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Abstract. The Green Revolution boosted crop yields in developing nations by introducing dwarf genotypes of wheat
and rice capable of responding to fertilisation without lodging. We now need a second Green Revolution, to improve
the yield of crops grown in infertile soils by farmers with little access to fertiliser, who represent the majority of thirdworld farmers. Just as the Green Revolution was based on crops responsive to high soil fertility, the second Green
Revolution will be based on crops tolerant of low soil fertility. Substantial genetic variation in the productivity of crops
in infertile soil has been known for over a century. In recent years we have developed a better understanding of the
traits responsible for this variation. Root architecture is critically important by determining soil exploration and therefore
nutrient acquisition. Architectural traits under genetic control include basal-root gravitropism, adventitious-root formation
and lateral branching. Architectural traits that enhance topsoil foraging are important for acquisition of phosphorus from
infertile soils. Genetic variation in the length and density of root hairs is important for the acquisition of immobile nutrients
such as phosphorus and potassium. Genetic variation in root cortical aerenchyma formation and secondary development
(‘root etiolation’) are important in reducing the metabolic costs of root growth and soil exploration. Genetic variation in
rhizosphere modiﬁcation through the efﬂux of protons, organic acids and enzymes is important for the mobilisation of
nutrients such as phosphorus and transition metals, and the avoidance of aluminum toxicity. Manipulation of ion transporters
may be useful for improving the acquisition of nitrate and for enhancing salt tolerance. With the noteworthy exceptions of
rhizosphere modiﬁcation and ion transporters, most of these traits are under complex genetic control. Genetic variation in
these traits is associated with substantial yield gains in low-fertility soils, as illustrated by the case of phosphorus efﬁciency
in bean and soybean. In breeding crops for low-fertility soils, selection for speciﬁc root traits through direct phenotypic
evaluation or molecular markers is likely to be more productive than conventional ﬁeld screening. Crop genotypes with
greater yield in infertile soils will substantially improve the productivity and sustainability of low-input agroecosystems, and
in high-input agroecosystems will reduce the environmental impacts of intensive fertilisation. Although the development
of crops with reduced fertiliser requirements has been successful in the few cases it has been attempted, the global scientiﬁc
effort devoted to this enterprise is small, especially considering the magnitude of the humanitarian, environmental and
economic beneﬁts being forgone. Population growth, ongoing soil degradation and increasing costs of chemical fertiliser
will make the second Green Revolution a priority for plant biology in the 21st century.
The need for a second Green Revolution
By the middle of the 20th century, prospects for food security in
developing nations were grim. Food production was not keeping
pace with burgeoning populations and cereals had limited
responsiveness to fertiliser inputs because they would lodge at
high fertility (Curve 1 in Fig. 1). In response to this challenge,
Norman Borlaug and others developed dwarf genotypes of rice
and wheat that were capable of responding to fertilisers without
lodging (Curve 2 in Fig. 1). The resulting ‘Green Revolution’
substantially increased grain production and averted disaster,
making it one of the most important agricultural innovations of
the 20th century (Borlaug 1972; Khush 1999). My goal here is to
consider prospects for a second Green Revolution, which would
boost yields at lower fertility (Curve 3 in Fig. 1).
We need a second Green Revolution. The technology package
of fertilisers and improved cereal varieties that comprised the
ﬁrst Green Revolution was not available to many of the neediest
people, because of poverty, lack of access to inputs, credit and
© CSIRO 2007

markets, and because many third-world agroecosystems rely on
crops other than wheat and rice (Shiva 1991). We now confront
a silent food crisis, one that seldom intrudes into the public
consciousness in the wealthy nations, but that is nonetheless
a humanitarian disaster of epic proportions. According to recent
estimates, 854 million people are malnourished, 6 million
children under the age of 5 die each year from hunger, and more
than half of all childhood deaths in the developing world are
caused directly or indirectly by malnutrition (FAO 2002). The
Food and Agriculture Organisation (FAO) of the United Nations
recently stated that ‘FAO’s latest estimates of the number of
undernourished people conﬁrm an alarming trend—progress in
reducing hunger in the developing world has slowed to a crawl
and in most regions the number of undernourished people is
actually growing’ (FAO 2002).
World hunger is a multifaceted problem, associated with
diverse interrelated causes including overpopulation, poverty,
disease, environmental degradation, war, social inequity,
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Fig. 1. Crop yield response to nutrient availability. Curve 1 shows the
response of wheat and rice to nitrogen availability before the Green
Revolution; yields declined at high N fertility because of lodging. Curve 2
shows the enhanced yield in high-fertility soil of dwarf (non-lodging)
genotypes of wheat and rice that comprised the Green Revolution. Curve 3
shows enhanced crop yield across fertility levels that is the goal of the second
Green Revolution.

ignorance, corruption, lack of infrastructure and so on. Although
this makes the problem seem intractable, it also represents
an opportunity, since improvements in food security can be
introduced from many directions. The most direct contribution
to food security would simply be improved food production in
developing nations. Improved food production directly improves
the food security of subsistence farmers, reduces the cost of
food for poor consumers and enhances rural incomes (Vosti and
Reardon 1997; Runge et al. 2003). These beneﬁts are especially
relevant in developing countries, which typically have a large
proportion of the labour force in agriculture (World Bank 2004).
Improved food production would have substantial beneﬁts for
food security in the developing world.
Table 1.

Africa, developing
Africa, developed
Asia, developing
Asia, developed
Latin America and Carribean
Latin America, developed
Developed countries (world)
United States
Yield potential with high
water and nutrient input
A FAOSTAT

There is substantial opportunity to improve crop yields in
developing countries, since current yields are often a small
fraction of yield potential (Table 1). Low soil fertility and
drought are primary causes of low yields in developing countries.
Global geographic analyses have demonstrated that edaphic
constraints such as low phosphorus availability and soil acidity
characterise vast areas of the developing world (Fig. 2). The
primary importance of edaphic factors as yield limitations
is conﬁrmed by more detailed analysis of agroecological
constraints for speciﬁc crops, such as common bean, in
which well over half of production zones in Africa and Latin
America have serious soil-fertility problems (Table 2). Such
analyses show that drought, low phosphorus availability, low
nitrogen availability, and soil acidity, which usually includes
aluminum toxicity, low availability of calcium, magnesium,
and potassium, and often includes manganese toxicity, are the
most pervasive edaphic constraints in third-world agriculture
(Sanchez 1976, 2002). These analyses are often based on native
soil fertility, which often substantially overestimates the actual
soil fertility because of soil degradation and nutrient depletion.
Approximately 40% of the agricultural land in the world has
been signiﬁcantly degraded by human activity, including more
than 75% of the agricultural soils of Africa (UNEP; http://maps.
grida.no/go/graphic/global soil degradation). Decades of lowinput agriculture have also resulted in substantial depletion of
soil nutrient reserves (Newman 1997; Hartemink 2003; Sanchez
and Swaminathan 2005). Fertilisers are not a satisfactory
solution to this problem, because of their cost (which has
risen substantially in recent years owing to increased fuel
prices), limited availability (Steen 1998), the fact that many
tropical soils have poor responsiveness to fertilisers, and soil
degradation from inappropriate fertiliser use. In fact, fertiliser
use is negligible in many developing countries, especially in
sub-Saharan Africa, which generally have the poorest soils
(Fig. 3). What is needed is integrated nutrient management,
consisting of judicious use of fertility inputs as available,
management practices to conserve and enhance soil fertility,

Yield of staple crops

Maize

Bean

1.4
3.1
4.0
15.9
3.3
10.8
7.8
9.4
20B

0.6
1.4
0.6
2.0
0.8
1.9
1.7
1.8
5.8C

Average yield 2003–2005 (metric t ha−1 )A
Rice (paddy)
Wheat
Sorghum
2.0
2.3
4.0
6.3
3.9
4.8
6.5
7.5
10D

2.2
2.2
2.9
3.6
2.6
4.4
2.9
2.9
10E

0.85
3.3
1.0
2.9
3.0
–
3.7
4.0
4.0F

Millet
0.68
0.57
1.0
1.0
1.7
–
1.3
1.3
4.3G

[last update 24 January 2006]. Africa, developed: South Africa; Asia, developed: Japan, Israel; Latin America,
developed: Chile; World, developed: Albania, Armenia, Australia, Austria, Republic of Azerbaijan, Belarus, Belgium, Belgium–
Luxembourg, Bosnia and Herzegovina, Bulgaria, Canada, Croatia, Czech Republic, France, Georgia, Germany, Greece, Hungary,
Israel, Italy, Japan, Kazakhstan, Kyrgyzstan, Luxembourg, the former Yugoslav Republic of Macedonia, Republic of Moldova,
The Netherlands, New Zealand, Poland, Portugal, Romania, Russian Federation, Serbia and Montenegro, Slovakia, Slovenia,
South Africa, Spain, Switzerland, Tajikistan, Turkmenistan, Ukraine, United Kingdom, United States of America, Uzbekistan.
B Tollenaar and Lee (2002); C Beaver et al. (2003); D Peng et al. (1999); E Tripathi et al. (2004);
F Baumhardt et al. (2005); G van Oosterom et al. (2003).
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Average soil suborder pH
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Fig. 2. Global distribution of soil suborders (USDA Soil Taxonomy 1999) (a) with acidity and (b) low phosphorus availability. (a) Soil acidity less than
pH 5.5 is associated with decreasing availability of phosphorus, calcium, magnesium, and potassium, and increasing risk of manganese toxicity, and less than
pH 5 with increasing risk of aluminium toxicity. (b) Global soil phosphorus availability; most annual crops require 15 ppm.

and adapted germplasm capable of superior growth and yield in
low-fertility soil.
Although genetic variation for crop growth in low-fertility
soil has been known for at least 120 years (Anonymous 1887),
the potential for this technology is not widely recognised.
In this paper, I will summarise in broad terms the feasibility
of developing crops with superior growth in low-fertility soil,
focusing on promising traits and outstanding issues, with
examples drawn mainly from phosphorus acquisition efﬁciency,
deﬁned as the relative ability of a crop to grow and yield
at suboptimal phosphorus availability (Lynch 1998). Improved
(macro)nutrient acquisition efﬁciency (NAE) is in general a

more promising breeding goal than improved (macro)nutrient
utilisation efﬁciency (NUE), for several reasons, including the
following: (1) shoot traits affecting NUE such as phenology
are often confounded with other traits of interest to breeders,
(2) NUE has already been subject to indirect selection in decades
of breeding for yield potential, (3) in contrast, root traits related
to NAE may have been subject to neutral or negative selection
by modern breeding under high-input conditions and (4) root
traits related to NAE have very rarely been used as selection
criteria, and represent an untapped pool of useful phenotypic
variation. The scope of topics addressed here precludes a
comprehensive review of relevant literature. Where possible I
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Extent of edaphic stress in common bean (Phaseolus vulgaris)
production in developing regions
Values are the percentage of bean production area severely affected by the
indicated stress, based on GIS analysis; –, indicates no data
Table 2.

Edaphic stress
Low P
Al toxicity
Mn toxicity
Low Ca
Low K
Low Mg

South
America

Central
America

East
Africa

South
Africa

55
40
12
36
15
23

62
19
25
19
10
23

65
55
50
–
55
–

85
44
35
–
50
–

have attempted to cite recent reviews for more detailed overviews
of speciﬁc topics.
Root traits of the second Green Revolution
Root growth
A common response to suboptimal nutrient availability is an
increase in the relative allocation of biomass to roots, typically
resulting from a greater inhibition of shoot growth than root
growth (Whiteaker et al. 1976; Lynch et al. 1991; Mollier and
Pellerin 1999). A portion of this apparent change is allometric,
i.e. root : shoot ratios normally decline with growth, and since
plants in infertile soils grow more slowly, their root : shoot
ratios are greater at a given plant age. However, when this
factor is eliminated by comparison of allometric partitioning
coefﬁcients among plants grown at different phosphorus levels,
phosphorus-efﬁcient genotypes maintained a greater root : shoot
ratio (greater allometric partitioning coefﬁcient to roots), made
possible by reduced respiratory costs of root growth (Nielsen
et al. 2001). Low phosphorus and nitrogen availabilities reduce
leaf appearance, leaf expansion and shoot branching (Radin
and Eidenbock 1984; Lynch et al. 1991). Among annuals,
phosphorus stress decreased shoot growth in dicots more than in

monocots, possibly because of differences in leaf morphology
(Halsted and Lynch 1996).
Although root growth has obvious importance for acquisition
of soil resources, it is particularly important for the acquisition
of immobile resources. Nutrients that are soluble in water
are brought to the root primarily via transpiration-driven
mass ﬂow, whereas diffusion-limited nutrients, including
phosphorus and potassium, must be acquired by roots (or root
symbionts) in close proximity (Table 3, Barber 1995). It is
therefore not surprising that root growth is regulated by
phosphorus availability. Low phosphorus availability changes
the distribution of growth among various root types. In bean,
growth of primary- and basal-root axes is maintained under
low phosphorus, whereas initiation of lateral roots is reduced,
so that lateral-root density declines (Borch et al. 1999). In
phosphorus-starved maize, axile (seminal and nodal)-root
elongation and lateral-root density were unaffected, but lateralroot elongation was ﬁrst promoted slightly, then severely
retarded, as phosphorus starvation proceeded (Mollier and
Pellerin 1999). Sustained elongation of axile roots in maize and
bean could be interpreted as exploratory behaviour, allowing
these roots to encounter localised patches of higher phosphorus
availability. When the main root of a phosphorus-deﬁcient
plant encounters a patch of higher nutrient availability, lateral
roots may proliferate within the patch (Robinson 2005).
The response of the length and number of lateral roots to
phosphorus stress varies substantially among maize genotypes,
with some genotypes increasing and others decreasing lateral
rooting (Zhu and Lynch 2004). Genotypes with increased or
sustained lateral-root development under phosphorus deﬁciency
had superior ability to acquire phosphorus and maintain
growth. In bean, some genotypes respond to low phosphorus
availability by preferentially increasing the production of
adventitious roots, which have the advantages of low
construction cost and location in the nutrient-rich topsoil
(Miller et al. 2003).

Fertiliser use (kg ha–1)
N

0–10
11–20
21–50

W

E

51–100
101–300

S

301–3042

Fig. 3. Global distribution of fertiliser use (as national averages) in 1999–2001, in kilograms fertiliser per hectare of arable land.
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Signiﬁcance of root interception, mass ﬂow and diffusion in
supplying maize with nutrients (kg ha−1 )
Data from Barber (1995)

Nutrient

Nitrogen
Phosphorus
Potassium
Calcium
Magnesium
Sulfur

Amount needed
for 9.5 Mg yield
of dry grain ha−1

Approximate amounts supplied by
Root
Mass
Diffusion
interception ﬂow

190
40
195
40
45
22

2
1
4
60
15
1

150
2
35
150
100
65

38
37
156
0
0
0

In the context of crop breeding, selection of genotypes
with abundant root production may be counterproductive, as
the metabolic costs of root growth and maintenance can be
a signiﬁcant drain on reproductive output, especially in lowfertility environments. Several studies have shown that the
metabolic costs of soil exploration by root systems are quite
substantial, and can exceed 50% of daily photosynthesis (Nielsen
et al. 1998, 2001; Lambers et al. 2002). Following the economic
paradigm of plant resource allocation (Bloom et al. 1985), ‘cost’
denotes metabolic investment, including the production and
maintenance of tissues, often measurable in units of carbon
(Lynch and Ho 2005). All else being equal, a plant that is able to
acquire a limiting soil resource at a reduced metabolic cost will
have superior productivity, because it will have more metabolic
resources available for further resource acquisition, growth and
reproduction. Traits that enhance the effectiveness or efﬁciency
of roots in acquiring soil resources would be better selection
targets than root size per se.

Non-adapted
genotypes

497

Root architecture
Root architecture, the spatial conﬁguration of the root system
over time, is critically important for soil resource acquisition,
by determining the deployment of root foraging in distinct soil
domains, and the extent of competition for soil resources among
roots of the same or neighbouring plants (Lynch 2005).
Because the topsoil is generally the soil stratum with the
greatest phosphorus bioavailability, the extent of topsoil foraging
is an important aspect of phosphorus acquisition in most soils
(Lynch and Brown 2001). Genetic differences in adaptation to
low soil phosphorus availability among genotypes of maize
and bean are associated with the extent of topsoil foraging
(Bonser et al. 1996; Ge et al. 2000; Liao et al. 2001; Ho et al.
2005; Zhu et al. 2005c). Architectural traits associated with
enhanced topsoil foraging include shallower growth of basal
roots, enhanced adventitious rooting and greater dispersion
of lateral roots (Fig. 4). There are several lines of evidence
that shallower basal-root growth enhances topsoil foraging and
thereby phosphorus acquisition. Geometric modelling was used
to evaluate the effect of changing basal-root gravitropism on
phosphorus acquisition (Ge et al. 2000). This study showed that
in soils with uniform phosphorus distribution, shallower root
systems explored more soil per unit of root biomass than did
deeper systems, because shallower systems have more dispersed
basal roots and therefore less competition with neighbouring
roots. In simulations with more phosphorus enrichment of
the topsoil, shallower root systems acquired more phosphorus
than did deep ones, by concentrating root foraging in the soil
domain with greatest phosphorus availability. These simulation
results are supported by several empirical studies with bean
showing good correlation of basal-root growth angle with

Adapted genotypes

aerenchyma
more adventitious roots
smaller root diameter

topsoil

shallower basal roots

subsoil
more dispersed laterals
greater root biomass
mycorrhizas
longer, denser hairs

more exudates
RCOO–
H+
phosphatases

Fig. 4. Root adaptations to low phosphorus availability, as discussed in the text.
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phosphorus uptake from low-phosphorus soil (Fig. 5a; Liao
et al. 2001), with yield in ﬁeld trials in low-phosphorus tropical
soils (Fig. 5b; Bonser et al. 1996) and with growth in a lowphosphorus ﬁeld trial in Honduras (Ho et al. 2005). Genetic
mapping in bean revealed co-segregation of quantitative trait
loci (QTL) for root shallowness and phosphorus uptake in
the ﬁeld in Colombia (Liao et al. 2004). In maize, genotypes
with shallower seminal roots (analogous to basal roots in
dicots) had superior growth in low-phosphorus soils in the
ﬁeld and greenhouse (Zhu et al. 2005c). Similar results have
been observed with soybean (X. Yan, pers. comm.). It therefore
appears that shallowness of basal roots is an important trait
for topsoil foraging and efﬁciency of phosphorus acquisition in
annual crops.
Adventitious rooting from subterranean hypocotyl (in dicots)
or mesocotyl (in monocots) tissue is another element of
topsoil exploration by the root system. Bean genotypes differ
substantially in their extent of adventitious rooting and in
the regulation of adventitious rooting by phosphorus (Miller
et al. 2003; Ochoa et al. 2006). A ﬁeld study in a lowphosphorus tropical soil showed that bean genotypes with
greater growth and phosphorus uptake had more adventitious
rooting relative to basal root growth than did phosphorus-

P uptake (mg plant–1)

4

(a)

3

2

1

inefﬁcient genotypes (Miller et al. 2003). Adventitious roots
may have several beneﬁts for topsoil exploration. Obviously,
their horizontal growth concentrates their foraging activity in
the topsoil. Other advantages may relate to the anatomical and
morphological differences between adventitious roots and basal
roots. In bean, adventitious roots have greater speciﬁc root
length (SRL, root length per unit root mass) than do other
root types (Fig. 6). This is advantageous for topsoil exploration
because it enables the plant to explore a larger volume of soil
per unit of metabolic investment in root tissue (Lynch and
Ho 2005). Adventitious roots may have a greater abundance
of aerenchyma than other root types (Vartapetian and Jackson
1997), which may be a mechanism of reducing the metabolic
costs of soil exploration (see below). Finally, adventitious roots
also have less lateral branching than basal roots, which would
again serve to disperse root foraging across larger soil volumes
for a given metabolic investment (Miller et al. 2003). Genetic
mapping of adventitious rooting in bean identiﬁed several major
QTL, including a pair of QTL that accounted for an impressive
61% of observed phenotypic variation for adventitious rooting
in the ﬁeld under low-phosphorus conditions, supporting
the feasibility of selection for this trait in crop breeding
(Ochoa et al. 2006).
A third component of root architecture that is important for
phosphorus acquisition is lateral rooting. Substantial genetic
variation for lateral rooting exists in maize (Zhu and Lynch 2004;
Zhu et al. 2005a). Genotypes with enhanced or sustained lateral
rooting at low phosphorus availability had greater phosphorus
acquisition and biomass accumulation and a higher relative
growth rate than did genotypes with reduced lateral rooting
(Zhu and Lynch 2004). Genotypes varied in the phosphorus
investment required for lateral-root elongation, owing to genetic
differences in the SRL and phosphorus concentration of the
lateral roots. Lateral-root extension required less biomass
and phosphorus investment than the extension of other root
types. Two distinct cost–beneﬁt analyses—one with phosphorus
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Relative seed yield (low P/high P)

Length (cm) of basal roots in surface 3 cm of soil
(b)

0.7
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0
120
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0
Adventitious

Basal

Tap

Basal root growth angle (degrees from horizontal)
Fig. 5. (a) Correlation of basal-root shallowness with phosphorus uptake
from low-phosphorus soil (r = 0.74, P < 0.01) and (b) correlation of basal
root growth angle 5 days after germination with yield in a ﬁeld study in
low-phosphorus soil (r = 0.32, P = 0.067) in common bean. Data from (a)
Liao et al. (2001) and (b) Bonser et al. (1996).

Fig. 6. Variation among root classes of common bean in metabolic cost of
soil exploration, measured by speciﬁc root length in meters of root length
per gram of root dry weight, and linear construction cost in milligrams of
glucose equivalents per metre of root length. Each bar is the mean of four
replicates, ± s.e. Differences among root classes within a variable are highly
signiﬁcant (P < 0.001). Data are extracted from Miller et al. (2003).
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acquisition rate as a beneﬁt and root respiration as a cost,
the other with plant phosphorus accumulation as a beneﬁt
and phosphorus allocation to lateral roots as a cost—showed
that lateral rooting was advantageous under conditions of low
phosphorus availability (Zhu and Lynch 2004). Genetic mapping
of lateral rooting in maize identiﬁed QTL for the length, number
and plasticity of lateral roots with contrasting phosphorus supply
(Zhu et al. 2005b). The detection of QTLs for these traits, in
combination with the observation of substantial transgressive
segregation, indicates that favourable alleles can be combined
to increase seedling lateral-root growth in maize. These results
suggest that enhanced lateral rooting under phosphorus stress
may be harnessed as a useful trait for the selection and breeding
of more phosphorus-efﬁcient maize genotypes.
Although there is good evidence for the importance of root
architectural traits for phosphorus acquisition, less is known
regarding the importance of speciﬁc architectural traits for the
acquisition of mobile nutrients such as nitrate, calcium and
magnesium. The greater mobility of these nutrients would make
their acquisition less dependent on root proximity and, therefore,
the ﬁne structure of root architecture. This is supported by the
observation that in Arabidopsis, a mutation affecting lateral
roots had a greater impact on phosphorus acquisition than on
nitrogen acquisition (Fitter et al. 2002). The coarse structure
of root architecture, especially the lateral spread and depth of
root foraging, may be important for the acquisition of soluble
nutrients, especially nitrate. Geometric modelling indicates that
an efﬁcient root architecture for nitrate capture in well drained
Mediterranean environments would include vigorous topsoil
foraging early in the season to capture nitrate leached with
opening season rains, coupled with vigorous taproot growth to
exploit nitrate leached later in the season (Dunbabin et al. 2003).
The co-optimisation of root architecture for the acquisition
of multiple soil resources, considering interplant competition
and the stochastic distribution of resources in time and space
(Ho 2004), is a challenging problem in root biology. The
importance of these traits for soil adaptation, as well as the large
genetic variation for root architecture, make them priority targets
of selection programs.
Root anatomy and morphology
Root hairs are subcellular protrusions of root epidermal cells
that are important for the acquisition of immobile nutrients
such as phosphorus by expanding the volume of soil subject
to phosphorus depletion through diffusion to the root surface
(Fig. 7, Clarkson 1985; Peterson and Farquhar 1996; Jungk
2001). The importance of root hairs for phosphorus acquisition
has been demonstrated by simulation modelling (Bouldin 1961;
Itoh and Barber 1983a, 1983b), autoradiography (Lewis and
Quirk 1967; Bhat and Nye 1974), analysis of root-hair mutants
(Bates and Lynch 2000a, 2000b, 2001; Gahoonia and Nielsen
2003) and comparison of contrasting species (Itoh and Barber
1983b; Foehse et al. 1991; Gahoonia et al. 1999) and genotypes
of the same species (Caradus 1981; Gahoonia and Nielsen 1997;
Gahoonia et al. 1997, 2001; Miguel 2004; Yan et al. 2004).
Root hairs manifest several distinct phenotypic traits that are
co-regulated by phosphorus availability, including root-hair
length, density (i.e. number of root hairs per unit root-
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surface area), distance of appearance from the root tip and
the pattern of root trichoblasts or hair-bearing cells (Bates and
Lynch 1996; Ma et al. 2001a, 2001b). Geometric modelling
indicated that these distinct traits interact synergistically to
improve phosphorus acquisition; the combined effect of all four
root-hair traits on phosphorus acquisition was 371% greater
than their additive effects (Ma et al. 2001b). In addition to
their importance in extending the effective depletion zone for
phosphorus uptake, root hairs may also assist the dispersion
of exudates such as carboxylates throughout the rhizosphere,
which improves phosphorus bioavailability in many soils
(Hinsinger 2001; Ryan et al. 2001). Direct metabolic costs
associated with root hairs are slight (Bates and Lynch 2000b).
Genotypic variation in root-hair length and density in maize
and bean is controlled by several major QTL (Yan et al. 2004;
Zhu et al. 2005a), suggesting that this trait could be selected
in breeding programs through marker-aided selection as well
as through direct phenotypic screening. Genotypic variation
in root-hair length and density is important for phosphorus
acquisition regardless of the mycorrhizal status of the plant
(Fig. 8, Miguel 2004). The large genotypic variation for root-hair
traits, and the substantial effect this variation has on phosphorus
acquisition, regardless of mycorrhizal status, together with the
relatively simple genetic control of these traits and opportunities
for direct phenotypic selection, make them attractive targets for
crop breeding (Gahoonia and Nielsen 2004).
Aerenchyma denotes tissue with large intercellular spaces
(Fig. 9, Esau 1977). Although root cortical aerenchyma is a
well known adaptation to hypoxia (reviewed in Jackson and
Armstrong 1999), it is less commonly recognised that root
aerenchyma can also be induced by suboptimal availability
of nitrogen, phosphorus and sulfur (Konings and Verschuren
1980; Drew et al. 1989; Eshel et al. 1995; Lu et al. 1999;
Bouranis et al. 2003; Fan et al. 2003). It has been proposed that
aerenchyma formation is adaptive for nutrient-stressed roots,
since the replacement of living cortical cells by air space
would reduce the carbon and nutrient requirements of the root
tissue (Lynch and Brown 1998; Fan et al. 2003). Genotypic
variation in aerenchyma formation in maize is associated
with reduced respiration of root segments and whole root
systems (Fig. 10, Fan et al. 2003) and with enhanced root
growth in low-phosphorus soil in the ﬁeld (Fig. 11). The large
genotypic variation (200–300%) in aerenchyma formation in
response to phosphorus stress in both maize and common
bean (Fig. 9, Fan et al. 2003) raises interesting questions
regarding the adaptive importance and functional tradeoffs for
aerenchyma in diverse environments. Tradeoffs to aerenchyma
formation may include reduced root habitat for mycorrhizal
fungi, reduced radial transport of water and nutrients, reduced
root vacuolar storage capacity and increased axial spread of
pathogenic fungi. The large intraspeciﬁc variation in important
crop species makes aerenchyma amenable to plant breeding,
currently underway to enhance ﬂooding tolerance (Ray et al.
1999; Setter and Waters 2003).
Another means to reduce the metabolic cost of soil
exploration is by ‘root etiolation’, i.e. reducing root diameter
or tissue density under nutrient stress so that each gram of
root tissue can explore a greater soil volume (Fig. 12, Lynch
and Brown 2006). Reduction of root diameter can be caused
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(a)

(b)

(c)

Fig. 7. Root hairs. Geometric simulation model of (a) the short, sparse root hairs of Arabidopsis thaliana grown with high phosphorus availability and
(b) long, dense root hairs of A. thaliana grown under low phosphorus availability, showing the root itself (left image) and zones of phosphorus depletion at
low (centre image) and high (right image) soil phosphorus mobility. (c) Genetic variation in the length and density of root hairs found in cultivars of common
bean. (a) and (b) are based on Ma et al. (2001a).

by low availability of nitrate (Hackett 1972; Drew and Saker
1978; Ryser and Lambers 1995) and phosphorus (Xie and Yu
2003; Zhu and Lynch 2004). Under low phosphorus availability,
root elongation is maintained at the expense of lateral branching
(Borch et al. 1999) and secondary growth (Eshel et al. 1995).
Large genotypic variation exists for the diameter of axial
and lateral roots in maize, with smaller root diameter being
associated with greater SRL of lateral roots, faster lateral-root
growth, greater shoot growth and phosphorus efﬁciency (Zhu
and Lynch 2004). Potential tradeoffs to this trait include reduced
ability to penetrate hard soil and greater susceptibility to root
herbivores and pathogens.
Root exudates
Aluminum toxicity is a principal constraint to crop production
in acid soils (pH < 5.2, Fig. 2). Soluble aluminum stunts root
elongation and reduces the uptake of phosphorus, calcium,
magnesium and potassium, which are already poorly available

in most acid soils. Substantial genetic variation in aluminum
tolerance has been demonstrated for many years, including
classic studies by Foy and others in the 1960s showing large
genetic variation among crop species for aluminum tolerance
(Foy et al. 1978). Considerable research on the mechanism of
aluminum tolerance in crops has identiﬁed the production of root
exudates, speciﬁcally, carboxylates such as malate and citrate,
in the tolerance mechanism (Kochian et al. 2005), although
alternative aluminum tolerance mechanisms exist (e.g. Piñeros
et al. 2005). These organic anions can chelate trivalent aluminum
ions, thereby protecting the root tips from aluminum toxicity.
The genetic control of carboxylate exudation is relatively
simple, and in several species is governed by one or two
genes, enhancing the prospect of transgenic approaches or
direct genotype selection for improving the aluminum tolerance
of crops (Kochian et al. 2005). Overexpression of enzymes
responsible for organic acid production in roots improves plant
growth in soils with excess aluminum or deﬁcient phosphorus
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Fig. 8. Effects of root-hair length and mycorrhizal inoculation on
phosphorus content (mean ± s.e.m., n = 4) of common bean genotypes.
Plants were grown for 28 days in low-phosphorus soil with (+AM) or without
(−AM) arbuscular mycorrhizal inoculum. Genotypes are recombinant
inbred lines, with either long or short root hairs. ANOVA indicated
that genotypes with long root hairs had greater phosphorus content than
genotypes with short root hairs either with or without AM inoculation
(n = 4). Data are from Miguel (2004).

(Koyama et al. 2000; Lopez-Bucio et al. 2000a; Tesfaye et al.
2001). By allowing roots to continue growing in acid soils,
aluminum tolerance has substantial beneﬁts for nutrient (and
water) acquisition, and therefore is a critical component of the
second Green Revolution.
Carboxylate exudation is also important for phosphorus
solubilisation in the rhizosphere, especially from phosphorusﬁxing soils (Fig. 13). Carboxylates chelate Al3+ , Fe3+ and
Ca2+ , which results in mobilisation of phosphate from bound
forms, and promote anion exchange of phosphate from iron
and aluminum oxide surfaces (Ryan et al. 2001). This activity
is complemented in neutral and alkaline soils by rhizosphere
acidiﬁcation, which results in increased solubility of calcium
phosphates (Hinsinger 2001). The importance of carboxylate
exudation for phosphorus mobilisation in the rhizosphere has
been discussed extensively in several recent reviews (LopezBucio et al. 2000b; Hinsinger 2001; Ryan et al. 2001).
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Root exudates are also important for the acquisition of
micronutrient metals such as iron and zinc, which are poorly
available in alkaline soils. Substantial genetic variation exists
for iron and zinc uptake from such soils (Ali et al. 2002),
associated with metal mobilisation in the rhizosphere via
protons, phenolics and organic acids in dicots and with
phytosiderophores in cereals (Neumann and Römheld 2002;
Rengel 1999, 2002). Exploitation of this variation is part of
a major international effort to breed staple foods with greater
micronutrient density (‘HarvestPlus’: www.harvestplus.org) to
address global micronutrient deﬁciencies in the human diet
(Welch and Graham 2004).
Since a considerable proportion of soil phosphorus may occur
in organic forms, plants may increase phosphorus availability in
the rhizosphere by secreting phosphohydrolases to mineralise
phosphate from organic compounds (Marschner 1995; Abel
et al. 2002; Vance et al. 2003). Secreted acid phosphatases
can be up-regulated under phosphorus deﬁciency (Goldstein
1992; Tomscha et al. 2004). Recent work has demonstrated their
signiﬁcance for phosphorus nutrition under phosphorus-limiting
conditions (Li et al. 2003, 2004; Tomscha et al. 2004), although
their importance seems to vary with species, cropping system
and forms of organic phosphorus in the soil (Yun and Kaeppler
2001; Li et al. 2003, 2004; George et al. 2005).
Root exudates receive considerable research attention. They
are clearly important for aluminum tolerance and phosphorus
uptake from low-fertility soils, and unlike many other root
traits, are under relatively simple genetic control. Indeed, in
the case of phosphatases the trait is itself a gene product.
The genetic simplicity of these traits is counteracted to
some degree by the bewildering complexity of the fate of
these compounds in the rhizosphere, especially considering
the microbial population of the rhizosphere, and the large
variation in exudate production in different soils (Jones
et al. 2003; Veneklaas et al. 2003; Hinsinger et al. 2005).
Increasing availability of sequence information for major genes
controlling root exudates make these traits attractive targets for
genetic manipulation.
Ion transporters
The transport of ions and water across biological membranes
is mediated by proteins (Chrispeels et al. 1999). The relative

Fig. 9. Cross-sections of seminal roots of maize, showing genotypic difference in cortical aerenchyma formation, which replaces living cortical cells (left)
with air-ﬁlled lacunae (right). Genotypes are closely related progeny (recominant inbred lines) of the same two parents.
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Fig. 10. Correlation between aerenchyma area and respiration in maize
(Zea mays L.) roots. Each data point is the mean of six measurements of
respiration and 10–12 measurements of aerenchyma on comparable root
segments (Fan et al. 2003).

Seminal root weight (LP/HP)

1.2

1.0

0.8

0.6
R 2 = 0.7582
0.4
8

10

12

14

16

18

20

Root porosity under low P (%)
Fig. 11. Maintenance of root growth in a low-phosphorus (LP) ﬁeld as
related to formation of cortical aerenchyma in unrelated maize (Zea mays L.)
genotypes. Root weights are expressed as the proportion of corresponding
high-phosphorus (HP) roots. Each point is the mean of four replicates.

ease by which these molecules can be studied and manipulated
through modern techniques in molecular and cellular biology,
as well as the hope that their manipulation may be useful
for improving plant adaptation to soil constraints, has led to
considerable research that cannot be adequately summarised
here (e.g. White 2000; Palmgren 2001; Very and Sentenac
2003; Raghothama and Karthikeyan 2005; Martinez-Ballesta
et al. 2006).
In considering how manipulation of ion transporters may
be useful in the Second Green Revolution, it is important to
note that ion transport across membranes is not always a ratelimiting process in nutrient acquisition. Root uptake of nutrients
whose movement in the soil is typically limited by diffusion,
including ammonium, phosphate and potassium (Barber 1995),
creates depletion zones near the root that have reduced nutrient
availability. Mechanistic models predict that increasing the
number of transporters (reﬂected in increased Vmax of nutrient
uptake) or their substrate afﬁnity (reﬂected in decreased km for
nutrient uptake) should have little effect on net acquisition of

phosphate, ammonium or potassium across time, because the
activity of the transporters is limited by the arrival of new
substrate at the root surface via the slow process of diffusion
(Barber 1995). The activity of ion transporters may also be
limited by the bioavailability of their substrate in soil. This
is especially true for phosphate, which may be intercepted by
many living and non-living soil constituents before it arrives at
the root surface. In this case, altering ion transporters without
improving substrate bioavailability (through such means of
exudates) is not likely to improve net uptake. A third factor
is leakage of acquired ions from the root back into the soil,
which is especially important when an ion faces a strongly
unfavourable electrochemical gradient for uptake across the
plasma membrane (Britto and Kronzucker 2006). For example,
at realistic phosphate concentrations, phosphate efﬂux is up
to 80% of phosphate inﬂux in maize roots (Elliott et al.
1984). Aggressive re-acquisition of leaked ions by modiﬁed
transporters may only waste metabolic energy. Therefore, there
are various reasons why manipulation of ion transporters,
although technically feasible, may have limited utility in the
second Green Revolution.
Manipulation of ion transport properties is expected to be
useful in improving the acquisition of nutrients that are carried
to the root by mass ﬂow of water, including nitrate, calcium and
magnesium. Nitrate transporters should have a role in efﬁcient
nitrate acquisition (Forde 2000; Britto and Kronzucker 2004).
Modelling studies suggest that the Vmax of nitrate transport at
the root surface, which could be changed by increasing the
copy number of nitrate transporters, should enhance nitrate
acquisition (Barber 1995). Since a large part of the economic
and environmental cost of intensive crop production is related to
the production and use of nitrogen fertilisers, the production of
crop genotypes with increased nitrogen efﬁciency is of interest
to the agricultural biotech industry. Selection of crops with
superior calcium and magnesium transport characteristics would
be useful in acid soils of the humid tropics. Ion transporters
may be also useful in improving the acquisition of metals, such
as iron, zinc and manganese, present in low concentrations in
certain soils (Rengel 2001; Ramesh et al. 2004; Broadley et al.
2007). Manipulation of ion transporters may be especially useful
for improving crop tolerance to salinity, by enhancing exclusion
or compartmentalisation of toxic ions (Blumwald et al. 2000;
Munns et al. 2002).
Microbial symbioses
The majority of higher plant species have mycorrhizal symbioses
with fungi that assist nutrient acquisition (Smith and Read
1997). Ectomycorrhizas enhance phosphorus acquisition via
mobilisation of sparingly soluble phosphorus, whereas both
ectomycorrhizas and arbuscular mycorrhizas common in many
annuals and hardwood species enhance phosphorus acquisition
by increasing the volume of soil explored beyond the depletion
zone surrounding the root. In exchange for phosphorus, the
plant provides the fungal symbiont with reduced carbon. The
carbon cost of mycorrhizal symbioses can be a signiﬁcant
component of the metabolic cost of phosphorus acquisition.
In bean, mycorrhizal colonisation increased root phosphorus
acquisition, but the resulting increase in shoot photosynthesis
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Fig. 12. Retarded secondary development (‘root etiolation’) of basal roots of common bean in response to low phosphorus availability. Left panel: high
phosphorus availability; right panel: low phosphorus availability. Top panels (A1 and A2), basal portion of the root; middle panels (B1 and B2), middle
portion of the root; bottom panels (C1 and C2), apical portion of the root. Data are from Fan et al. (2003).

did not result in increased plant growth because of greater
root respiration (Nielsen et al. 1998). At high phosphorus
supply, mycorrhizal colonisation reduced the growth of citrus
seedlings because of greater root carbon cost (Peng et al. 1993).
In general, the cost of the mycorrhizal symbiosis in various
herbaceous and woody species ranges from 4 to 20% of daily net
photosynthesis (Koch and Johnson 1984; Harris and Paul 1987;
Douds et al. 1988; Jakobsen and Rosendahl 1990; Eissenstat
et al. 1993; Nielsen et al. 1998). The greater metabolic burden
of mycorrhizal roots may contribute to the non-beneﬁcial or
even parasitic role that mycorrhizal fungi play in agroecosystems
(Ryan and Graham 2002).

Mycorrhizal symbioses have attracted a great deal of
attention by researchers in the past 30 years. The importance
of mycorrhizal symbioses for phosphorus acquisition has lead
some mycorrhizal researchers to the belief that root traits are
secondary or trivial in importance for phosphorus acquisition
compared with fungal-assisted phosphorus acquisition. In this
context, it is useful to consider the strong correlations observed
between phosphorus uptake and root traits such as root-hair
length (Miguel 2004, also references cited above) and root
shallowness (Lynch and Brown 2001) even in the presence of
mycorrhizas. This could signify that mycorrhizal foraging is
incomplete and can be supplemented by direct root foraging,
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1995; Hardarson and Broughton 2003). Biological nitrogen
ﬁxation in low-fertility environments is often limited by the
availability of phosphorus, calcium and aluminum (Marschner
1995; Vance et al. 2000). Thus, legume genotypes with superior
ability to acquire calcium and phosphorus, and tolerate high
aluminum availability, may afford additional beneﬁt in the form
of enhanced nitrogen ﬁxation. In strongly acid soils, however,
increased nitrogen ﬁxation may be counterproductive, as
nitrogen ﬁxation and nitrate leaching accelerate soil acidiﬁcation
and the leaching of calcium, magnesium and potassium,
which may be more critical limitations than nitrogen itself
(Marschner 1995).
Breeding issues

Pi
organic P
Ptases
Fig. 13. Simpliﬁed diagram of the role of root exudates in phosphorus
solubilisation in the rhizosphere. Protons and carboxylate anions (citrate
and malate are important carboxylate exudates in many species) solubilise
phosphate from metal complexes and enhance phosphate desorption from
metal oxide surfaces. Protons are particularly important for phosphate
solubilisation from calcium complexes in alkaline soils. Phosphatase
enzymes can release phosphate from organic compounds. Rhizosphere
microorganisms also produce phosphorus-solubilising exudates.

or that extraradical hyphae are restricted to the volume of
soil near the root (Owusu-Bennoah and Wild 1979), so that
root architectural patterns have a strong inﬂuence on foraging
patterns by the fungal symbiont. Genetic variation exists in
maize for mycorrhizal colonisation, controlled by several QTL
(Kaeppler et al. 2000). Genotypic variation in mycorrhizal
responsiveness among crop genotypes is associated with reduced
expression of root traits responsible for ﬁne-scale foraging
such as root hairs or ﬁne branching, resulting in a functional
compensation of mycorrhizal and root traits (Koide 2000).
In maize, soybean and common bean, genotypic rankings
for plant growth in low-phosphorus soil in the ﬁeld where
mycorrhizas are formed are similar to genotypic rankings
in controlled environments without mycorrhizas (e.g. Bonser
et al. 1996; Miguel 2004; Ho et al. 2005). This suggests that
for these annual crops, mycorrhizal symbiosis changes the
effective fertility status of the soil but does not represent
a selection criterion (either through natural selection or in
plant breeding) among genotypes, possibly because it is
virtually ubiquitous.
Root symbioses and associations with bacteria capable of
ﬁxing nitrogen from the air are critically important for nitrogen
input to agroecosystems. Biological nitrogen ﬁxation has been
the subject of a huge scientiﬁc effort over several decades
(Vance 2002; Sprent 2005). Genetic variation exists for hostplant ability to exploit both symbiotic and associative ﬁxation,
which could be quite useful for improving the productivity and
sustainability of low-input agroecosystems (Ladha and Peoples

Routine ﬁeld screening of large numbers of genotypes for
low-fertility adaptation is generally noisy, costly, slow and
unproductive (e.g. Singh et al. 1989). There are several
reasons for this, including (1) large spatial variation in soil
properties, especially when the topography is not completely
ﬂat, (2) subsoil acidity and compaction, which can restrict
root growth, (3) the fact that most experiment stations
are located on fertile soil, (4) confounding effects of past
management practices on soil fertility, especially residual effects
of lime and phosphorus application, (5) confounding effects
of environmental interactions, including light and precipitation
that can inﬂuence stress severity (effects which are especially
problematic for manganese toxicity, Gonzalez et al. 1998),
(6) the difﬁculty of isolating speciﬁc edaphic stresses from
other co-occurring stresses, as is the case for example with
the acid soil complex, where aluminum toxicity is difﬁcult to
separate from deﬁciency of phosphorus, calcium, magnesium
and potassium, (7) confounding effects of biotic stresses,
especially those that affect roots such as nematodes and root
rots, (8) the difﬁculty of directly evaluating root phenotypes
in the ﬁeld and (9) the statistical improbability of identifying
genotypes possessing useful traits in a setting in which the
possession of many distinct, yet interacting, traits is necessary for
organismal success.
This last point is especially relevant considering that much
of the crop breeding that has occurred in the past 50 years has
focused on yield traits and disease resistance, selected under
high fertility. Most of the elite lines that are now being used as
parents in crossing programs may therefore have little adaptation
to low-fertility soils. In contrast, landraces have undergone
centuries of selection with low inputs, and may have many
useful traits, but may lack disease resistance, local adaptation,
high yield, grain marketability or other traits that are important
for success in ﬁeld trials. For example, a genotype possessing
root traits enabling superior phosphorus acquisition but that
cannot efﬁciently mobilise that phosphorus to grain because of
indeterminacy or late maturity will not be identiﬁed as a source
of useful traits in a yield trial.
A better strategy is to follow the proven methods used in
breeding for tolerance of biotic stress, which are to evaluate
a wide range of germplasm for the expression of speciﬁc
tolerance traits to speciﬁc disease/pest organisms, in many cases
speciﬁc races or variants of pathogens. Once genotypes that
have useful traits for speciﬁc stresses are identiﬁed, they are
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incorporated into a crossing program to integrate these traits
with other desirable traits such as high yield, marketability, and
so on, for speciﬁc regions. Similarly, trait-based selection for
speciﬁc edaphic stresses is much more likely to be successful
than simple screening of elite lines for growth or yield in
infertile soil. Although some traits such as aluminum tolerance
have manifold beneﬁts for nutrient capture by sustaining root
growth, many other traits of interest may only have value for
speciﬁc stresses. For example, manganese tolerance involves leaf
antioxidant mechanisms (Gonzalez et al. 1998) that have little
direct impact on aluminum tolerance or phosphorus acquisition,
and traits enhancing the acquisition of immobile resources such
as phosphorus and potassium may have little direct beneﬁt for the
acquisition of mobile resources such as nitrate or magnesium.
Traits identiﬁed for selection should ideally be clearly deﬁned
and genetically distinct. For example, root depth is an aggregate
of several traits under distinct genetic control, as discussed
above, and is therefore not a distinct trait per se. The use of
clearly deﬁned, distinct traits improves the genetic precision of
a selection program and also in many cases may permit the use
of rapid screens. For example, root angles measured in 5-dayold bean seedlings in plastic bags are well correlated with root
shallowness in ﬁeld trials, and indeed with seed yield under low
phosphorus (Fig. 5b, Bonser et al. 1996).
For a trait-based selection to be effective, we need a better
understanding of the biology of these traits, how they contribute
to ﬁtness in the context of other traits, and the potential
ecophysiological tradeoffs they may entail. For example,
although the length and density of root hairs individually
contribute to phosphorus acquisition, the expression of both of
these traits together is strongly synergistic, contributing 290%
more to phosphorus acquisition than would be predicted by
their additive contributions (Ma et al. 2001b). Antagonistic
interactions among traits are also possible, such as the placement
of long root hairs in infertile soil domains by deep basal roots.
The large genotypic variation for root traits suggests that their
value may vary in distinct environments. For example, although
shallow-rooted genotypes of bean have superior phosphorus
acquisition, deep-rooted genotypes are more drought-tolerant
(Fig. 14, Ho et al. 2004, 2005). Since many bean production
environments are characterised by both drought and low
phosphorus, this tradeoff should be reconciled before the
selection of shallow root traits in bean breeding. Another
common tradeoff is that biomass allocation to one root class
may reduce growth of another root class because of assimilate
competition (Walk et al. 2006).
An advantage of trait-based selection rather than yield
selection is that a wide variety of exotic materials can
be evaluated regardless of their environmental adaptation.
Landraces and wild crop relatives from extreme soil
environments may be particularly good sources of useful
traits. For example, a soil-oriented core collection was used
to identify phosphorus-efﬁcient landraces of bean from lowfertility highlands (Beebe et al. 1997), and wild Phaseolus
relatives native to saline deserts of Mexico were identiﬁed as
potential sources of salt tolerance for bean breeding (BayueloJimenez et al. 2002a, 2002b, 2003).
Recent advances in the availability of well developed
molecular genetic maps (Senior et al. 1996) and the deﬁnition
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Fig. 14. Root architectural tradeoffs for acquisition of water and
phosphorus. Data are for common bean genotypes grown in the ﬁeld in
Honduras at 44 days after planting. Three deep-rooted genotypes were
compared with three shallow-rooted genotypes with the same genetic
background, exposed to low phosphorus availability, terminal drought or
drought and low phosphorus availability combined. Bars show the mean
of 15 measurements (three genotypes replicated ﬁve times) ± s.e. Deepand shallow-rooted genotypes had signiﬁcantly different biomass under
each stress regime (for low P: F = 43.2, P = 0.003; for drought: F = 15.9,
P = 0.016; for combined drought and low P: F = 8.4, P = 0.044). Data are
from Ho et al. (2005).

of distinct root traits for soil adaptation make it possible to
identify and locate genes or quantitative trait loci (QTL) for
root traits. Since root traits can be difﬁcult to evaluate, they
are good candidates for marker-assisted selection, whereby
molecular markers linked to reliable QTL are selected as a
substitute for phenotypic evaluation. Marker assisted selection
may be especially useful to pyramid multiple traits, such
as adventitious rooting, acid exudation, root hair density,
mycorrhizal responsiveness and basal root gravitropism, all of
which are associated with main effect QTL (Kaeppler et al.
2000; Tuberosa et al. 2002; Liao et al. 2004; Yan et al. 2004;
Mano et al. 2005; Zhu et al. 2005a, 2005b, 2006; Ochoa
et al. 2006).
System impacts
The utility of root traits for soil adaptation will be manifest
in competitive environments, in subsistence agroecosystems
usually in mixed stands with diverse taxa, and in commercial
agriculture typically in high-density genetic monocultures.
Obviously, traits inﬂuencing soil adaptation will affect plant
productivity, and thereby competitive performance, under
edaphic stress. An example of this is the positive effect of root
hairs on plant competitiveness in mixed stands of Arabidopsis at
low phosphorus but not at high phosphorus availability (Bates
and Lynch 2001). Traits inﬂuencing nutrient acquisition can
also directly affect interplant competition by removing soil
resources that could be accessed by competitors. For example,
bean genotypes with shallow basal roots outcompete genotypes
with deep basal roots in low-phosphorus ﬁelds (Rubio et al.
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2003), because of enhanced topsoil exploitation and reduced
competition (i.e. reduced overlap of phosphorus-depletion
zones) among roots of the same plant (Rubio et al. 2001).
At the population level, competition among root systems
can be important in determining the utility of root traits for
nutrient acquisition. This appears to be the case for plasticity
of basal-root shallowness, for which genetic variation exists;
i.e. some genotypes respond to phosphorus stress by becoming
more shallow, whereas others are unaffected or become deeper
(Bonser et al. 1996; Ho et al. 2004, 2005). Plasticity of root
shallowness would generally be considered to be a useful
trait, since plasticity would permit a plant to modify its root
architecture to adapt to the prevailing edaphic stress. However,
if all plants in a population were equally plastic and therefore had
the same root architecture, greater interplant competition would
occur than if distinct root phenotypes existed in a population,
thereby permitting complementary exploitation of distinct soil
domains. Modelling showed that interplant competition could
be important in determining an optimal balance of plastic and
non-plastic root phenotypes under conditions of phosphorus
stress and combined phosphorus and water stress (Fig. 15; Ho
2004). This suggests that genetic mixtures or multilines may
have better performance in low-phosphorus agroecosystems
than do genetic monocultures, especially in drought-prone
environments.
The development of crops with superior growth in lowfertility soil and with better responsiveness to applied fertiliser
inputs would have tremendous value in many developing
countries, where yields are limited by low soil fertility and

Fraction of plastic plants

1

fertiliser use is minimal (Lynch 1998). Since genotypic variation
for nutrient acquisition efﬁciency is much larger than variation
for nutrient use efﬁciency in crop plants, it is likely that nutrientefﬁcient crops will have greater nutrient acquisition than do
conventional genotypes. Although such genotypes would extract
more nutrients from the soil than conventional genotypes, they
may actually enhance soil fertility in the long term through
beneﬁcial effects on soil erosion and nutrient cycling, as well
as beneﬁts they accrue to farm income and thereby the use
of fertility amendments (Lynch 1998; Lynch and Deikman
1998). This is especially true for legumes, since enhanced
growth of legumes beneﬁts the cropping system by increasing
biological nitrogen ﬁxation. Indeed, given the importance of
legumes for nitrogen availability and human nutrition, and
their high market value compared with staple crops, improving
the phosphorus efﬁciency and aluminum tolerance of legumes
would have manifold beneﬁts for the third-world agriculture
(Vance 2001).
Of the three main components of integrated nutrient
management (fertility inputs, soil management and adapted
germplasm), adapted germplasm is arguably the leading edge of
improved productivity for poor farmers. Valued seed is typically
freely shared by farm communities, and requires no additional
investment of capital, expertise, time or labour for resourcepoor farmers. Increased yields from adapted germplasm would
enhance household nutrition and income, permitting farmers to
afford fertility inputs, education for their children and other
investments to help them climb out of a vicious cycle of low
inputs, low yields and environmental degradation.
Nutrient-efﬁcient crops would be useful in wealthy nations
by reducing the cost of production and environmental impacts
of intensive fertilisation (Lynch 1998). The price of nitrogen
fertilisers has increased substantially in recent years along with
the price of energy (primarily natural gas), since industrial N
ﬁxation is energy-intensive. The devastating effects of fertiliser
runoff on aquatic ecosystems are evident in the alarming spread
of ‘dead zones’ surrounding the outlets of rivers such as the
Mississippi (Rabalais et al. 2002).
The case of phosphorus efﬁciency in bean and soybean

a

b

c
0
0

1

Drought frequency (r )
Fig. 15. Results of a theoretical model, showing that there is an optimum
mixture of plastic (i.e. plants capable of forming shallower roots under low
phosphorus availability) and non-plastic (i.e. plants maintaining a deep root
architecture regardless of phosphorus availability) plants in a population,
which varies depending on the frequency and severity of drought. Curves
a–c represent increasing drought severity. Data are from Ho (2004).

As an example of the potential of the second Green Revolution,
I will summarise research with adaptation to low phosphorus
availability (‘phosphorus efﬁciency’) in common bean. As with
most tropical crops, low phosphorus availability is a primary
constraint to bean production, affecting well over half of tropical
production (Table 2). Substantial genetic variation exists in
bean germplasm for phosphorus efﬁciency, but 20 years of ﬁeld
screening in low-fertility soil had failed to identify materials
superior to ‘Carioca’, a landrace adapted to the low-phosphorus
soils of Brazil (Singh et al. 1989). In 1987, we initiated a more
focused, trait-oriented approach to this problem by evaluating
a common set of genotypes in contrasting soils in the ﬁeld,
and with contrasting phosphorus substrates under controlled
conditions. The genetic ranking for phosphorus efﬁciency was
largely unchanged by the soil type, phosphorus substrate or
mycorrhizal status, indicating that in this species, plant-speciﬁc
factors rather than rhizosphere interactions accounted for
genotypic variation in phosphorus efﬁciency (Yan et al. 1995a,

Roots of the Second Green Revolution

Australian Journal of Botany

1995b, 1996). We observed large genetic variation for root
growth and architecture in bean (Lynch and van Beem 1993)
and hypothesised that these differences accounted for genotypic
variation in phosphorus efﬁciency (Lynch and Beebe 1995).
Knowing that root traits were of interest, we developed ﬁeld
research sites with uniform, low phosphorus availability but
without other nutritional problems or constraints to root growth,
including subsoil acidity and compaction. On these sites, we
screened a soil-oriented core collection of 364 bean genotypes,
representing a broad sampling of the genetic diversity of
Phaseolus vulgaris, with an emphasis on landraces from regions
identiﬁed as having low-fertility soils (Beebe et al. 1997). This
survey identiﬁed several landraces with outstanding phosphorus
efﬁciency. More thorough sampling of germplasm from these
regions resulted in identiﬁcation of landraces with superior
phosphorus efﬁciency compared with Carioca (Fig. 16). These
landraces are now being employed in breeding programs in
Africa and Latin America. These genotypes also became useful
research tools to understand the physiological and genetic
basis of phosphorus efﬁciency in this species. Populations
(recombinant inbred lines or RILs) developed from crosses of
phosphorus-efﬁcient and phosphorus-inefﬁcient parents have
permitted physiological and genetic analyses of genotypes with
contrasting phosphorus efﬁciency but with the same genetic
background. Studies with these genotypes identiﬁed several
distinct root traits that contribute to phosphorus efﬁciency in
this species, including root-hair length and density (Miguel
2004; Yan et al. 2004), adventitious rooting (Miller et al. 2003;
Ochoa et al. 2006), basal-root shallowness (Bonser et al. 1996;
Liao et al. 2001; Liao et al. 2004) and traits that reduce the
metabolic costs of root maintenance, such as root etiolation
and root cortical aerenchyma (Fan et al. 2003; Lynch and Ho
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Fig. 16. Genotypic variation for phosphorus efﬁciency in common bean
(Phaseolus vulgaris) grown in low-phosphorus soils of Colombia. Mass
screening for yield in low-fertility soils failed to identify genotypes
with superior phosphorus efﬁciency compared with the Brazilian landrace
Carioca. After targeted germplasm sampling and root phenotyping,
landraces were identiﬁed with superior phosphorus efﬁciency compared
with Carioca, including the lines shown here. Data provided by Steve
Beebe, CIAT.
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2005). Several of these traits can be evaluated in rapid screens
with young plants, greatly facilitating breeding and selection.
These traits are now being used as selection criteria for bean
breeding for low-fertility soils of eastern Africa. These traits
have also been used as an idiotype to guide the development of
phosphorus-efﬁcient soy genotypes for South China (Yan 2005),
which has resulted in the release of ﬁve new commercial lines
with substantially greater yield in low-phosphorus soils, with
10 more in the ﬁnal stages of multilocational evaluation before
release. Several of these traits are also important for phosphorus
efﬁciency in maize (Fan et al. 2003; Zhu and Lynch 2004; Zhu
et al. 2005a, 2005b, 2005c, 2006) and we anticipate that they
will be useful in most annual crops.
Prospects
The second Green Revolution is underway. The development of
soybean, wheat and maize genotypes tolerant of acid, infertile
soils is a critical component of the technology package developed
by EMBRAPA that has successfully converted large areas of the
Brazilian Cerrado to crop cultivation. Breeders at the CGIAR
centres, including CIMMYT, IRRI, CIAT and ICRISAT, are
increasingly incorporating soil adaptation as an explicit element
of their selection programs. Recent progress in elucidating the
physiological and genetic basis of aluminum tolerance in crops
is likely to lead to signiﬁcant practical impacts across the next
10 years. Progress in identifying speciﬁc root traits that enhance
nutrient acquisition has had a signiﬁcant impact on breeding
bean and soybean genotypes that have superior growth in lowphosphorus soils. The explosion of genomics information has
created opportunities for understanding and exploiting the large
genetic variation present in crop species for soil adaptation.
We are poised to make a very signiﬁcant contribution to food
security in developing nations.
However, we face several obstacles in achieving this goal.
Few stakeholders are aware of the potential to develop crops
with tolerance to low-fertility soils, and this is reﬂected by
low prioritisation of this activity in national research programs
(especially in the USA), international development efforts,
and professional training. This is puzzling, considering the
central importance of soil fertility in agricultural production
in developing nations, the serious environmental problems
caused by overfertilisation in rich countries, decades of research
documenting large genetic variation within crop species for
soil adaptation, and the example of the ﬁrst Green Revolution,
which was based on plant adaptation to soil fertility. There
are several factors that may contribute to this paradoxical
neglect. One is that most research is conducted by and
for rich countries, especially in Western Europe and the
USA, which generally have fertile soils and (historically)
inexpensive fertilisers. Some of the most signiﬁcant research
on this topic is increasingly being conducted by nations with
more problematic soils, such as China, Australia and Brazil
(e.g. Yan et al. 2006). Another problematic factor is disciplinary
specialisation, since this topic involves the interface of soil
science and plant biology. In this context, the existence of
institutes devoted to plant nutrition (or even ‘Nutriomics’),
notably in Germany, China and Australia, is important in
ensuring a future for rigorous research and training on the
interface of plants and soils. A related factor is the dominance

508

Australian Journal of Botany

of plant pathology, which historically has de-emphasised abiotic
stresses, in the training of plant breeders. An overarching
problem is the monopolisation of research and training budgets
by molecular biology and its recent incarnations (e.g. genomics,
proteomics), with an attendant focus on model organisms. This
has widened the gap between applied and basic research, and
also has created a funding and training vacuum for the biology
of organs, organisms and organism–environment interactions,
which we need to understand better in order to exploit complex
traits such as root growth and architecture. As yet, molecular
approaches have been more useful for single-gene traits rather
than for the complex quantitative genetics and substantial
intraspeciﬁc variation typical of many root traits. Another
overarching problem is the low esteem in which agricultural
research is held by many plant biologists, including reviewers
of grant proposals, thesis proposals and manuscripts submitted
for publication in prestigious journals. Considering that plant
biologists justify public investment in plant research with the
implicit and explicit promise to deliver public beneﬁts, and the
potential cost of lives lost in the third world because of delays
in agricultural innovation, the disdain of elite plant biologists
for agricultural research is difﬁcult to rationalise from an ethical
perspective. Unfortunately, these factors are creating a situation
in which expanding opportunities to realise the beneﬁts of
a second Green Revolution are being met by a global plant
nutrition research effort that is sparse, uneven, and threatened by
dwindling support.
The conﬂuence of a growing world population, ongoing land
degradation, rising fuel and therefore fertiliser costs, dwindling
supplies of high-grade phosphorus ore (Abelson 1999) and
the uncertain effects of global climate change in low-fertility
environments (Lynch and St Clair 2004) will ensure that the
need for a second Green Revolution will only increase in coming
decades. Will we rise to this challenge?
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