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M ost crops have a lot to put up with. They

spend all their lives out in the field,

where it is usually too hot, too cold, too

wet or too dry. Indeed, they rarely experience a day

when the weather is perfect for growth. The biggest

problems occur when conditions are so poor that the

plants are damaged:- frozen solid during a hard

winter, for example, or scorched and baked dry

during summer drought.

What can be done about this? It is usually too

expensive to improve the growing conditions of

crops such as grains or grasses, or in poor countries

where resources are restricted. The obvious answer

is to produce varieties with better stress resistance.

This is not a simple matter: most stresses are

compound phenomena, and involve a collection of

damaging environmental changes, and drought is

particularly complex (see box).

The components of drought stress

• lack of soil moisture,

• high evaporation that removes water from the 

leaves faster than the roots can supply it, 

• high temperatures that burn up sugar reserves and

kill sensitive tissues,

• bright sunshine that can scorch leaves, 

• reduced availability of essential minerals such as 

nitrogen and phosphorus, and 

• hard soil that roots find it difficult to penetrate.

Fortunately, over millions of years plants have

naturally evolved traits for dealing with each of these

component stresses. We at IGER aim to improve

stress resistance by exploiting this natural variation.

Because the stresses are so complex, it is no longer

just a matter of growing thousands of plants in a

harsh environment and “picking all the best ones

out”. Different plant populations, both wild and

cultivated, will have developed different ways of

coping with stress. We want to take the most useful

traits from the best plants (whilst excluding

undesirable traits), and combine them to produce

better cultivars.

In all of this, time is of the essence. The more we

know about the mechanics of how stress resistance

works in crop plants (through analysing their

physiology and biochemistry), and how it is

inherited (through genetic analysis), the faster and

more efficiently we can achieve our aims. We are

helped in this by using new molecular and

cytogenetic techniques.

To illustrate the breadth of our approach we describe

two programmes that involve making different kinds

of chromosome map to show us how genes are

arranged in relation to each other.

Improving tolerance to high temperature

and drought in tropical cereals

Pearl millet (Pennisetum glaucum) is an important

cereal grain and fodder crop in many parts of the

semi-arid tropics. It is grown primarily by

subsistence farmers in marginal areas too harsh for

other cereals. Although it is well adapted to these

environments, its yield is both low and highly

variable. Extreme high temperatures at the start of

the growing season can kill seedlings, resulting in

crop failure (Figure 1.1). Early cessation of the rains

during the growing season causes drought stress and

greatly reduces grain and forage yields. 
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A number of pearl millet varieties can survive these

conditions albeit with poor yield. The challenge is to

identify what enables these stress tolerant varieties to

survive, and then to exploit this natural variation to

improve varieties that are currently high-yielding,

but sensitive to stress.

The first stage in our programme was to develop

rapid screening techniques to detect material of good

and poor stress tolerance. We have identified two of

these landraces that are tolerant to both high

temperatures and drought. When these are crossed

with lines that have potentially high yield (that is,

when well-fed and watered), their progeny show a

wide range of both heat tolerance at the seedling

stage, and grain and straw yield under terminal

drought stress. Some progeny have the ideal

combination of all the desirable traits. 

We make genetic maps (Figure 1.2) of these crosses

to identify regions of the chromosomes associated

with stress tolerance traits. These traits, and hence

their controlling genes, are linked to “molecular

markers”, which are easily-measured lengths of

DNA. Markers are used directly by breeders to

accelerate detection of plants with the traits they

want. So far we have identified five regions of DNA

as being important in survival of plants under high

temperatures. We also aim to dissect the underlying

mechanisms of stress tolerance by mapping the most

important physiological and biochemical attributes.

We are conducting this research at IGER in a

collaborative project with the International Crops

Research Institute for the Semi-Arid Tropics in

India, and funded by the DFID (Department for

International Development).

Figure 1.1 Evaluating heat tolerance of millet seedlings in a simulated “desert” in growth chambers at IGER.
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Moving tolerance to drought and cold stress

from fescues into ryegrass

Ryegrasses and fescues are the most important

forage grass species grown in European agriculture.

Between them they have all the useful traits we need:

high yields and quality in the ryegrasses, and

resistance to diseases and stresses, and persistence

under low fertilizer inputs in the fescues. We aim to

combine all of these traits in improved varieties. To

help us do this we construct a physical map of their

chromosomes, complementing genetic maps like

those described above. In a physical map,

preparations of chromosomes are made on a glass

slide, and (using a process called chromosome

painting) segments of interest can be stained

different colours, and viewed under the microscope

(Figure 1.3).

The fescue-ryegrass hybrids have two very useful

properties. Firstly, the chromosomes of some fescue

species and ryegrass species recombine (exchange

genes) freely when hybridized. This means that we

can move any gene from fescue into ryegrass

through natural recombination, without disturbing

the ryegrass genome. Secondly, the chromosomes of

different species are sufficiently distinct to be

discriminated by chromosome painting, so that we

can identify the parentage of genes in inter-generic

hybrids (Figure 1.3).

In our breeding programmes we first cross perennial

ryegrass or Italian ryegrass with tall fescue or

meadow fescue. By twice backcrossing the resultant

hybrids onto ryegrass, we rapidly produce progeny

that are almost pure ryegrass, but with a restricted

number of fescue genes incorporated. 

The next stage is to grow these plants under stress to

identify the few that have inherited tolerance from

their fescue ancestor. In crosses between Italian
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Figure 1.2 Genetic map of millet showing how traits
are genetically correlated and linked on the
chromosomes. Genetic maps are made by measuring
how molecular markers (shown as M) are inherited.
The markers occur together in 7 linkage groups,
corresponding to the basic set of 7 chromosomes. The
red bands show parts of the chromosome linked to
seedling heat tolerance.

Figure 1.3 Chromosomes of a drought-resistant plant,
showing the location of the fescue genes conferring
resistance (pink) inserted into chromosome 2 of
ryegrass (blue). Images like this are used to produce a
physical map of the chromosomes.
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ryegrass and tall fescue, we have found that a single

fescue chromosome segment transferred to the to the

long arm of chromosome 2 of ryegrass greatly

improves its ability to survive prolonged drought.

(Figure 1.4). Once we have identified more

important fescue genes that confer stress tolerance

we will be able to combine them in the ryegrasses,

whilst maintaining quality and yield. In the interim,

the experimental populations have proved so

successful under drought that they are being used by

our breeders as the basis of a new variety.

We are also working on cold tolerance. Early results

indicate that some of the genes from fescue which

confer drought resistance are the same as those

which control freezing tolerance.

This work is being developed further to identify

individual genes (rather than chromosome

segments), and to move them within and between

species. This means that we will be able to study the

effects of particular genes that we think are relevant

by introducing them into pure ryegrass, and then

monitoring their effects on drought and cold

tolerance. In addition, our results do not apply just to

forage grasses. Cereals are very similar to grasses in

their genetic make-up. Therefore, we will be able to

transfer stress-tolerance genes into other important

agricultural species, none of which is amenable to

the programme of chromosome painting and

backcrossing described here.

Figure 1.4 Evaluating drought resistance under rain-out shelters at IGER

Contact: harry.thomas@bbsrc.ac.uk
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