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Figure 1 The saguaro cactus,
Camegiea gigantea, in the
Arizona desert. These cacti
can reach 20 m in height.

acti are among the most easily recognised plants in
the world. They have fierce spines, beautiful
flowers and often weird shapes. They range in size from
tiny plants no bigger that a thumb to the towering

saguaro cactus, Carnegiea gigantea, as tall as a house

Nearly all cacti are native to the Americas, although
prickly pears have been exported to other regions where
they have become naturalised — especially around the
Medit nean and Australia. Although cacti can be
found in regions with plentiful rainfall, they are usually
thought of as desert plants. They are an important
component of the ecosystems of American deserts,
providing food and shelter for desert mammals, like the
collared peccary, and for many birds. Organisms that
inhabit deserts must cope with long periods of drought
with unpredictable rainfall, accompanied by tempera-
tures up to 45°C. Plants that are adapted to this envi
ronment are known as xerophytes (from xeros, d
and jton, plant).

Some cacti can survive for 3 years without wat
They can do this because they have become adapted to

uce water loss, store water in their tissues, and take
up as much water as possible when it rains. While other
desert plants may have features similar to cacti, such as
spines and succulent stems, these adaptations are best
developed in the cac amily (see Box 1).

The cactus family, Cactaceae, contains over 2000 species.
These can be divided into three groups. First there are
primitive species with large leaves and thin stems (see
Figure 2); next shrubs with readily detachable, flattened

Figure 2 Pereskia sacharosa is a primitive cactus with non-
fleshy leaves, but with spines and areoles. Unlike many cacti,
it carries out C; photosynthesis (see Box 2 on p. 29).
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Succulents but not cacti.
A close-up of areoles

Some plants look like cacti but are not. People often mistake agaves and euphorbias  and spines of the star

(see A and B) and other succulent desert plants for cacti. This is an example of cactus, Astrophytum.
convergent evolution where groups end up looking like each other because they

are adapted to similar environments using similar adaptations like succulence and

spines.

So how can you recognise a cactus? All plant families are defined by the details @

of their flower parts, but with cacti there is a quick and easier way. Look for
the areoles — only true cacti and a few close relatives have these. What are
they? Look closely at the spines of cacti and you will see that they are
produced by a felt-like padon the stem — this is an areole (see C and D).
Itis a specialised bud from which spines, hairs, offsets, flowers and, later,
fruits appear. Each areole has two meristems (growing regions). One
produces hairs or spines, the other may produce an offset or flower. In
contrast, an agave has extremely sharp points at the end of its leaves that
look like thorns, and while the leaf axil of a euphorbia may bear one or two
spines, these arise from a horny shield, not a felt cushion.
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stem segments (cladodes) such as the prickly pear cacti
(see Figure 3); and third the columnar cacti such as
Carnegiea gigantea (see Figure 1).

Many cacti have spherical parts, and therefore have
a low surface area to volume ratio. This shape is ideally
suited to the desert environment as the surface area
from which moisture can be lost by transpiration is kept
to a minimum. A large, spherical cactus can therefore
withstand drought better than a smaller and less
rounded one. Cacti like the barrel cactus even change
shape depending on the water available (see Figure 4 on
p- 28). Many Ferocactus specimens go one step further
and lean to the south, so minimising the surface area
exposed to the drying effect of the midday sun.

The fleshy stems of many cacti are pleated like an
accordion (see Figure 4), allowing the cacti to shrink as
water is used up, and expand during periods of rain-
fall as water is stored. This reduces the need to main-
tain a large stem throughout the year. The furrows
channel water to the base of the plant during rain
showers where the roots take it up. Cacti have a flex-
ible layer of cells (hypodermis) directly beneath the
epidermis that allows the stem to expand and contract
without splitting.
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Figure 3 Red fruit on a prickly pear cactus, Opuntia ficus-indicus. The fruit of only
some species is edible. The flesh of some species can be eaten by humans and
livestock but usually tastes extremely unpleasant, and in some cases contains
hallucinogenic alkaloids, such as mescaline in the peyote cactus.
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[image: image3.jpg]Figure 4 The barrel cactus, Echinocactus grusonii, can vary in shape depending on
how much water is available.

Figure 5
Section through
a cactus,
showing the
outermost
photosynthetic
region — the
chlorenchyma —
and the paler,
spongy, inner
parenchyma
used for water
storage.The
central pith is
visible as a
white ring.
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Anatomy and succulence

A cactus is an example of a type of xerophyte called a
succulent — a plant that stores water in its fleshy tissues.
Up to 90% of the fresh mass of a cactus may be water.
A Carnegiea gigantea weighing 1000 kg can absorb about
9000 litres of water after a storm — enough to tolerate
2 years of drought. It can also lose 60% of its water and
still suryive.

To store a lot of water, a cactus stem is divided into
inner, pale water-storing tissue (cortex) and an outer
green photosynthetic layer (see Figure 5). The cortex is
very thick — no other group of plants has such a thick
cortex — and is used to store water and carbohydrates.
It consists of spongy parenchyma cells with large
vacuoles that can make up 85% of the plant’s volume.

Deserts get extremely cold at night but some cacti
can survive temperatures as low as —25°C. If ice crystals
were to form inside the plant cells, they would puncture
the cells and the plant would die. Instead, the water in
the cells of the cortex of the cactus adheres to complex
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carbohydrates. This forms a slimy mucilage in the cells.
When water is scarce, this water-mucilage solution
inside the stem becomes highly concentrated and this
lowers the freezing point of the stem. You could say
that these cacti have their own antifreeze solution.

Photosynthetic stems and leaves

Some cacti have leaves. You would probably mistake
Pereskia (see Figure 2) for a plain leafy shrub unless the
spines underneath the leaves spiked you first. Other
cacti have short-lived leaves that fall off as the cladode
matures, or a tiny residual leaf just below each spine
cluster. However, most cacti don’t have leaves. Instead,
they have green stems, which have become the photo-
synthetic organ. This minimises the surface area avail-
able for water loss. It also means that, unlike the
stomata on short-lived deciduous leaves, stomata on
cacti must function for years instead of months. If
stomata are present, they are usually sunken in pits on
the stems or covered in hairs, which slow moisture loss.
The stem is covered in a thick, waterproof, waxy cuticle,
which is sometimes so thick it looks white and can
reflect the hot sun’s rays.

Spines and hairs

Spines are probably the main reason people remember
cacti (see Box 1, Figure C). An encounter with them can
be painful, but they can be spectacular, covering the
whole plant. They may be straight, hooked, hair-like,
twisted, or multi-coloured. Some are tiny, but others
are up to 11 cm long with vicious hooks at the end.
Even on the same plant, the spines may be different
sizes and shapes.

Cactus spines have several functions. The most
obvious is protection against herbivorous animals.
Spines and tufts of hairs are often most numerous near
the apex of the plant to protect the delicate growing
point (meristem) below. In addition to protecting the
plant from being eaten, the dense network of spines,
bristles and hairs on the typical cactus shades the stems
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Areoles The small, spine-bearing areas on the stem
of a cactus (highly specialised and unique to cacti). An
areole is borne on the enlarged leaf base.

Cladode A modified stem, often flattened, that
serves the photosynthetic role played by leaves in
other plants.

Meristem The growing point, a collection of cells that
are still actively dividing but have not yet differenti-
ated.

Offset A new branch or stem produced by the main
stem of the parent plant that can give rise to a new
plant.

Spines Spines in cacti are modified leaves. Thorns of
other plants are derived from branches.

Stomata Structures with pores that allow carbon
dioxide, oxygen and water to diffuse in and out of
plant tissue.

and traps a layer of air next to the cactus stem. This
‘blanket’ of spines and hairs reduces water loss; it also
keeps the cactus cool in the day and warmer at night. If
you shave the spines off some cacti, their daytime
surface temperatures can go up by 4°C. More impor-
tantly, as some cacti are sensitive to the cold, their night-
time temperatures can drop by 2°C. In some species,
like the silver torch Cleistocactus strausii (see Figure 7 on
p- 30), the spines and hairs are particularly dense. Spines
also play a role in dispersal as some barbed spines can
attach to skin, fur or clothing, and enable a new joint or
offset to be carried to a new place and grow. In some
cacti, the spines collect dew that condenses from the
desert air at night, or during fog, and channel it down
the stem to the roots.

Roots
Cacti can take advantage of the lightest rainfall as they
have shallow roots, usually only 3-15 cm below ground,
but often extending out many metres from the main
stem. The top 3 cm of soil gets too hot for roots to
survive, and they rarely grow deep into the ground
because water does not penetrate that far. Unfortu-
nately, these shallow roots mean that large cacti like
Carnegiea gigantea are easily blown over in storms.
The most amazing root adaptation is the production
of tiny ‘rain roots’ which grow within hours of rainfall,
efficiently absorbing water before it disappears, but
quickly dying when the rain stops. Rain roots can elon-
gate quickly with little cell division and about 1 cm of
rain is enough to stimulate their production. Growing
rain roots means that the cactus doesn’t have to main-
tain lots of roots when there is no water available, thus
conserving resources. In addition, during droughts, the
larger, older roots shrink and pull away from the
surrounding soil matrix. This inhibits water loss to the
dry soil during periods of drought. This mechanism
means that cacti such as Ferocactus acanthodes are so
efficient that they can take up to 85% of the water
available in the soil.
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BOX 2 CAM physiology

People noticed that certain succulent plants taste ‘sour’ in the morning and
less ‘sour’ at night. What they were observing was crassulacean acid
metabolism (CAM). CAM was first researched in the 1800s in stonecrops
such as Crassula, hence its name. CAM has evolved from normal photo-
synthesis independently many times over the past 100 million years and is
found in more than 20 000 species of plants, including the cactus family.

Flowering plants can be divided into three major groups based on their
photosynthetic pathways. The largest and most widespread group is the Cs
plants, so called because they produce a three-carbon molecule as the first
stable product of photosynthesis (see pp.13-16). The other two groups
produce fourcarbon acids as their first stable product of photosynthesis and
these are called C, and CAM plants.

CAM photosynthesis is common in

plants such as cacti growing in arid envi- s

ronments. The major form of CAM photo- Her

synthesis involves the storage of carbon y YiM L
dioxide in the large cell vacuoles in the

leaf or stem at night in the form of malic
acid (see Figure 6). In this way, the carbon
dioxide is fixed and stored for later use.
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Once the sun rises, the stomata close and no more carbon dioxide enters
or leaves the plant. Instead, during the day, the malic acid is broken down
to release carbon dioxide to be used in photosynthesis.

This adaptation allows the stomata to close during the day and open at night
— the opposite to C, plants. By only opening the stomata at night, when
evaporation is low and relative humidity is high, CAM metabolism reduces
water loss through the stomata to between one-sixth and one-tenth of
normal. CAM plants are often succulent, allowing them to store water and
also to provide a large vacuolar volume in which to store malic acid.
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CAM physiology

Cacti are one of several plant families that have evolved
an important physiological adaptation called CAM
photosynthesis (see Box 2). This adaptation allows them
to open their stomata at night when the humidity of the
air is highest and therefore they lose little water. During
the day, when the air humidity is low, the stomata are
closed and so water loss is minimal.

However, cacti pay a price for all these water-saving
adaptations, including CAM photosynthesis — slow
growth. In some species, growth may be less than a
centimetre per year and many species take hundreds of
years to reach full size.
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strausii, from
South America.

Student Unit Guides will help focus your
revision, build your confidence and
strengthen your exam technique.

Each guide:

= outlines the aims of the AS or A2 qualification and offers
strategies to improve revision

= provides an examiner's overview of the module,
summarising the key content and identifying opportunities
to exhibit the skills required by the unit

= presents graded answers to questions typical of the unit,
with comments on the strengths and weaknesses of each
response, giving you an insight into the mind of the examiner
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Conclusion

Hot deserts are inhospitable environments which have
been successfully inhabited by this extraordinary group
of plants — the cacti. The evolution of a host of morpho-
logical, physiological and biochemical characteristics has
given them the ability to tolerate and indeed thrive in
the extreme conditions of the desert. Although not all
cacti employ all of the strategies described in this article
— from spines and hairs enclosing a shell of humid air,
or rain roots and sunken stomata, to CAM photosyn-
thesis — they have increased their survival chances over
other desert species, making them one of the most
productive desert species known, flourishing where
many others would perish.

Things to do

Find out what other groups of organisms have under-
gone convergent evolution.

If you want to see leaves on a cactus, buy a cactus
fruit such as a dragon fruit or prickly pear from a super-
market, eat the fruit but save some of the seeds and
plant them in a propagator. The seedlings will start off
with two cotyledon leaves, like other dicotyledon
seedlings. 8
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