels of Ni (Krdmer et al. 1997, Boyd &
Martens 1998), and Thlaspi caerulescens (alpine pen-
nycress) accumulates Zn and Cd (Robinson et al.
1998, Frey et al. 2000). The combination of high
biomass production and hyperaccumulation is
often found in Brassicaceae (cabbage family). After
accumulation of heavy metals from the polluted
soil, the plants have to be removed and destroyed,
taking care that the toxic metal is removed from the
environment. Phytoremediation technologies are
currently available for only a small subset of pollu-
tion problems, such as As. As removal employs
naturally selected hyperaccumulator plants [e.g.,
Pteris vittata (brake fern)], which accumulate very
high concentrations of arsenic specifically in above-
ground tissues (Krdmer 2005).

Metal-accumulating plants can also be used as a
“green” alternative to environmentally destructive
opencast mining practices. Such production of a
crop of high-biomass plants that accumulate high
metal concentrations is termed phytomining
(Brooks et al. 1998, Robinson et al. 1999). Phytomin-
ing also offers the potential to exploit ore bodies that
are uneconomic to mine by conventional methods.
Promising results have been obtained using a
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number of hyperaccumulating species to extract
gold;, ammonium thiocyanate is added to soil,
because this is commonly used for making gold
soluble in mining operations. In the presence of
this compound, Brassica juncea (Indian mustard)
accumulates nearly 60 pg g™ dry mass, whereas
these plants typically contain only 1 pg g™ plant
(Anderson et al. 1998).

3.3.3 Why Are Heavy Metals So Toxic
to Plants?

The biochemical basis of metal toxicity is not always
clear. Heavy metals are “Lewis acids”, which can
accept a pair of electrons from a coordinate covalent
bond; that is, they react with naturally occurring
“Lewis bases” in the cell, such as -S™ groups, ~-OH~
groups, amino groups, and carboxylic acid termini.
Cd, Pb, and Hg, which are nonessential, affect sulf-
hydryl groups and N atoms in proteins and thus
inactivate these. For a redox-active metal, an excess
supply may result in uncontrolled redox reactions,
giving rise to the formation of toxic free radicals. For
example, Fe?" + H,0, — Fe’" + OH- + OH, fol-
lowed by Fe®" + H,O, — Fe*" 4 OOH- 4 H™. Free
radicals may lead to lipid peroxidation and mem-
brane leakage (Clemens 2001). Other heavy metals
may inactivate major enzymes by replacing the acti-
vating cation. For example, Zn may replace Mg in
Rubisco, reducing the activity of this enzyme and
hence the photosynthetic capacity (Clijsters & Van
Assche 1985). Like Zn, Cd also affects photosynth-
esis. Fluorescence measurements indicate that the
Calvin cycle is the primary process affected, and
this subsequently leads to a “down-regulation” of
photosystem II (Krupa et al. 1993). Cd affects the
mineral composition even in Cd-resistant species
such as Brassica juncea (Indian mustard). It reduces
the concentration of Mn, Cu, and chlorophyll in the
leaves, even at a concentration in solution that has
no effect on biomass production (Salt et al. 1995).

Most primary effects of heavy metals occur in the
roots, which show reduced elongation upon expo-
sure. Metal resistance can be quantitatively assessed
by determining the effect of the metal on root elon-
gation (Table 13). The increment in root dry mass
tends to be affected less than that in root length,
leading to “stubby” roots (Brune et al. 1994).
Zn inhibition of water uptake may be due to binding
of the metal to water-channel proteins (Sect. 5.2 of
Chapter 3 on plant water relations). Mn toxicity
leads to interveinal chlorosis and reduced photo-
synthesis (Macfie & Taylor 1992).
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Taste 13. The effect of zinc on root elongation of a
Zn-sensitive and a Zn-resistant ecotype of
Deschampsia caespitosa.

Zn sensitive Zn resistant

Zn Root Zn Root
concentration elongation concentration elongation
(uM) rate (%) (uM) rate (%)
1 100 1 100

25 82 250 82

50 78 500 64
100 62 1000 53

Source: Godbold et al. 1983.
Note: The plants were exposed to different Zn concentra-
tions in solution for 10 hours.

3.3.4 Heavy-Metal-Resistant Plants

Resistance in higher plants has been demonstrated
for the following heavy metals: Cd, Cu, Fe, Hg, Mn,
Ni, Pb, and Zn. Metal resistance is sometimes partly
based on tolerance. For example, damage by Pb
outside the plasma membrane can be prevented by
modification of extracellular enzymes so that they
are no longer affected by Pb. This has been shown
for extracellular phosphatases in Pb-resistant geno-
types of Agrostis tenuis (common bentgrass). Avoid-
ance mechanisms generally account for resistance in
arange of species. At a cellular level, these mechan-
isms include (Fig. 24) the following;:

1. Exclusion of the metal:

binding by mycorrhizal fungi;

binding to root cell walls;

chelation by root exudates;

reduced net uptake: decreased influx or

increased efflux.

2. Uptake followed by storage, typically occurring
in hyperaccumulators:

poow

a. chelation of metals in the cytosol;

b. repair of metal-damaged proteins;

c. compartmentation of metals in specific com-
partments, e.g., vacuoles or trichomes.

In addition, mechanisms that are expressed at
the level of whole plants play a role. These include
differences in the proportion of absorbed metals
that are either retained in the roots or loaded in
the xylem for export to the shoot (Assungao et al.
2003).

Some mycorrhizal fungi (predominantly ectomy-
corrhizal fungi; Sect. 2 of Chapter 9A on symbiotic
associations) can retain Zn and thus reduce the Zn
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FIGURE 24. (A) Malate release from the roots of seedlings
of an Al-resistant and an Al-sensitive genotype of Triti-
cum aestivum (wheat) incubated in nutrient solution
containing 50 mM Al. (B) Effect of Al concentration in

content of their host, Pinus sylvestris(Scots pine).
Although the root cell walls are is in direct contact
with heavy metals in the soil solution, adsorption
onto these must be of limited capacity and be of little
consequence for resistance.

As with Al (Sect. 3.1.3), heavy metals can be
chelated by exudates released from roots of resistant
plants. For example, Ni-resistant plants of Thlaspi
arvense(field pennycress) exude histidine and
citrate, which chelate Ni and thus reduce its uptake
by roots (Nian et al. 2002, Salt et al. 2000). Pb-resistant
varieties of Oryza sativa(rice) release oxalate into the
rhizosphere to detoxify Pb (Yang et al. 2000). Cu
induces release of malate and citrate from roots of
Triticum aestivum(wheat). Therefore, although not as
widely explored as carboxylate release as a mechan-
ism to reduce uptake of Al, a similar mechanism
does appear to play a role in preventing entry of
heavy metals (Fig. 25).

The clearest example of reduced uptake as a
resistance mechanism is for As, first discovered in
Holcus lanatus(common velvetgrass). Arsenate,
which is structurally similar to phosphate, is taken
up by the same transport system as P;, and the As-
resistant plants exhibit an absence of the high-affi-
nity P;-uptake system (Meharg & Macnair 1992).
Enhanced efflux plays a role in bacteria and fungi,
but has not yet been found in higher plants
(Sharples et al. 2000, Hall 2002).

Chelation of heavy metals following their uptake
involves several SH-containing compounds. Cd
resistance is associated with the presence of SH-
containing phytochelatins (PCs) (Fig. 26A,B). PCs
are poly(y-glutamyl-cysteinyl)-glycines, which bind
metals. Unlike other peptides, with an a-carboxyl
peptide bond, they are not made on ribosomes, but
via a specific pathway from glutathione (which can
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the nutrient solution on malate release of the same
genotypes as shown in (A) (after Delhaize et al. 1993).
Copyright American Society of Plant Biologists.

also bind metals on its own). Upon exposure of
tobacco [Nicotiana rustica (Aztech tobacco)] plants
to Cd in the root environment, Cd-binding
peptides,[y-(Glu-Cys);-Gly and  y(Glu-Cys)4Gly]
are produced. Inhibition of PC synthesis leads to
loss of the cadmium-detoxification mechanism.
Together with Cd, some of the PCs are almost exclu-
sively located in the vacuole (Vogeli-Lange &
Wagner 1990), and an ATP-dependent mechanism
transporting the Cd-PC complex has been identified
in tonoplasts of Avena sativa (oat) (Salt & Rauser
1995). The formation of PCs, followed by uptake of
the Cd-PC complex in the vacuole, probably plays a
crucial role in Cd resistance. Cu resistance in Arabi-
dopsis thaliana (thale cress) correlates with the level
of expression of genes that encode metallothio-
neins, a group of cysteine-rich metal-binding pro-
teins. Metallothioneins also have a high affinity for
Cd and Zn. They were first discovered as the sub-
stances that are responsible for Cd accumulation in
mammalian kidney. Like other proteins, but unlike
phytochelatins, metallothioneins are synthesized on
ribosomes (Robinson et al. 1993, Murphy & Taiz
1995).

Evidence for protection against heavy-metal-
induced damage comes from enhanced expression
of heat-shock proteins (HSPs).These proteins char-
acteristically show increased expression in response
to exposure of plants to stress, including heavy
metals as well as high temperature (Sect. 3.2 of
Chapter 4B on effects of radiation and temperature).

Compartmentation of accumulated metals may
occur in the vacuole or in the apoplastic space (e.g.,
for Zn, Cd, Ni, and Cu) (Kramer et al. 2000). Epider-
mal cells, with the exception of stomatal cells, may
also be used for storage of the metals (Brune et al.
1994, Frey et al. 2000). Cd, Mn, Zn, and Pb are
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Ficure 25. Summary of potential responses of higher
plants to heavy metals. (A) Typical responses of sensitive
plants, plants that exclude heavy metals from their

Metal concentration in soil

5. Trafficking and sequestration
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Resistant, excluding
plants

Sensitive Hyperaccumulating
plants plants

4. Unloading and tissue
distribution

foliage, and hyperaccumulating plants. For further
explanation, see text (Callahan et al. 2005). (B) Mechan-
isms of metal toxicity and resistance in higher plants.
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FIGURE 26. (A) The structure of y(Glu-Cys) peptides. The
v-carboxyl-C of Glu is highlighted to indicate the differ-
ence between o- and y-carboxyamide linkages. (B) A
model summarizing the five families of Y(Glu-Cys)

preferentially accumulated in leaf trichomes [e.g., in
Brassica juncea (Indian mustard) and Arabidopsis hal-
leri(meadow rock-cress)] (Salt et al. 1995, Zhao et al.
2000).

Cu resistance in Silene cucubalus (bladder cam-
pion) is based on exclusion, whichis at least partly
based on ATP-dependent Cu efflux (Van Hoof et al.
2001). Upon exposure to Cu, both resistant and sen-
sitive  Silene  vulgaris  plants  accumulate

¢

(v-Glu-Cys),-Gly

{‘f—GIu-Cys}n-GIy

(1-Glu-Cys),-f-Ala  (y-Glu-Cys),-Ser

(‘{-GIu-Cys)n-B-Ala {";-GIu-Cys)n-Ser

peptides involved in metal immobilization in plants and
yeasts; the lines indicate family relationships and do not
necessarily specify biosynthetic sequences (Rauser 1995).

phytochelatins (Fig. 27). When compared at tissue
Cu concentrations that give a similar physiological
effect, the phytochelatin concentrations in sensitive
and resistant genotypes are fairly similar (Table 14).
Phytochelatin synthesis is likely to be essential to
bind the toxic Cu, but because phytochelatins are
produced in both Cu-resistant and sensitive plants,
it is apparently not the basis for Cu resistance in
Silene vulgaris.

Ficure 25. (continued) 1. Restriction of metal movement
to roots by mycorrhizal fungi. 2. Binding to cell walls. 3.
Chelation by root exudates. 4. Reduced influx across the
plasma membrane. 5. Efflux into the apoplast. 6. Chela-
tion in the cytosol by various ligands, including organic
acids, phytochelatins (PC), and metallothioneins (MT).
7. Repair and protection of plasma membranes, e.g., by
heat-shock proteins (HSP) and metallothioneins. 8.
Transport of PC-Cd complex into the vacuole. 9. Trans-
port and accumulation of metals in the vacuole (Hall
2002). (C) Molecular mechanisms involved in heavy
metal hyperaccumulation. (1) Metal ions are mobilized
by secretion of chelators and acidification of the rhizo-
sphere. (2) Uptake of hydrated metal ions or metal-
chelate complexes is mediated by various uptake sys-
tems in the plasma membrane. Inside the cell, metals are
chelated, and excess metals are sequestered by trans-
port into the vacuole. (3) From the roots, transition

metals are transported to the shoot via the xylem. Pre-
sumably, the larger portion reaches the xylem via the
root symplast. Apoplastic passage might occur at the
root tip. Inside the xylem, metals are present as hydrated
ions or as metal-chelate complexes. (4) After reaching
the apoplast of the leaf, metals are differentially cap-
tured by different leaf cell types and move cell to cell
through plasmodesmata. Storage appears to occur pre-
ferentially in trichomes. (5) Uptake into the leaf cells
again is catalyzed by various transporters [not depicted
in (5)]. Intracellular distribution of essential heavy
metals (= trafficking) is mediated by specific metallo-
chaperones and transporters localized in endomem-
branes (note that these processes function in every
cell). Abbreviations and symbols: CW, cell wall; M,
metal; filled circles, chelators; filled ovals, transporters;
bean-shaped structures, metallo-chaperones (Clemens
et al.2002); copyright Elsevier Science, Ltd.
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Ficure 27. Copper (A, B) and phytochelatin sulfhydryl
concentration (lowest panel) in the roots of one
Cu-sensitive (filled circles) and two Cu-resistant (open
circles and filled triangles) ecotypes of Silene cucuba-
lus(bladder campion). Cu was measured in the apical
10 mm (A) and the adjacent 10 mm (B). Phytochelatin
was measured for the entire roots (after Schat & Kalff
1992).

When compared at the same external Zn concen-
tration (100 pM), a Zn-resistant ecotype of
Deschampsia caespitosa (tufted hair-grass) accumu-
lates less Zn in the apical parts of its roots (especially
the 0-10 mm zone, but also in the 10-50 mm zone),
but more in the basal parts (further than 50 mm from
the apex) (Godbold et al. 1983). At the same external
Zn concentration, whole roots of both ecotypes of
Deschampsia flexuosa absorb Zn at the same rate.
When compared at an external Zn concentration
that has a similar effect on root growth (Table 13),
the resistant ecotype accumulates more Zn than
does the sensitive one (Fig. 28). As found for other
Zn-resistant genotypes, it also binds a greater
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Tase 14. Phytochelatin sulfhydryl concentration
[umol (g dry mass)™'] and molar ratio of phytochela-
tin to Cu in the roots of a Cu-sensitive and a Cu-

resistant ecotype of Silene cucubalus(bladder
campion).
Phytochelatin Phytochelatin/Cu
concentration ratio

Cu exposure

level Sensitive Resistant Sensitive Resistant

Highest
concentration
without any
effect

Concentration
giving 50%
inhibition of
root growth

Concentration
giving 100%
inhibition of
root growth

3.7 29 3.7 1.6

7.6 75 3.7 1.7

19.0 16.0 1.2 0.3

Source: Schat & Kalff 1992.
Note: The same data were used as given in Figure 27 for the
apical 10 mm.

fraction of the Zn to its cell walls than does the
sensitive one. Inside the cell, Zn is probably stored
in the vacuole (as a complex with oxalate or citrate).
There is very little transport of Zn to the shoot,
especially in the resistant ecotypes. Zn-resistant eco-
types of Silene vulgaris (bladder campion) also accu-
mulate more Zn than sensitive ones. Zn accumulates
in vacuoles because of a greater capacity to transport
Zn across the tonoplast (Chardonnens et al. 1999).
As with Al (Sect. 3.1.1), many heavy metals are
largely complexed or precipitated at cytosolic pH.

Typical Zn-hyperaccumulating species [e.g.,
Thiaspi caerulescens (alpine pennycress)] accumulate
and tolerate up to 40 mg Zn g~ dry mass in their
shoots. When exposed to Zn levels that are toxic for
most plants, Thlaspi caerulescens shows both
enhanced Zn influx into the roots and increased
transport to the shoots which makes it a promising
species to be used for phytoremediation (Lasat et al.
1996).

After the discovery of extreme Ni hyperaccumu-
lation in Alyssum bertolonii (Brassicaceae) from
Italian serpentine soil in 1948, nearly 200 species
have been identified as Ni hyperaccumulators. Ni
resistance in Alyssum lesbiacum is associated with
the presence of high concentrations of the amino
acid histidine. Histidine plays a role in the detox-
ification of absorbed Ni and transport of a Ni-
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Ficure 28. Uptake of ®*Zn by roots of a Zn-sensitive
(filled bars) and a Zn-resistant (open bars) ecotype of
Deschampsia caespitosa. The plants are compared at
low and high external Zn concentrations, which give
the same effect on root elongation (Table 14). The low
Zn concentrations (panels at left) are 25 and 250 mM,
and the high Zn concentrations (panels at right) are 100

histidine complex in the xylem to the leaves. In some
Alyssum species Ni may accumulate to 30 mg g™ leaf
dry mass (Kramer et al. 1996).

3.3.5 Biomass Production of Sensitive
and Resistant Plants

The biomass production of metal-resistant ecotypes
tends to be less than that of sensitive ones, even
when compared at a concentration of the heavy
metal that is optimal for the plants (i.e., a higher
concentration for the resistant plants) (Table 15).
This might be due to the costs associated with the
resistance mechanism. Alternatively, the low pro-
ductivity of the resistant ecotypes may be associated
with the typically low nutrient supply in their nat-
ural environment, which selects for inherently slow-
growing species (Sect. 3 of Chapter 7 on growth and
allocation).

When grown in nontoxic soil, Cu-resistant and
Cu-sensitive ecotypes of Agrostis tenuis (common
bentgrass) have a similar yield in monoculture. In
mixtures, the yield of the resistant ecotype is reduced
(McNeilly 1968). This explains why resistant eco-
types are exclusively found in environments contain-
ing high levels of heavy metals. If resistance were
based on reduced uptake capacity, as for As-resistant

and 500 mM for the sensitive and resistant ecotype,
respectively. At the end of the experiment, desorption
into a nonlabeled Zn solution was allowed for 30 min-
utes. The data therefore show uptake into the root cells
only, rather than a combination of uptake and binding of
labeled Zn to the cell walls (after Godbold et al. 1983).

Taste 15. Dry mass (mg per two plants) of roots and
shoot of a Cu-sensitive and a Cu-resistant ecotype of
Silene cucubalus (= S. vulgaris, bladder campion),
after growth in nutrient solution with two Cu
concentrations.

Ecotype 0.5 uM 40.5 uM

Sensitive Roots 64 8
Shoot 523 169
Total 587 173

Resistant Roots 22 33
Shoot 146 237
Total 168 270

Source: Lolkema et al. 1986.
Note: The different ecotypes were grown separately.

ecotypes that are characterized by an absence of the
high-affinity Pj-uptake system (Sect. 3.3.4), this
would offer an explanation for this observation.

3.4 Saline Soils: An Ever-Increasing
Problem in Agriculture

The presence of high concentrations of Na*, CI,
Mg*", and SO,*" ions in saline soils inhibits growth
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of many plants. On a global scale, production is
severely restricted by salinity on about 380 million
hectares that is potentially usable for agriculture.
These areas occur predominantly in regions where
evaporation exceeds precipitation (as in southern
Australia) and in low-lying areas (such as the
Mekong delta and many coastal stretches) where
infiltration of seawater is common. The problem of
saline soils is ever increasing, due to poor irrigation
and drainage practices, expansion of irrigated agri-
culture into arid zones with high evapotranspiration
rates, or clearing land which leads to rising saline
water tables (“dryland salinity”) (Munns 2002, 2005).

3.4.1 Glycophytes and Halophytes

Most crop species are relatively salt sensitive
(glycophytes). A notable exception is sugar beet
(Beta vulgaris). In saline areas, such as salt marshes,
species occur with a high resistance to salt in their
root environment (halophytes). The problems asso-
ciated with high salinity are threefold:

1. A high salinity is associated with a low soil
water potential, giving rise to symptoms similar
to those of water stress;

2. Specific ions, especially Na* and CI°, may be
toxic;

3. High levels of NaCl may give rise to an ion
imbalance (predominantly Ca) and lead to defi-
ciency symptoms.

Plant adaptation and acclimation to salinity
involve all these aspects; we discussed acclimation
associated with the low water potential in Sect. 3 of
Chapter 3 on plant water relations.

Toxicity effects may include competition of Na™
with K* in biochemical processes and inhibition of
NO;™ uptake by CI”, possibly because both anions
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are transported across the plasma membrane by the
same carrier. The toxic effect of Na™ far exceeds that
of CI” (Tester & Davenport 2003). High Na* may
replace Ca®" on root cell membranes, which may
give rise to leakage of K™ from the root cells. It
may also reduce the influx and enhance the efflux
of Ca®". The decreased influx of Ca probably results
from competition for binding sites in the cell wall
which decreases the concentration at the protein in
the plasma membrane responsible for Ca*" influx.
The toxicity of specific ions may subsequently lead
to an ion imbalance and ion deficiency, especially
Ca deficiency (Munns 2002). On the other hand,
Ca®" reduces the influx of Na*, due to the inhibition
by Ca”" of a voltage-insensitive monovalent chan-
nel that allows Na™ entry into roots (White 1999).
However, confirmation of this effect using intact
plants is necessary to firmly establish that Ca®"
does, indeed, affect influx. The addition of Ca’*
has often been proposed as a strategy to reduce
Na™ toxicity to crops.

At a moderate NaCl concentration in the root
environment, Na* uptake occurs down an electro-
chemical potential gradient and higher Na* concen-
trations are expected inside than outside (Table 16).
Roots of some glycophytes, however, maintain a
low Na* concentration in the presence of 1 mM
Na™ in their medium. This indicates that either
their plasma membranes are highly impermeable
for this ion or Na™ is actively excreted from these
roots.

3.4.2 Energy-Dependent Salt Exclusion
from Roots

The low Na™ concentration inside the cells of glyco-
phytes is mostly due to energy-dependent trans-
port. At an external NaCl concentration of 1 mM,

TasLe 16. Experimentally determined concentrations of Na™ and K™
ions in Avena sativa (oat) and Pisum sativum (pea) roots, compared
with values predicted on the basis of the Nernst equation.”

Oat Pea
Experimentally Experimentally
lon Predicted determined Predicted determined
K" 27 66 73 75
Na™ 27 3 73 8

Source: Higginbotham et al. 1967.

“The latter values assume that no metabolic energy-dependent mechanism is
involved in the transport of these cations. The membrane potential of oat and
pea was -84 and —110 mV, respectively.
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Taste 17. Net uptake of labeled Na™ in a glycophyte,
Plantago media (hoary plantain), and a halophyte,
Plantago maritima (sea plantain), in the presence
and absence of DES (diethylstilboestrol, an inhibitor
of the plasma membrane ATPase).”

Plantago media Plantago maritima

NaCl (mM) -DES +DES -DES +DES
1 0.5 2.8 5.9 2.7
10 6 27.7 21.6 25.5
50 37.3 121.1 68.1 82.5

Source: De Boer 1985.

* The uptake was measured at three levels of NaCl in the
nutrient solution and are expressed as (umol (g root dry
mass)™') hour™). Values printed in bold are significantly
different from those to their immediate left.

inhibition of the plasma membrane H*-ATPase
increases net Na" uptake in the glycophyte Plantago
media (hoary plantain), but decreases it in the halo-
phyte Plantago maritima (sea plantain). This illus-
trates that both ATP-dependent Na™ excretion and
uptake occur in these Plantago species (Table 17). At
higher (10, 50 mM) NaCl concentrations, the roots of
the glycophyte continue to excrete Na*, but not to
the extent that accumulation in the plant is avoided.
At 10 mM, there is no evidence for ATPase-
mediated uptake in the halophyte, and at 50 mM
there is excretion (Table 17).

3.4.3 Energy-Dependent Salt Exclusion
from the Xylem

At 10 and 50 mM NaCl, when an inhibitor of the
plasma membrane ATPase has no positive effect on
the Na* concentration in the roots, the inhibitor
enhances the Na* concentration in the leaves of Plan-
tago (Fig. 29). This indicates ATP-dependent exclu-
sion from the xylem in both the glycophyte [Plantago
media (hoary plantain)] and the halophyte [Plantago
maritima (sea plantain)]. Glycophytes, therefore,
maintain a lower Nat concentration in their leaves,
partly due to excretion by their roots as well as
because of energy-dependent exclusion from the
xylem (Cheeseman 1988). In Arabidopsis thaliana
(thale cress), such exclusion is based on reabsorption
of Na* from the xylem by surrounding xylem-par-
enchyma cells involving a specific Na* transporter
(Sunarpi et al. 2005, Davenport et al. 2007).

Using labeled Na™, it has been shown for Glycine
max (soybean) that salt that leaks into the xylem can
be reabsorbed and excreted back into the root envir-
onment; however, the extent to which this happens
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Ficure 29. The effect of an inhibitor of the plasma mem-
brane ATPase (DES, diethylstilboestrol; open bars) on
the accumulation of labeled Na* in roots and shoots of
a glycophyte (Plantago media) and a halophyte (P. mar-
itima). Results for control plants are shown with filled
bars (De Boer 1985). Reproduced with the author’s
permission.

in this glycophyte is rather small (Lacan & Durand
1994).

3.4.4 Transport of Na* from the Leaves
to the Roots and Excretion via Salt Glands

Salt transported to the shoot via the transpiration
stream may be exported again, via the phloem, to
the roots. Using **NaCl, this was shown for Capsi-
cum annuum (sweet pepper) (Blom-Zandstra et al.
1998). For another glycophyte [Lupinus albus (white
lupin)] this was determined by analyzing phloem
sap, which exudes spontaneously from white lupin
stems upon cutting (Sect. 5 in Chapter 2C on long-
distance transport). Export of Na* to the roots may
be followed by excretion, as shown for Plantago
media (hoary plantain) (Table 17).

True halophytes may have salt glands, which
excrete salt from their leaves. These may remove a
major part of the salt arriving in the shoot via the
transpiration stream, as shown for Cynodon(bermu-
dagrass) turf cultivars (Fig. 30). Salt exclusion in the
roots can be estimated from the difference in net CI”
uptake and the product of the transpiration rate and
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Ficure 30. (A) Leaf salt gland Na-excretion
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the CI” concentration in the root environment. It is
substantial in Avicennia marina (gray mangrove),
increasing from 90% at the lowest salinity level to
97% at 500 mM NaCl (Ball 1998). Exclusion may be
due to active excretion from the roots, as in Plantago
species (Table 17), or be associated with highly
impermeable membranes. Active excretion must
incur respiratory costs, as discussed in Sect. 4.2 of
Chapter 2B on plant respiration.

Salt removal from the leaves involves specialized
structures, specialized trichomes (salt bladders)
(Schirmer & Breckle 1982) or salt glands (Wiehe &
Breckle 1990). In Atriplex species, salt that arrives in
the transpiration stream is transported via plasmo-
desmata to the cytosol of epidermal cells and then to
bladder-like cells on stalks (special trichomes) on
the epidermal surface (Fig. 31). The salt is pumped
into the large vacuole of this bladder cell. In the end,
the bladder may collapse and the salt is deposited
on the leaf surface, where it gives the leaves a white
appearance until washed away by rain. The salt may
also be excreted in such a way that concentrated
droplets fall from the leaves, as in some Tamarix
species. True salt glands, as opposed to the tri-
chomes of Atriplex, are found in Tamarix aphylla
(Fig. 31). The salt glands of Tamarix aphylla consist

L4
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Relative salinity tolerance

25 30 40 45

of eight cells, six of which are involved in pumping
the salt to the leaf surface. Salt is transported from
mesophyll cells via plasmodesmata to two basal
collecting cells that transport it to the secreting
cells. The secreting cells are surrounded by a lipo-
philic layer, except where they are connected to the
basal cells via plasmodesmata. In these secreting
cells, salt is pumped into microvacuoles. These
merge with the plasma membrane and the salt is
then exported to the apoplast. The invaginations in
these cells suggest that active membrane transport is
involved as well. The salt diffuses via the apoplast to
a pore in the cuticle, where it is deposited on the leaf
surface. The waxy layer that surrounds the secreting
cells prevents back diffusion to the mesophyll cells
(Popp 1995).

What might be the advantage of salt excretion
from the leaves over salt excretion from the roots?
If all the salt that arrives via mass flow at the root
surface were excluded, then the salt concentration in
the rhizosphere would rapidly rise to very high
levels. In the absence of a substantial removal from
the rhizosphere by bulk flow of less saline water, the
local accumulation of salt would continue to reduce
water potential and aggravate the problems asso-
ciated with water uptake (Passioura et al. 1992).
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A high water-use efficiency in combination with salt
exclusion therefore has advantages over active or
passive exclusion only. Mangrove species with the
highest water-use efficiency are also the most salt-
resistant ones (Ball 1988).

3.4.5 Compartmentation of Salt Within the
Cell and Accumulation of Compatible Solutes

Salt resistance also involves the compartmentation of
the potentially toxic ions in the vacuole and the capa-
city to produce nontoxic, compatible solutes in the
cytoplasm (Sect. 3 of Chapter 3 on plant water rela-
tions). Compartmentation in the vacuole is achieved
by an active mechanism that is induced in halophytes
such as Plantago maritima (sea plantain) (Fig. 32) and
Mesembryanthemum crystallinum (common iceplant)
(Barkla et al. 1995), but not in glycophytes, such as
Plantago media (hoary plantain), in the presence of
NaCl in the root medium. A specific Na* transporter
is involved in compartmentalizing Na™ in the
vacuole (Apse & Blumwald 2007).

Some moderately salt-resistant glycophytes, for
example, Hordeum wvulgare (barley) cultivars, also
accumulate some salt in their leaves. Using X-ray
diffraction, it can be shown that CI” predominantly
accumulates in the vacuoles of the epidermis cells of
leaf blades and sheaths. To a smaller extent Cl” is
also found in the mesophyll cells of the leaf sheath,
whereas the concentration remains low in the meso-
phyll cells of the leaf blade, even after exposure to
50 mM NaCl in the root environment for 4 days
(Huang & Van Steveninck 1989).

3.5 Flooded Soils

The absence of oxygen in the soil causes a drop in
redox potential, due to microbial activity. At a low

-

301

N
1
>

-
o
1

o
o]
1

1

(=4
D
L

1

o
N
1

L

o008 —t—0———3—

0 10 20 30 40 50 60 70
[Na*] (mM)

o
1

Rate of Na* uptake (fluorescence)
o
[e)]

Ficure 32. Uptake of Na® in tonoplast vesicles of the
glycophyte Plantago media (hoary plantain, circles) and
the halophyte Plantago maritima (sea plantain, trian-
gles). Tonoplast vesicles were isolated from plants
grown in the absence (open symbols) or in the presence
(filled symbols) of 50 mM NaCl (Staal et al. 1991). Copy-
right Physiologia Plantarum.

redox potential, NO;~ rapidly disappears due to its
use as an electron acceptor by denitrifying bacteria,
and NH," is the predominant source of inorganic N
for the plant. Fe and Mn are similarly reduced.
These reduced forms are much more soluble and
potentially toxic to the plant. SO, is also used as
an alternative electron acceptor by specialized bac-
teria, leading to the formation of $*7, which is an
inhibitor of cytochrome oxidase (Sect. 3.6 of
Chapter 2B on plant respiration). Thus, the avail-
ability of many ions is affected by the redox poten-
tial which leads to shortage of some nutrients and
potentially toxic levels of others.

Ficure 31. Two schematic diagrams of structures
involved in the excretion of salt to the leaf surface. (A)
Diagram of a trichome of a leaf of an Atriplex (saltbush)
species. (B) Diagram of a salt-excreting gland of Tamarix
aphylla (tamarisk) (after Esau 1977; reprinted with per-
mission from John Wiley & Sons, Inc.). (C) Lower leaf
surface of fresh leaves of Atriplex pratovii with dense
cover of salt bladders. Courtesy M. Wennemann & S.-W.
Breckle, Department of Ecology, University of Bielefeld,
Bielefeld, Germany. (D) Scanning electron micrograph
showing salt bladders on a leaf of Atriplex hortensis.-
Courtesy U. Schirmer & S.-W. Breckle, Department of
Ecology, University of Bielefeld, Bielefeld, Germany. (E)

Stages of development of salt glands on a leaf of Limo-
nium ramossissimum. Courtesy W.Wiehe & S.-W.
Breckle, Department of Ecology, University of Bielefeld,
Bielefeld, Germany. (F) Salt gland on upper leaf surface
Acantholimon ulicinum var. creticum, stained with
Sudan red. Courtesy W. Wiehe & S.-W. Breckle, Depart-
ment of Ecology, University of Bielefeld, Bielefeld,
Germany. (G) Scanning electron micrograph showing
a salt hair on a leaf of Bouteloua eriopoda(black grama).
(H) Scanning electron micrograph showing a salt hair on
a leaf of Buchloe dactyloides(buffalograss). G and H:
courtesy K.B. Marcum, Department of Applied Biologi-
cal Sciences, Arizona State University, Mesa, USA.
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Toxicity is largely prevented by oxidation, possi-
bly followed by precipitation of these ions in the
oxygenated rhizosphere. Oxygenation of the rhizo-
sphere of flooding-resistant species is due to the
presence of an aerenchyma, which allows root
respiration to continue and leads to detoxification
of potentially toxic ions in the rhizosphere (Sect.
4.1.4 of Chapter 2B on plant respiration and Sect.
5.6.1 of Chapter 7 on growth and allocation; Kirk &
Kronzucker 2005).

4. Plant Nutrient-Use Efficiency

Plants differ both in their capacity to acquire nutri-
ents from the soil (Sect. 3) and in the amount of
nutrients they need per unit growth, the nutrient
concentrations in their tissue, and the time and
extent to which they withdraw nutrients during
leaf senescence before leaf abscission. In this section,
we discuss several approaches for analyzing the
efficiency with which plants utilize nutrients to pro-
duce new biomass. Whole-plant nutrient-use effi-
ciency (NUE) addresses processes related to
carbon gain and loss, whereas photosynthetic
nitrogen-use efficiency (Sect. 6 of Chapter 2A on
photosynthesis) addresses only the instantaneous
use of N for photosynthetic carbon gain.
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6. Mineral Nutrition

4.1 Variation in Nutrient Concentration

4.1.1 Tissue Nutrient Concentration

Plants differ in the concentration of mineral nutri-
ents in their tissue, depending on environment,
allocation to woody and herbaceous tissues, devel-
opmental stage, and species (Fig. 33). N, P, and K
are the nutrients that most frequently limit plant
growth. However, as explained in Sect. 2.1.1 and
Fig. 1A, N tends to limit plant productivity on
young soils, whereas P becomes increasingly limit-
ing as soils age. The presence of a specific mineral
in plant tissues does not imply that the plant needs
this mineral for growth. For example, Cd is found
in tissues of plants growing on Cd-polluted soil,
but it is not an essential nutrient for any plant.
Similarly, high Na concentrations are not required
for growth.

Nutrient concentrations change predictably with
plant development. In especially woody plants, the
C:N ratio increases with increase in plant age, as the
ratio of woody mass to active mass increases. Nutri-
ents associated with metabolism (e.g., N, P, and K)
have highest concentrations when a leaf or other
organ is first produced, then concentrations decline,
first as the concentration becomes diluted by
increasing quantities of cell-wall material during
leaf expansion, then by resorption of nutrients dur-
ing senescence (Fig. 34). Ca, which is largely asso-
ciated with cell walls and is phloem immobile
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Ficure 33. The range of concentrations of minerals as
determined in plant dry matter. The two middle bars
refer to concentrations commonly observed in healthy
plants; the bar at the left refers to either plants that are
very efficient at using a specific nutrient or plants that
exhibit a low concentration because their leaves are
severely deficient or senescent, or because the plants

U Hg

exclude certain elements; the bar at the right refers to
plants exhibiting exceptionally high concentrations of
an element, e.g., in halophytes or metallophytes. Based
on numerous references, including Biddulph et al.
(1956), Foulds (1993), Bell (1997), Anderson et al.
(1998), Baker et al. (2000), Reeves & Baker (2000),
Broadley et al. (2003) and Osaki et al. (2003a,b).
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Ficure 34. Typical seasonal pattern of leaf N and Ca
concentrations of leaves of Salix pulchra (willow) from
an Alaskan arctic tundra meadow (Chapin et al. 1980).

(Sect. 2 in Chapter 3 on long-distance transport) and
therefore not resorbed (Sect. 4.3), increases continu-
ously through leaf development.

Tissues differ predictably in nutrient concentra-
tions: leaves have higher concentrations of nutrients
associated with metabolism (N, P, and K) and lower
concentrations of Ca than do woody stems; roots
have intermediate concentrations. Whole-plant
nutrient concentrations, therefore, differ among
species and environments, depending on relative
allocation to these tissues.

Environment strongly affects plant nutrient con-
centration by changing both allocation among
organs and the composition of individual tissues.
The major environmental effect on tissue nutrient
composition is to alter the concentration of nutrients
associated with metabolism. Plants have high con-
centrations of N, P, and K when conditions are
favorable for growth (e.g., with adequate water
and nutrients) (Niklas et al. 2005). The balance of
available nutrients in the environment then alters
the proportions of these nutrients. Whole-plant bio-
mass N:P ratios [g N (g P) '] may vary up to 50-fold,
due to differences in root allocation, nutrient
uptake, biomass turnover, and reproductive output
(Aerts & Chapin 2000). At the vegetation level, N:P
ratios <10:1 and >20:1 tend to correspond with
N- and P-limited biomass production, respectively,
as evidenced by short-term fertilization experi-
ments. N:P ratios are, on average, higher in grami-
noids than in forbs and higher in stress-tolerant
species than in ruderals; they correlate negatively
with the maximum relative growth rates of species
and with their N-indicator values (Sect. 3 of Chapter
7 on growth and allocation). At the vegetation level,
N:P ratios tend to correlate negatively with biomass
production; high N:P ratios promote graminoids
and stress-tolerating species, relative to other
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species (Giisewell 2004). In general, leaf N and P
concentrations decline, and the N:P ratio increases
toward the equator as average temperature and
growing season length increase (Reich & Oleksyn
2004). This trend persists across taxonomic groups,
and presumably reflects both acclimation and adap-
tation. Higher leaf N and P concentrations compen-
sate for reduced metabolic rates at low
temperatures, and soils may differ in relative N
and P supply across tropical to temperate regions
(Hedin 2004).

There are no striking differences among species
in biochemical allocation of N and P among classes
of chemical compounds (e.g., protein N, nucleic acid
N, lipid N) (Chapin 1988). The major differences
among species relate to accumulation of certain
compounds in the cytoplasm for osmotic functions
(N-containing compatible solutes) and in vacuoles
for storage functions (e.g., P;, NO3~, and vegetative
storage proteins; Sect. 4.3 of Chapter 7 on growth
and allocation) or chemical defense (e.g., alkaloids
and cyanogenic glycosides; Sect. 3 of Chapter 9B on
ecological biochemistry).

When nutrient supply declines relative to plant
demand, most plants show the following sequence
of events (Chapin 1980): (1) decrease in vacuolar
reserves with little effect on growth; (2) continued
reduction in tissue nutrient concentrations, espe-
cially in older leaves and stems, reduced rates of
leaf growth and photosynthesis (in that order),
increased nonstructural carbohydrate concentra-
tions, senescence of older leaves, and reallocation
of reserves to compensate for reduced nutrient sta-
tus (increased root mass ratio and increased root
absorption capacity); (3) greatly reduced photo-
synthesis and nutrient absorption, dormancy, or
death of meristems.

4.1.2 Tissue Nutrient Requirement

Species differ in their nutrient requirement for max-
imum growth, but the physiological mechanisms for
this are not always known. For example, the tissue
calcium concentration at which 90% of the maxi-
mum Yield is achieved is about twice as high for
dicots as for monocots (Table 18). In addition, when
comparing graminoids and forbs at similar sites, the
forbs invariably have higher concentrations of both
Ca and Mg (Meerts 1997). The reason for this differ-
ence is likely the greater cation exchange capacity of
the cell walls of dicotyledonous species (i.e., the
amount of free Ca-binding carboxylic acid groups
in pectins) (Woodward et al. 1984). The tissue P
concentration at which 90% of the maximum yield
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TasLe 18. Effect of the calcium concentration in the
nutrient solution on the growth and the calcium con-
centration in the shoots of a monocotyledonous
[Lolium perenne (perennial ryegrass)] and a dicotyle-
donous [Solanum lycopersicum (tomato)] species.

Calcium supply (uM)

Species 0.8 2.5 10 100 1000

Growth rate (%
of maximum
value)
Lolium perenne 42 100 94 94 93
Solanum 3 19 52 100 80
lycopersicum
Calcium
concentration
(umol g™ dry
mass)
Lolium perenne
Solanum
lycopersicum

15.0
49.9

17.5
32.4

37.4
74.9

92.3
321.9

269.5
621.3

Source: Loneragan 1968 and Loneragan & Snowball 1969,
as cited in Marschner 1983.

occurs is greater for many crop legumes than for
nonlegumes (Fig. 5 in Chapter 9A on symbiotic
associations). The physiological basis of this differ-
ence is not quite clear, but it is likely associated with
the fast-growing strategy of many legumes, as well
as with the high energetic requirement and use of
phosphorylated intermediates to fix N in legume
nodules (Sprent 1999).

Some slow-growing species from severely
P-impoverished soils maintain relatively high rates
of photosynthesis at extremely low leaf P concentra-
tions (Wright et al. 2004, Denton et al. 2007),
presumably because they contain very little P in
their vacuoles. From a biochemical point of view,
all species will need similar amounts of N, P, S, and
so on, to make a unit of growth, simply because they
are constructed in a similar manner (Sterner and
Elser 2002). Thus, the idea that there are different
metabolic requirements is erroneous, except that spe-
cific enzymes may require a specific ion. For
instance, Ni is an essential element for urease,
which hydrolyzes urea to CO, and H,O. Urease is
required in all plants, but in greater amounts in
those legumes that produce ureides when grown
symbiotically with rhizobia (Sect. 3.4 of Chapter
9A on symbiotic associations) (Walker et al. 1985).
Apart from these exceptional differences, variation
in nutrient requirement and nutrient productivity
(Sect. 4.2.1) depends much more on the balance
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between requirements for protein synthesis for
new growth and N storage (Sect. 4 of Chapter 7 on
growth and allocation).

4.2 Nutrient Productivity and Mean
Residence Time

4.2.1 Nutrient Productivity

A useful measure of the efficiency of nutrient use to
produce new biomass is nutrient productivity
(Ingestad 1979), the ratio of relative growth rate
(RGR, mg g~ day™") to whole-plant nutrient concen-
tration in the plant tissue (NP, mol g™"). For example,
N productivity (NP, mg mol™ N day™) is

NP = RGR/PNC )

where PNC is the plant N concentration (i.e., total
plant N per total plant mass). When grown at an
optimum nutrient supply, plants differ widely in
their N productivity (Fig. 35). A higher N produc-
tivity is associated with rapid growth, a relatively
large investment of N in photosynthesizing tissue,
an efficient use of the N invested in the leaves for the
process of photosynthesis, and a relatively small use
of carbon in respiration (Fig. 35). C4 species also
have a high N productivity under optimal N supply
which is apparently a result of their lower N require-
ment for photosynthesis (high PNUE) (Sect. 6.1 of
Chapter 2A on photosynthesis).

N productivity shows saturation and sometimes
an optimum curve, when plotted as a function of the
N supply to the plant (Fig. 36). The decrease in NP
above the maximum value for NP is due to a
decrease in the rate of photosynthesis per unit of N
in the leaf at high leaf N which reflects increased
allocation of N to storage (Sect. 4 of Chapter 7 on
growth and allocation). The decrease when the N
supply is less than that at the maximum value for
NP is largely due to greater investment of N in
nonphotosynthetic tissue (Sect. 5.4 of Chapter 7 on
growth and allocation).

4.2.2 The Mean Residence Time of Nutrients
in the Plant

Although the nutrient productivity gives a good
indication of a plant’s instantaneous NUE, it does
not provide insight into a plant’s long-term per-
formance in a natural habitat. To develop such
insight, we expand the concept of nutrient-use
efficiency to consider the time during which nutri-
ents remain in the plant to support productivity.
Plant NUE (g g™' N), which is defined in this way,
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Figure 35. The N productivity (bottom panel) of fast-
and slow-growing herbaceous plant species, grown
with free access to nutrients in a growth room. The
physiological background of the higher N productivity
of fast-growing species is their greater investment of
N in leaves, as opposed to roots and stems (circles at
the right), and their higher rate of photosynthesis per

is the product of the NP (g g N yr™") (as defined
earlier, but is now determined over much longer
periods; say 1 year), and the mean residence time
(MRT; yr) of that nutrient in the plant (Berendse &
Aerts 1987):

NUE = NP . MRT )
The mean residence time is the average time the

nutrient remains in the plants, before it is lost due
to leaf shedding, herbivory, root death, and so on.

300

unit N in the leaves (photosynthetic N-use efficiency,
PNUE) (top panel). The rate of photosynthesis per
unit chlorophyll in the leaves is also higher for the
fast-growing herbaceous species (middle panel) (after
Poorter et al. 1990). Copyright American Society of
Plant Biologists.

The N-use efficiencies of evergreen heathland
shrub species and that of a co-occurring deciduous
grass species are remarkably similar, but the under-
lying components differ (Table 19). Evergreen spe-
cies achieve their NUE with a low N productivity
and a high mean residence time, whereas deciduous
species have a considerably higher N productivity,
but a lower mean residence time. In competition
experiments with the species from Table 19, the
grass wins at a relatively high N supply, because
of its higher N productivity. At a low N supply, the
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FiGure 36. The N productivity of Briza media (quacking
grass, open symbols and broken line) and Dactylis glo-
merata (cocksfoot, filled symbols and continuous line),
as a function of the rate of NO;™ uptake. The NO;~
uptake was varied through different exponential rates
of N addition in order to maintain a constant RGR at
each rate of NO3™ supply. The symbols give the actual
experimental data and the lines refer to results of a
simulation model (Van der Werf et al. 1993). Copyright
Blackwell Science Ltd.

competitive ability of the evergreen shrub is higher,
because of its long mean residence time of N in the
plant. A high mean residence time is the most
important mechanism for nutrient conservation in
infertile sites (Eckstein et al. 1999). Both adaptation
and acclimation contribute to the greater mean resi-
dence time in infertile sites. These sites are typically
dominated by evergreen shrubs and trees, and both
grasses and evergreen trees and shrubs adapt to low
nutrient supply through increases in leaf longevity
(Westoby et al. 2002).

Taste 19. The long-term nitrogen productivity (NP),
the mean residence time of nitrogen (MRT), and the
nitrogen-use efficiency (NUE) of an evergreen heath-
land shrub species [Erica tetralix (crossleaf heath)]
and a co-occurring deciduous grass species [Molinia
caerulea (purple moorgrass)].

6. Mineral Nutrition

It is interesting that the plant features that
favor a low rate of nutrient loss (high mean resi-
dence time) also decrease the rate of decomposi-
tion of the leaf litter. This tends to aggravate the
low availability of nutrients in the already nutri-
ent-poor environments (Sect. 3.2 of Chapter 10A
on decomposition). As will be discussed in Sect.
2.4 of Chapter 9A on symbiotic associations and
in Chapter 10A on decomposition, however, some
species can make use of nutrients in leaf litter
even before it is fully decomposed.

4.3 Nutrient Loss from Plants

Nutrient loss is just as important as nutrient uptake
in determining the nutrient budgets of perennial
plants; however, much less is known about the con-
trols over nutrient loss.

4.3.1 Leaching Loss

Leaching accounts for about 15% of the N and P and
half the K returned from above-ground plant parts
to soil (Table 20), with the remainder coming from
senesced leaves and stems. Use of experimental
“mini-umbrellas” to prevent rain from contacting
leaves suggests that leaching losses can be an even
larger proportion (25-55% of nutrient loss from
leaves) (Chapin & Moilanen 1991). Leaching occurs
most readily when there are high concentrations of
soluble nutrients in the intercellular spaces of
leaves, for example, during rapid leaf production
or senescence and when plants grow under condi-
tions of high nutrient availability. Leaching rate is
highest when rain first hits a leaf, then declines
exponentially with continued exposure to rain
(Tukey 1970). The frequency of rainfall is, therefore,
more important than its intensity in determining

Taste  20. Nutrients leached from the canopy
(throughfall) as a percentage of the total above-
ground nutrient return from plants to the soil for 12
deciduous and 12 evergreen forests.

Throughfall (% of annual return)

Erica Molinia
tetralix caerulea Nutrient Evergreen forests Deciduous forests
Nitrogen productivity 77 110 N 1 15
(gg "' Nyr" P 15 15
Mean residence time (yr) 1.2 0.8 K 59 48
Nitrogen-use efficiency 90 89 Ca 27 24
gg'N) Mg 33 38

Source: Aerts 1990.

Source: Chapin 1991.
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leaching loss. Deciduous leaves have a higher rate
of leaching loss than do evergreens because of their
higher tissue nutrient concentrations. This is com-
pensated, however, by the greater time of exposure
to leaching in evergreen plants (Thomas & Grigal
1976), so that leaching constitutes a similar propor-
tion of above-ground nutrient loss by evergreen and
deciduous forests (Table 20).

The magnitude of nutrient loss by leaching
decreases in the order K > Ca > N =P which reflects
the greater mobility of monovalent than divalent
cations, and the greater susceptibility to loss of inor-
ganic than of organically bound nutrients. It was
initially thought that one explanation for the scler-
omorphic leaves with thick cuticles in nutrient-poor
sites was prevention of leaching loss (Loveless
1961); however, there is no clear relationship
between cuticle thickness or scleromorphy and the
susceptibility of leaves to leaching loss (Sects. 5.4.5
and 8.2 of Chapter 3 on plant water relations). These
leaf traits are more likely selected for their impor-
tance in withstanding unfavorable conditions dur-
ing the nongrowing season and reducing leaf loss to
herbivores and pathogens (Sect. 3.2 of Chapter 9B on
ecological biochemistry; Read et al. 2006).

Acid rain increases leaching of cations, particu-
larly of Ca (Fig. 37), because hydrogen ions in the
rain exchange with cations held on the cuticular
exchange surface and because acidity alters the
chemical nature of the cuticle so that it is more
susceptible to diffusion and mass flow of nutrients
to the leaf surface (Shriner & Johnston 1985, Reuss &
Johnson 1986).
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Ficure 37. Effects of pH of simulated rain (containing
315, 35, and 35 mg m~2 of Ca, Mg, and K, respectively)
on the leaching of Ca, K, and Mg from spruce crowns. At
high pH, spruce needles absorb Ca, and to a lesser extent
Mg, from the rain (after Chapin 1991).

4.3.2 Nutrient Loss by Senescence

Approximately half of the N and P content of
leaves is resorbed during senescence and is used
to support further plant growth (Aerts 1996, Kill-
ingbeck 1996). By contrast, Ca, which is immobile
in the phloem (Sect. 2 of Chapter 2C on long-dis-
tance transport), is not resorbed and reutilized. N-
and P-resorption efficiency (proportion of maxi-
mum nutrient pool resorbed) ranges from 0 to 80%
among species and environmental conditions
(Reich et al. 1995, Killingbeck 1996) (Table 21).

Taste 21. Nutrient withdrawal from senescing leaves of trees growing on nutrient-poor sandy sites.”

Resorption (%)

Species Location Leaf longevity P N
Goupia glabra Guyana Lower 53 0
Cecropia obtusa Guyana Lower 63 0
Dicymbe altsonii Guyana Higher 60 33
Chlorocardium rodiei Guyana Higher 51 0
Banksia menziesii Australia Higher 82 73
Eucalyptus gomphocephala Australia Lower 55 61
Larix laricina Minnesota, USA Lower 0 48
Populus tremuloides Minnesota, USA Lower 42 65

" For the tree species from a rainforest in Guyana, nitrogen was not a factor limiting growth. Phosphorus was available in
critically low amounts which may have been limiting for growth; however, productivity may also have been limited by other
nutrients or the low pH of the soil. For the Australian tree species from an open sclerophyll nutrient-poor woodland, where
bushfires regularly remove large amounts of nitrogen from the ecosystem, growth of the investigated trees was limited by
nitrogen (Raaimakers 1995). In Minnesota, nitrogen was the growth-limiting nutrient (Tilton 1977, Verry & Timmons 1976).
In addition most other nutrients were also scarcely available. Nutrient resorption was calculated from the amount of P or N
present in senesced leaves and the peak amount found in the leaves of each species.
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Similar variation occurs with respect to the term-
inal nutrient concentration in senesced leaves
(resorption proficiency). Concentrations of 3 mg
N g™ dry mass and 100 pg P g™ dry mass in
senesced leaves are considered the ultimate poten-
tial resorption of these nutrients in woody peren-
nials; however, some Western Australian
Banksiaspecies from the world’s most severely P-
impoverished habitats show even greater resorp-
tion proficiency, down to 27 pg P g™' dry mass
(Denton et al. 2007). Resorption efficiency of both
N and P is highest in graminoids; N-resorption
efficiency is higher in deciduous shrubs and trees
than itis in evergreens, although the differences are
small compared with differences in mean residence
time (Aerts 1996) (Table 22). Evergreen species
have a greater ability to reduce the mass-based P
concentration in senescing leaves than do decid-
uous species (greater P-resorption proficiency)
(Table 23). In spite of the large range observed in
nutrient resorption and the importance of resorp-
tion to plant nutrient budgets, no clear patterns of
physiological and ecological controls over nutrient
resorption have emerged. About 60% of studies
show no relationship of resorption efficiency to
nutrient availability, with most of the remaining
studies showing small decreases in resorption effi-
ciency in fertile sites (Aerts 1996, Demars & Boer-
ner 1997). In nutrient-rich sites, larger quantities of
nutrients are generally withdrawn from the leaves
and larger quantities remain in senesced leaves,
compared with leaves of plants growing in infertile
sites (Killingbeck 1996, Richardson et al. 2005), but
the proportion of N and P resorbed is similar across
sites (Aerts 1996, Wright & Westoby 2003). Thus,
the nutrient concentration of litter is higher in more

TasLe 22. N- and P-resorption efficiency of different
growth forms (mean values, with number of species
in parentheses).

Resorption efficiency (% of
maximum pool)

Growth form N P

All data 50 (287) 52 (226)
Evergreen trees and shrubs 47 (108) 51 (88)
Deciduous trees and shrubs 54 (115) 50 (98)
Forbs 41 (33) 42 (18)
Graminoids 59 (31) 72 (22)

Source: Aerts 1996.
Note: Results are mean values, with the number of species in
parentheses.
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fertile sites, which has important consequences for
decomposition (Chapter 10A on decomposition).

Resorption is the net result of several pro-
cesses: enzymatic breakdown of N- and P-contain-
ing compounds in the leaves, phloem loading and
transport, and the formation of an abscission layer
that cuts off the transport path and causes the leaf
to fall. Resorption is positively correlated with
leaf mass loss during senescence which suggests
a link with export via the phloem (Chapin &
Kedrowski 1983). Leaves that are darkened during
senescence to reduce source strength have low
resorption, whereas leaves with strong sinks
(e.g., nearby developing fruits or new leaf growth)
have high resorption which again suggests a role
for source-sink interactions and phloem transport
in explaining proportional resorption (Nambiar &
Fife 1987, Chapin & Moilanen 1991). Both grami-
noids (Aerts 1996) and evergreens (Nambiar &
Fife 1987) that have active growth of new leaves
(a strong sink) at the time of leaf senescence have
high resorption efficiency. Comparing different
species, all major N and P chemical fractions
are broken down to the same extent during
autumn senescence (Chapin & Kedrowski 1983).
It is therefore unlikely that there is some recalci-
trant nutrient fraction that limits resorption effi-
ciency in some species more than in others.
Strong winds, water stress, and frosts can reduce
resorption efficiency, but leaves typically abscise
only after resorption has ceased (Boerner 1985,
Chapin & Moilanen 1991). Species with gradual
leaf fall may have low resorption efficiencies (del
Arco et al. 1991).

There is very little information on nutrient
resorption from senescing stems and roots. In the
few studies of roots, no resorption has been reported
(Nambiar 1987, Aerts 1990), again with a distinct
exception for the Western Australian Hakea prostrata
(harsh hakea) from a severely P-impoverished habi-
tat which efficiently mobilizes P from peak concen-
trations of 2500 ug P g~ root dry mass down to 96 pg
P g™ root dry mass (Shane et al. 2004c).

4.4 Ecosystem Nutrient-Use Efficiency

Our definitions of nutrient-use efficiency (NUE)
have so far been based on individual plants. The
same concept has been applied to ecosystems that
are approximately in steady state [i.e., where above-
ground production is approximately equal to litter-
fall (leaves, twigs, small branches, and reproductive
parts)]. Ecosystem NUE is the ratio of litterfall mass
to litterfall nutrient content (i.e., the inverse of the
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TasLe 23. Ranges of N and P concentrations representing complete and incomplete resorption, which are
synonymous with high and low resorption proficiency, respectively.

Resorption proficiency

Complete resorption

Incomplete resorption

Based on nutrient concentrations per unit mass in senescent leaves

<7 mg N g™' dry weight
<0.5 mg P g~' dry weight (deciduous species)
<0.4 mg P g”' dry weight (evergreen species)

>10 mg N g™ dry weight
>0.8 mg P g~' dry weight (deciduous species)
>0.5 mg P g' dry weight (evergreen species)

Based on nutrient concentrations per unit area in senescent leaves

<0.5 ug N mm~ leaf area
<0.3 ug P mm~ leaf area

>0.75 ug N mm~ leaf area
>0.8 ug P mm~ leaf area

Source: Killingbeck 1996.

Note: Mass-based P concentrations are segregated between deciduous and evergreen species because of the large difference
between these life forms with ability to reduce P in senescing leaves.

nutrient concentration of litterfall) (Vitousek 1982).
This is equivalent to the biomass produced per unit
of nutrient gained or lost. Defined in this way, eco-
system NUE is generally greater in sites with low
availability of nutrients (particularly for N, which is
the element that most strongly limits productivity in
most terrestrial ecosystems in young landscapes).
The data for ecosystem NUE, however, must be
interpreted with care: NUE and nutrient concentra-
tion in the litter are inversely and negatively corre-
lated and are not independent. All else being equal,
a high nutrient concentration of the litter (i.e., a low
dry mass: N ratio) is associated with a high N loss in
litterfall.

The three processes that might cause differences
in ecosystem NUE are

(1) photosynthesis per unit nutrient (PNUE)

(2) mean residence time (MRT) during which the
nutrient contributed to production

(3) proportion of nutrients resorbed prior to
senescence

PNUE is low in slow-growing plants from low N
environments (Fig. 2A.34, Sect. 6 of Chapter 2A on
photosynthesis; Reich et al. 1992, 1995). This is off-
set to an unknown extent by greater mean resi-
dence time of N in infertile sites (Westoby et al.
2002). Resorption is similar across sites or slightly
higher in infertile sites (Sect. 4.3). Although these
patterns are well documented at the scale of indi-
vidual plants or leaves, we have insufficient infor-
mation to quantify their net effect on NUE at the
ecosystem scale. It is therefore currently impossible
to provide an independent confirmation from

physiological measurements of Vitousek’s (1982)
conclusion that NUE is greatest in infertile sites.
Current uncertainties include (1) the effect of her-
bivory on nutrient loss (which is greater in fertile
sites and removes nutrient-rich tissues, leading to
an over-estimate of NUE in fertile sites), (2) leach-
ing losses (which are generally similar between
fertile and infertile sites), and (3) the omission of
below-ground dynamics, for which few data are
available.

In summary, plants vary in their capacity for
nutrient uptake and efficiency of nutrient use.
Genetic adaptation and acclimation, however,
vary in their relative importance to different pro-
cesses. Acclimation is probably the major factor
that accounts for the high root mass ratio in infertile
sites. Due to low availability, rates of nutrient
acquisition are low for plants in infertile sites.
These plants generally have low leaf N concentra-
tions and a low photosynthetic N-use efficiency
(Table 22), due primarily to effects of environment
on tissue concentration and to both genetic and
phenotypic differences in PNUE. Plants on infertile
sites generally keep their nutrients for a longer
period; for example, the mean residence time of
nutrients is higher for evergreens than it is for
deciduous leaves, and any given species retains
its leaves longer on infertile sites. Plants also differ
in the extent to which they withdraw nutrients
from senescing leaves, but the variation in the
extent to which nutrients are withdrawn shows a
less consistent difference between fertile and infer-
tile sites. The high ecosystem NUE in infertile sites
reflects low tissue N concentrations and high mean
residence time.
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5. Mineral Nutrition: A Vast Array
of Adaptations and Acclimations

Nutrients move in the soil to root surfaces by mass
flow and diffusion, but selective systems (channels,
carriers) are then needed to transport the nutrients
into the symplast. Because anion transport mostly
occurs up an electrochemical potential gradient,
metabolic energy is required to import these nutri-
ents from the rhizosphere. Although cation trans-
port may occur down an electrochemical potential
gradient, metabolic energy is also required to import
these nutrients from the rhizosphere, because the
maintenance of the electrochemical potential gradi-
ent requires ATP. When essential nutrients move too
slowly to the roots” surface, adaptive mechanisms
are required, especially for the acquisition of P, Fe,
and Zn.

Species have adapted to adverse or favorable soil
conditions, and individual plants have some capa-
city to acclimate to a range of soil conditions. Some
of these acclimations are physiological (e.g., an
induction of ion-uptake systems when nutrients
are in short supply, and excretion of phosphate-
hydrolyzing enzymes). Others are anatomical (e.g.,
the formation of more or longer root hairs when P; is
in short supply), or morphological (e.g., the increase
in root mass ratio when N is limiting for growth).
These anatomical and morphological acclimations
also have a physiological basis, however, and often
require induction of specific genes, after a shortage
of nutrients has been sensed.

Plants need many macronutrients and micronu-
trients, but the concentration of the various elements
in plant tissues does not necessarily give us a correct
estimate of a plant’s requirements. Rather, elements
may accumulate because the plant lacks mechan-
isms to keep these out and stores these elements in
compartments where they are least harmful. In this
chapter, we have encountered numerous species
that occupy sites that are practically inaccessible to
others. These adapted plants include halophytes,
metallophytes, calcifuges, and calcicoles. Halo-
phytes and metallophytes do not need high concen-
trations of NaCl and heavy metals, respectively, for
maximum growth, but they are among the few spe-
cies that can cope with such adverse soil conditions;
that is, their ecological amplitude is much narrower
than their physiological amplitude. Calcifuges are
largely restricted to acid soils, because they lack the
capacity to acquire some nutrients from alkaline
soils. On the other hand, calcicoles are restricted to
alkaline soils, because they are adversely affected by
toxic compounds in acid soils (Al). Understanding

6. Mineral Nutrition

plant distribution as dependent on soil type clearly
requires an appreciation for a breadth of physiolo-
gical mechanisms.

Plants differ in the mechanisms employed to
acquire nutrients from various soils, as well as in
the requirement for these nutrients and in their
long-term nutrient-use efficiency. Plants from nutri-
ent-rich sites tend to produce more biomass per unit
nutrient in the plant, whereas plants from nutrient-
poor sites tend to keep the nutrients they have
acquired for a longer time. There is less variation
among species in the extent to which they resorb
nutrients from senescing leaves, but some species
from severely nutrient-impoverished habitats show
remarkable resorption proficiency. Variation in
nutrient availability sometimes influences resorp-
tion (i.e., a smaller proportion of the N invested in
leaf mass tends to be remobilized on N-rich sites
than on N-poor sites).

Knowledge of a plant’s mineral nutrition is pivotal
to understanding the distribution of plant species and
the high diversity of plant species in nutrient-impo-
verished soils. It is also essential for modern agricul-
ture and forestry (e.g., to avoid nutrient deficiency
disorders or to breed for plants that can acquire nutri-
ents from soils of low nutrient availability). It is also
important to resolve environmental problems (e.g.,
through phytoremediation). Mixed cultures and
crop rotations can be highly beneficial in cropping
situations. Intercrop species (i.e., plants that are used
because of their favorable effect on the actual crop that
is of agronomic interest), can be selected on the basis
of ecophysiological information presented in this
chapter. For example, if the intercrop plant solubilizes
Fe or rock phosphate that becomes available to the
crop, then it might prevent chlorosis or reduce the
need for phosphate fertilization, respectively. This
chapter should inspire us to think of traits that
might be exploited in future agriculture.
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