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Summary

Genetic variation exists for foliar senescence and has, usually incidentally or

empirically, been exploited for crop improvement. We review the incidence of

delayed or inoperative senescence in maize, sorghum, oats, rice, wheat, fescue,

soybean, french bean, fruit crops, trees and other species. The insights such

. variants give into the genetic control of leaf senescence, and the practical

implications of improved understanding of the stay-green phenomenon are dis-
cussed.
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Introduction

Use of greenness in plant breeding

By a fortunate coincidence, the energy band of light absorbed by photosynthetic pigments
is squarely within the range of wavelengths to which human vision is receptive. This means
that throughout most of the history of plant domestication the eye was able to measure,
non-destructively, a plant’s physiological status with a sophistication that has become
possible with electronic instrumentation only very recently. It is clear that such visual
assessments have been important influences on the direction taken by progressive improve-

s in crop plants from the earliest period of human agricultural activity, and they retain
e’gi‘rical significance to this day. In general, the most useful modern crop species and
varieties are greener, establish green tissues faster, retain them longer and are visibly more
responsive to agricultural inputs, such as fertiliser, pesticides and irrigation, than their
forebears.

Chlorophyll is unstable in the light

It is ironic that the word green has become a benign symbol of all that is environmentally
friendly, wholesome and beneficial to living organisms. In reality chlorophyll, which is
responsible for all this greenness, can be a most dangerous chemical compound. The
combination of chlorophyll, light and an oxygen atmosphere can be extremely damaging to
living cells; and not just to the cells of green plant tissue. It is fortunate that sheep and
vegetarians are opaque. A transparent herbivore such as the planktonic animal Calanus. is
at risk from sunlight when its gut contains chlorophylls from the algae it feeds on. So it
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Fig. 1. Vertical distribution of female Calanus finmarchius at a station in the Atlantic Ocean south of
Ireland on 11-12 August 1932 (after Farran, 1947).

migrates vertically in the sea on a daily basis — down at dawn, up in the evening (Fig. 1 —
see also Isaacs, Tont & Wick, 1974; Omori, 1974). If it did not do this it would photodestr,
like a weed treated with paraquat. Albino rats fed with a high chlorophyll diet bec’
seriously photosensitised and suffer from all kinds of skin lesions (Tapper, Lohrey, Hove
& Allison, 1975). In fact, loading up tumours with chlorophyll-like porphyrin derivatives
and exposing them to high intensity laser light is being actively developed as a cancer
treatment (Moreno, Pottier & Truscott, 1988).

Is senescence triggered by autodestruction of chlorophyll?

During senescence, chlorophyll disappears and the ultimate products of catabolism seem
not to be pigmented. The striking colours of autumn leaves are due to carotenoids,
anthocyanins, phenols and a whole range of secondary compounds metabolically unrelated
to chlorophyll (Matile et al., 1989). Let us suppose that built-in processes which defend
against autodestruction begin to fail in older cells and as they decline, so senescence becomes
apparent and the visible and biochemically measurable symptoms of the syndrome are
exhibited (Leshem, 1988; Strother, 1988). Plants with highly heritable stay-green phenotypes
present a serious challenge to this hypothesis. An explanation may be that such variants
possess an abnormally high level of resistance to photodamage and therefore take longer
to reach the threshold below which autodestruction occurs, or else the defence is abnormally
retained in old leaves. However, where this hypothesis has been tested, the evidence
indicates that stay-green plants are no better than normal genotypes at withstanding ch :
phyll-mediated photodestruction and, conversely, that mutants with high intrinsic immuiftty
to photodamage, such as transgenics with elevated superoxide dismutase (Bowler et al.,
1991), do not also exhibit stay-greenness.

There is evidence that mechanisms defending against chlorophyll-mediated photodamage
do fail during senescence. Using a green mutant of Festuca pratensis, Thomas & Matile
(1988) demonstrated the gradual intrusion of susceptibility to photobleaching in the final
stages of senescence (Fig. 2). Pigment eventually fades from the very oldest, desiccated
leaves of intact mutant Festuca plants. However this is a later stage than the yellowing
process which occurs in the senescence of living tissue, and we believe it takes place after
the loss of vital functions and the collapse of viability.

Senescence as a two-stage process

Much of the confusion about the metabolic basis of senescence seems to arise from a
failure to appreciate that the term has been used to describe two quite different processes —
pre- and post-mortem. As a leaf passes the peak of assimilatory capacity, mesophyll tissue
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Fig. 2. Chlorophyll stability in isolated leaf tissue of Festuca pratensis in light and darkness. Rossa,
normally yellowing genotype; Bf993, stay-green mutant. Redrawn from Thomas & Matile (1988).

.ns to yellow and the fabric of the photosynthetic apparatus is dismantled and exported
to young growing tissues or sites of reserve deposition. An important characteristic of cells
undergoing these changes is that they remain viable — indeed. viability, tight metabolic
regulation and close coordination at tissue and organ levels are prerequisites for the normal
progression of the first phase of senescence (Thomas & Stoddart, 1980: Stoddart & Thomas,
1982; Matile, 1992a; Thomas, 19924). Thereafter the tissue rapidly loses viability and
undergoes deteriorative modifications which are essentially post-mortem changes. In our
opinion the free radical, active oxygen or photodynamic models of senescence are relevant
to the second, terminal phase but shed little light on the behaviour of viable cells and
tissues.

If we consider foliar development in terms of its supply and demand relations with the
rest of the plant we see a clear sequence. Fig. 3 shows how young leaves are net heterotrophs,
subsisting on assimilate imported from mature foliage in positive carbon balance. Sub-
sequently photosynthetic competence is asserted and the organ becomes a net contributor
to the carbon budget of the whole plant. Then assimilation declines as the leaf yellows. In
Fig. 3 the curve for nitrogen is shown along with that for carbon (phosphorus, sulphur
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Fig. 3. Supply/demand relations of an idealised leaf from initiation to senescence. and a high C:N ratio
(cereal grain) or high N:C (legume grain) sink. Periods 1-4 identify the juvenile, photosynthetic,
senescence I and senescence II phases in leaf development (see text).

and other mobile nutrients behave similarly). It seems that acquisition of photosynthetic
competence and the subsequent decline of carbon fixation capacity are directly linked to,
and possibly even driven by, the rate of input and export respectively of nitrogen and other
mobile elements. This is a complex issue beyond the scope of the present discussion. The
point we wish to make is that leaf development may be divided into segments, each dclimi.
by a condition of net nitrogen (or phosphorus, or sulphur) balance. Phase I (Fig. 3) is
juvenile or immature state; 2 is the period of active photosynthesis; 3 is the first phase of
senescence in which physiological integrity is maintained; Period 4 is the second. terminal
phase of senescence. Juvenile— C export— NPS remobilisation (senescence stage
I) = breakdown of integrity (senescence stage I1) summarises the career of a normal leaf.
It is emphasised that the transition from Phase 2 to Phase 3 (the initiation of senescence)
is essentially a change, rather than a loss, of function and is approachable in terms of
genetics, biochemistry and the analytical procedures of modern developmental biology.

Senescence-related genes

Fig. 4 classifies genes with functions in senescence according to their patterns of expression
during leaf development. Five broad categories are recognised.
1. Genes controlling the primary metabolic activities of viable cells. ¢.g. respiratory com-
ponents, ribosomal RNA synthesis.
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Fig. 4. Expression during leaf development of different classes of gene with functions in senescence.
See text for explanation.

2. Genes directing installation in the developing mesophyll cell of latent metabolic machin-
ery which becomes active later in the life of the leaf, e.g. vacuolar enzymes, zymogens.
Transcripts of some genes may also be accumulated in an untranslated form at this stage,
to become active in protein synthesis later on.

Genes which encode growth or carbon assimilation components and which contribute to
the progress of senescence by switching off, e.g. nuclear and plastid genes for Calvin
cycle enzymes and thylakoid proteins.

4. Genes specifically turned on at the initiation of senescence; the point of convergence of
all the various transduction pathways through which environmental and internal cues
invoke the syndrome.

5. Genes encoding senescence-related activities (e.g. catabolic enzymes) induced de novo
or showing increased expression during remobilisation.

Different types of stay-green

Alterations within each class of senescence-related genes, such as the timing of a gene’s
expression in the life-cycle, may cause a change in the greenness phenotype. It is important
to emphasise that the stay-green character in one genetic line may have only a superficial
resemblance to the character in another and may arise from quite different underlying
physiological and biochemical modifications. In most cases of extended greenness in crop
species there has been littie or no biochemical investigation of the character. Nevertheless,
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Fig. 5. Classification of different forms of stay-green behaviour in foliage. Stay-green can arise in several
alternative ways. Initiation of the entire senescence syndrome may be delayed (Type A); the syndrome
may start on time but may proceed at a reduced rate (Type B); the syndrome may begin and proceed
on schedule but one or more of the constituent metabolic processes may be disabled (Type C);
combinations of types A, B and C. These describe the behaviour of viable tissue. Type D represents the
case of plant material such as herbarium specimens or frozen foods which retain greenness because they
are rapidly killed at harvest.

in the specific examples of stay-green behaviour discussed, where possible we try to classify
each case according to the type of stay-green involved.

Fig. 5 illustrates four possible types of stay-green behaviour. Types A and B are fup
tionally stay-green and may arise after alteration of genes involved, respectively, in t
timing of the initiation of senescence and the regulation of its rate of progress. Since these
stay-green types continue to photosynthesise for longer than normal, they might be expected
to show a higher yield in crops for which carbohydrate is a major component of the harvest.
In contrast, types C and D look green but lack photosynthetic competence, either due to
the majority of the senescence syndrome occurring as usual (type C) or premature death,
such as that caused by harvesting for food (type D). Type C stay-green plants may arise by
alteration of genes which regulate chlorophyll catabolism. Genes involved in the generation
of type A stay-green lines are likely to come from group 4 of our classification of senescence-
related genes, while genes affected in types B and C are more likely to be from group 5.

Stay-green cereals

Maize
A study of 10 short-season maize hybrids by Tollenaar & Daynard (1978) showed a
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positive correlation between leaf area duration (D) and yield (see Fig. 6). A number of
maize varieties which have a stay-green phenotype have been investigated in more detail.
The inbred line Lo87602 exhibits delayed senescence and is characterised by higher water
and chlorophyll contents in the leaves at maturity, high stalk sucrose content during grain
filling, more water, sucrose and proteins than usual in the husks and cobs and a higher grain
protein content (Gentinetta et al., 1986). This variety also shows increased resistance to
stalk-rotting pathogens, a feature which it shares with slow-senescing mutants of sorghum
(Ambler, Morgan & Jordan, 1987).

Removal of the ear of maize plants has been reported to delay (Moss, 1962) or accelerate
(Allison & Weinmann, 1970) leaf senescence. Christensen, Below & Hageman (1981)
have shown that when ear removal does accelerate senescence, photosynthesis and the
accumulation of reduced nitrogen decrease markedly. The accumulation of sucrose has
been detected in the leaves of such varieties and genetic analysis suggests that a single
dominant gene is responsible for this genotype (Ceppi et al., 1987). Crafts-Brandner &

neleit (1987b) report that ear removal may increase or decrease the rate of senescence
8 that both rapid and delayed senescence are dominant traits transmissible to F, hybrids.

One stay-green variety which has been studied in some detail is FS854. which is credited
with the world record yield for non-irrigated maize. After ear removal, FS854 remained
green but otherwise showed an increase in leaf dry weight and sugar content as for the
other varieties studied (Crafts-Brandner er al., 1984b). The increase was transient for
the other varieties but continuous throughout the grain-filling period for FS854. Thus
carbohydrate accumulation alone does not appear to accelerate leaf senescence. FS854
differs from the other varieties in retaining in its leaves more reduced nitrogen and nitrate
reductase activity, as well as carboxylating enzymes and chlorophyll. Crafts-Brandner et al.
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Fig. 6. The relationship between leaf area duration (D) and grain yield (Y) in 10 Zea mays hybrid
genotypes over two growing seasons (data of Tollenaar & Daynard, 1978).
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(1984b) speculate that the rate of flux of nitrogen into the leaf may be important in regulating
the rate of senescence in the different varieties. Study of the whole plant suggests that the
roots may play a role in ensuring the continuation of the supply of nitrogen to the leaves
(Crafts-Brandner et al., 1984a). In intact FS854 plants, the levels of both chlorophyll and
PEP carboxylase start to decline on schedule but the rate of decrease is reduced compared
with other varieties, which suggests that FS854 may be a type B stay-green. In contrast, a
stay-green line with which we work retains chlorophyll while the level of PEP carboxylase
declines as usual — this is type C stay-green behaviour.

In agronomic terms, stay-green maize varieties, with longer D than normal, have the
advantage of a larger kernel weight. On the other hand, varieties with shorter D and
effective filling period (EFP) accumulate grain dry matter at a faster rate due to more
efficient leaf nitrogen remobilisation (Crafts-Brandner & Poneleit, 1987a). The benefits of
increased yield and disease resistance provided by stay-green varieties have been exploited
by maize breeders (Duvick, 1984).

Sorghum ‘

Sorghum, one of the most important cereals in the semi-arid tropics, is a multifunctional
crop. All parts of the plant are used for food, feed, biomass and fabrication. The economic
value of the crop residues sometimes exceeds that of the grain. In India the kharif, or rainy
season, crop produces a large quantity of dry stover which is harvested to feed bullocks and
buffalo, the farmers’ power source, and is also sold in town for the dairy buffalo herds. The
post-rainy season rabi crop provides both grain and forage needed to survive the subsequent
dry season until it rains again. As the rabi crop is dependent on residual moisture, drought,
charcoal stem rot and lodging can be a problem particularly near the end of the season.
Disease and insect resistance, wide environmental adaptiveness, appropriate time to matur-
ity, good tillering, reasonably good grain yield, juiciness, palatability and digestibility are
the major criteria for improving the dual-purpose sorghum crops of the semi-arid zone
(House, 1985). In lines exhibiting the stay-green (sometimes called non-senescence) pheno-
type, many of these desirable characters are significantly enhanced and it is recognised that
multiple benefits may accrue from building extended greenness into the ideotype (Rao,
Reddy, Williams & House, 1980; Rosenow, 1980; House, 1985; Doggett, 1988; Vietor,
Cralle & Miller, 1989; Evangelista & Tangonan, 1990).

One of the most extensive documented programmes of sorghum improvement based @
selection for retention of greenness has been described by F R Miller and colleague
Texas A & M University. These studies began with the observation that stover dry weight
of a hybrid between two tropically-adapted “non-senescent” sorghums was greater than
between temperate senescent-type hybrids (Duncan, Bockholt & Miller, 1981; Gerik &
Miller, 1984). Subsequently several sorghum germplasm lines and varieties arising from this
programme have been registered.

Sorghum resembles some other cereals such as oat (J M Leggett, personal communication)
in that greenness is related to degree of annuality or perenniality. Generally, sorghum is
annual but stay-green types can survive for years through the generation of fresh tillers from
the old plant bases and are thus good for ratooning. Zartman & Woyedwodzic (1979)
studied the root systems of the annual and perennial sorghums. The annual or senescent
types begin to dry during grain filling commencing with the lower leaves until finally the
whole plant is dead. In perennial (non-senescent) lines, leaves senesce more slowly and the
stem and plant base do not die. Once the dominating effect of the panicle has lessened,
basal buds develop. Of two hybrid cultivars with a common non-senescent parent studied,
the senescent hybrid always had a greater root system than the non-senescent throughout
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the season as reflected by volume of soil occupied and root density; however, at the last
sampling date, 100 days after sowing, root density of the senescent hybrid had declined but
the non-senescent hybrid exhibited only a minimal decrease,

In the absence of non-empirical genetic and physiological analyses of the trait in this
species, it is difficult to classify sorghum stay-green according to the scheme in Fig. 5. There
is preliminary evidence that some stay-green lines contain a higher level of cytokinins than
normal (Ambler et al., 1987). Cytokinins reduce the rate of loss of both chlorophyll and
photosynthesis in senescing wheat seedlings (Wittenbach, 1977), producing a type B stay-
green phenotype. It is therefore possible that the stay-green lines of Ambler et al. (1987)
may be of type B.

Other cereals

In many cereals, relationships have been observed between grain yield and duration of
the areas of the total canopy and of specific leaves, both throughout the entire period of
p growth and in the interval from flowering onward (Thomas, 1987a, 19924). In Fig. 7
f area trends and derived durations are illustrated for four lines of Avena sativa. Leaf 7
is the flag leaf. Lines A, B and C are products of introgressing stay-green germplasm from
Avena sterilis into the background of Clintford, the reference genotype (Helsel & Frey,
1978). In the year in which the experiment presented was carried out, A, B and C out-
yielded Clintford by 3-15% and over the preceding three-year period by about 30%.
There are many studies of cereal development showing considerable genotypic variation
in greenness and chlorophyll stability, contributing to different patterns of pigmentation
change during ripening. For example, Table 1 shows chlorophyll retention profiles of
“sequential” and “non-sequential” rice cultivars where the flag leaf senesces slower or
faster. respectively, than the leaf preceding it (Mondal & Choudhuri, 1985). Striking
variations in canopy survival occur amongst rice cultivars, particularly in relation to growth
duration class. Wada & Wada (1991) compared leaf senescence during grain ripening in
four short-duration (96-98 days to maturity) and four medium duration (119-126 days) rice
varicties. From linear regressions of In (leaf area index) against weeks after anthesis (r
values in the range 0.79 - 0.997), half-lives for the canopies may be calculated. All four
medium-duration lines had half-lives of less than 3 wk (shortest 2.47, longest 2.76 wk). One
of the short-duration varieties had a half-life of 2.22 wk and further resembled members of
the medium-duration group in possessing a relatively large sink size. It also out-yielded the
r three short-duration lines by over 25%. One of the short duration lines had a greatly
ended canopy half-life of 4.59 wk. This was associated with a higher sink strength than
other short-duration varieties. There was no simple relationship between yield and canopy
duration in these experiments. The authors discuss the trade-off between maintenance of

Table 1. Chiorophyll retention in leaves of rice cultivars with sequential or non-sequential
patterns of senescence

% chlorophyll remauning
Plant ape 21 duys after unthesis
Cultivar at anthesis Flag leaf Flag-1 Flag2
Ratna 75d 357 483 30.0
Jaya 87d 425 9.0 M4
Muasuri 110d 9.6 0.6 29
Kalojira 1154 478 411 2.5

Dat of Mondal & Choudhuri (1985),
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photosynthetic competence on the one hand and the need to remobilise nitrogen to supply
the developing grain on the other and suggest that delayed senescence is a useful character
provided it can be associated with good nitrogen use efficiency and optimal management
of fertiliser application,
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Table 2. Inheritance of chlorophyll a stability in a partial diallel cross between four wheat

varieties
Chlorophyll stability (%)

Variety Ramona Wwu29 WUu30 Timgallen Parental means
Ramona 42 46 37 16 35
Wwu29 46 46 13 35
WUu30 45 11 37
Timgallen 20 12

Data of Boyd & Walker (1972).

A stay-green phenotype has also been observed on shading of mature rice (Hidema,
Makino, Mae & Ojima, 1991). Exposing leaves to low light greatly extends their green
duration by stabilising light-harvesting and reaction-centre chlorophyll complexes, but

egradation of rubisco and other components proceeds as normal so that the leaf eventually

‘)mes to resemble a senescent stay-green organ of type C in physiology and cell structure.

This kind of response may be a general feature of monocot foliage, since leaves of Lolium
have been shown to react to shading in a similar way (Mae er al., 1993).

A great deal of genetic variation exists for grain protein content in Triticum. For example
a number of cultivars with up to 25% more protein than normal soft winter wheats have
been derived from Atlas 66, a high protein line described by Middleton, Bode & Bayles
(1954). Rao & Croy (1972) observed that three varieties of Triticum with Atlas 66 in their
parentage exhibited higher post-anthesis levels of leaf proteolytic activity than did Triumph
64, a low nitrogen variety. In a later study, Dalling, Boland & Wilson (1976) reported that
acid proteinase was highly correlated with the rate of nitrogen redistribution from senescing
leaves in two Triticum cultivars. Genetic variation in Triticum leaf senescence was reported
by Boyd & Walker (1972). They measured the amount of chlorophyll in segments of wheat
flag leaves at the time of excision and after incubation on moist filter paper in darkness.
Chlorophyll stability was expressed as the percentage of pigment remaining after 4 days.
Stabilities ranging from less than 10% to more than 50% were observed in 19 varieties
surveyed. The authors stated that a high level of chlorophyll in fresh leaf segments and low
chlorophyll stability were characteristic of cultivars with high grain protein nitrogen. One
low chlorophyll stability and three high stability varieties were selected for genetic analysis
in a partial diallel cross (Table 2). “Stable” X “stable” crosses gave “stable” F, progeny;

‘osses with the “unstable” line produced progeny with reduced chlorophyll stability. These
results suggest that both rapid and delayed senescence are dominant traits transmissible to
the next generation, as found by Crafts-Brandner & Poneleit (1987b) in maize. This kind
of approach looks quite promising and it is surprising that it does not seem to have been
followed up further.

Temperate grasses

A mutant genotype of the pasture grass Festuca pratensis was described by Thomas &
Stoddart (1975). It is characterised by a virtually complete disabling of the leaf yellowing
process so that plants remain green throughout the life-cycle or when exposed to stresses
which would normally cause chlorosis or necrosis. However, other aspects of senescence,
such as degradation of rubisco, proceed according to schedule (Thomas, 1982; Hilditch,
Thomas & Rogers, 1986a; Hilditch, Thomas, Thomas & Rogers, 1989) suggesting that the
mutant is a type C stay-green. Inheritance studies established that the stay-green phenotype
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is the result of a mutation at a single nuclear locus, designated Sid (senescence-induced
degradation). The mutation is recessive so that plants homozygous for the mutation (Sid¥®)
are stay-green but heterozygous hybrids (Sid®¥) exhibit the normal yellowing phenotype
(Thomas, 1987b).

The green mutant of Festuca has been useful for investigating the pathway of chlorophyll
breakdown, an aspect of the metabolism of senescing leaves which had defied almost seventy
years of investigation by plant scientists. Thomas et al. (1989) established that the first step
in the pathway, removal of the phytol side-chain, occurs normally in the mutant; moreover,
this reaction takes place while chlorophyll is still attached to its binding protein in the
photosynthetic membrane. The next steps require oxygen and ATP and do not function in
mutant leaf tissue. Hence polar, dephytylated chlorophyll derivatives accumulate in the
mutant as a consequence of the metabolic blockage. Further breakdown products of
chlorophyll have been identified and verified as such by their absence from the mutant, and
also by radiotracer analysis (Matile, Ginsburg, Schellenberg & Thomas, 1987; Matile et al..,
1989; Diiggelin er al., 1988; Peisker, Thomas, Keller & Matile, 1990). This work has led
recently to the isolation of a major catabolite and establishment of its chemical structur'
It is a tetrapyrrole derivative of chlorophyll a resulting from oxidative cleavage of the
macrocycle (Krautler er al., 1991).

Other studies of the Festuca mutant have revealed that the increased stability of chloro-
phyll has consequences beyond the visible phenotype. The membrane proteins with which
photosynthetic pigments are associated in leaf cells are normally degraded at the same time
as chlorophyll during senescence (Thomas, 1977, 1982, 1983: Hilditch, 1986; Hilditch,
Thomas & Rogers, 1986b; Hilditch et al., 1989; Davies, Thomas & Rogers, 1990a; Davies,
Thomas, Thomas & Rogers, 1990b; Nock, Rogers & Thomas, 1992). The coordinated
behaviour of membrane components is preserved in the mutant so that senescent tissue
retains significant amounts of protein nitrogen in the form of pigment proteolipids. This
enhances the nutritional quality of otherwise low-value residual foliage and suggests that
building this kind of stay-green character into the design of forage species, or multifunctional
crops such as subtropical millet, would be beneficial.

It has been observed that the green mutant of Festuca synthesises a small number of
additional proteins and messenger RNAs during leaf development (Fig. 8 — Thomas et al.,
1992). This opens the way to the use of cloning procedures for the isolation of genes,
possibly including Sid, which correspond to these products.

Another way of producing type C stay-green behaviour is treatment with inhibitors of
protein synthesis. The inhibitor MDMP applied to Festuca leaves is much more effective
preventing chlorophyll breakdown than rubisco degradation (e.g. Thomas, 1976 - Fig. 9).
This may suggest that new gene expression is required only for some parts of the senescence
syndrome.

Stay-green legumes

Green and yellow cotyledons were among the characters Mendel studied in his experi-
ments on inheritance in Pisum. According to Darbishire (1911), Bunyard was the first to
show that immature seeds of Mendel’s green and yellow lines are green and that the lines
differ in the presence or absence of a factor which causes the pigments to fade as the seeds
mature. If we accept that cotyledons are essentially modified leaves, then pigmentation
changes during seed maturation may be likened to the yellowing process in foliar senescence.
The most detailed physiological analyses of altered pigmentation in legume seeds, pods and
leaves have been carried out on Glycine max and Phaseolus vulgaris.
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Fig. 8. In vitro protein synthesis products of RNA from young (Y), mature (M) and senescent (S) leaf
tissue of the normal Festuca pratensis genotype Rossa (R) and the stay-green mutant Bf993. (B)
Polypeptide a, precursor of LHCP-2; b, senescence-related product; ¢, precursor of rubisco small
subunit. Comparable areas of 2-dimensional electrophoretograms are shown, with polypeptides uniquely
expressed in the mutant outlined. Reproduced from Thomas, Ougham & Davies (1992), with permission
of the publisher.

Soybean

Green and yellow cotyledon types are found in Glycine (Woodworth, 1921) and in some
cases these characters are associated with variations in the senescence pattern of leaves
(Table 3). A maternally-inherited factor, originally described by Terao (1918) and Veatch
& Woodworth (1930), and now designated cyrG, prevents yellowing not only of embryos
but also of pods and leaves. Two recessive nuclear loci d, and d, exert a similar influence
over greenness in fruits and foliage (Bernard & Weiss, 1973). There are a number of nuclear
and cytoplasmic genes giving rise to yellow leaves in soybeans (e.g. Shoemaker, Cody &
Palmer, 1985). One of these, y;, is expressed as early senescence in relation to pod
development and is counteracted by G, a nuclear dominant which, in the absence of y,,
prevents yellowing of the seed coat but not of any other tissue (Bernard & Weiss, 1973).

Recently Guiamét, Schwartz, Pichersky & Noodén (1991) made electrophoretic
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Fig. 9. Chlorophyll, ribulose-1,5-bisphosphate carboxylase and protein synthesis capacity in isolated leaf
tissue of Festuca pratensis incubated with water (control) and with the L- and D-stercoisomers of the
inhibitor MDMP. The stereospecificity of protein synthesis inhibition is illustrated in the inset, which

presents data for the incorporation of [*C]-leucine by 2-day old leaf tissue as a % of total uptake. From ‘
Thomas (1976). .

comparisons of thylakoid membrane proteins from leaves of soybean stay-green lines during
pod-fill. The normally-yellowing cultivar Clark was used as the wild-type reference. Its
genotype with respect to genes influencing yellowing is designated ggD DD, D,cytY . Plants
homozygous for the recessive allele at both the D, and D, loci retained chlorophyll in fully-
expanded 6th-7th trifoliate leaves at levels in excess of 4 mg dm ? throughout flowering and
pod-fill whereas leaves of cv. Clark became almost completely yellow during this time.
Retention of greenness by leaves of d,d, plants is not associated with any delay or inhibition
of the decline in photosynthetic rate and stomatal conductance during pod-fill, nor in
subsequent abscission (Guiamét et al., 1990). This suggests that such plants may be classified
as type C stay-greens.

In combination with d; and d, the dominant allele G, which inhibits yellowing of the seed



207

Stay-green crops

"(0661) UPOON W 11231 ‘1YWEIND pue (p/86]) SPWOYL IV "1 OU

‘T isuquyui 1o sAepap ‘-

‘suaisey

‘4 LUOISSIOSQE ‘QY ‘UONEBIIUADUOD f(O))) JB[N[|22IUI U ASL 1) ‘90URIONPUOI [BIRWOIS Ul UIDAP ‘O $20U2ISaUas Jra| Fuunp sisayqiudsojoyd ur duloap ‘sq

+

+

qv

6

+

-

3

D

adfiouayd
[euonoUN g

&

+

+

¥

S

+

+

Sd

&

u2213 Avig
MO[[PA

u2313 Avig
MO[[RA

MO[[PA

MO[[2A
FuimoqaA Apeg
u22I3 Aevig

oArquig

o
u2213 Avig
u2213 Amig
u221d Aeig

MO[[2A
MO[I3X
MO[[I2A
Fummopah Aueg
2218 ojed Aeig

180D paas

MO[[PA

u2213 Ke1g
MO[[9X

U213 Ar1§
MO[[PX

MO[[9A

u2213 oped Avig
FuimojaA Ajrey
u2213 Avig

IZspod

adAiouayd 21qistp

u221g Aeig
u2213 Aeig
MO[[RPA

u22313 Aeig
MOJ[2A

MO[[PA

u2213 aped Arig
FuimojeA Ajreg
u2213 AvIg

ageijo4

NNNN_NHNHCNGE:NNCE

Pp'r'roo
‘ara'a'ano
ipip'p'p8S
pr'a'qss
‘Gta'p'pss
L0100

s

0IAD

adAjouany

DAISSIIAI “IBJNN
Ip 01 payui] ‘1eapPNN

JAISSADAI *IRIPNN
JAISSADAI ‘IBAINN

JAISS2I21 ‘IBPONN
snsejdoif)

20UBILIDYUI JO IPON

SUPaQAOS Ul AN01ADYIG 29U2ISIUIS SUIUIULIIP 120] I112UIT 2WOS € dqe ],

laYphip
‘P'ro

9

pip
P
'r
01454
7§
014

0]



208 HOWARD THOMAS AND CATHERINE M SMART

coat but not foliage, slightly enhanced the stay-green phenotype. Guiamét et al. (1990) also
showed that the decreases in photosynthetic rate and stomatal conductance, and the
associated increase in intercellular CO, concentration, were significantly delayed in Gd,d,
plants, though abscission occurred normally. The addition of the G allele to the genotype
therefore resulted in the stay-green pattern becoming more similar to type A.

The cytoplasmic stay-green gene cytG had a small effect on the stability of chlorophyll a,
but quite a marked stabilising influence on chlorophyll 5. Consistent with the differential
retention of the two pigment types, the stability of the major chlorophyll b-binding thylakoid
membrane complex LHC2 was much increased in cytG plants, not only compared with
Clark but also in contrast to the behaviour of other membrane polypeptides. The authors
conclude that cytG (which, like d, and d,, has little effect on photosynthesis and abscission —
Guiamét et al., 1990) contrasts with Sid in Festuca (see below) in stabilising only peripheral
light-harvesting complex rather than porphyrin-binding proteins throughout the membrane.
Despite the differences in the gene products affected, both cytG and Sid mutated plants
exhibit type C stay-green behaviour.

A separate line of work on stay-green in soybean has been conducted by Phillips and
workers. They have described in some detail the genetics, agronomy and physiology
soybean lines exhibiting a trait they call DLS — delayed leaf senescence (Abu-Shakra, Phillips
& Huffaker, 1978; Pierce, Knowles & Phillips, 1984; Phillips et al., 1984). Interest in DLS
arises because of the complex interdependence of fruiting and foliar senescence and its
relationship to yield in soybeans. In 1975, Sinclair & de Wit published an analysis of yield
as a function of nitrogen requirement for the major seed crop species. Soybean emerged as
unique in demanding a high input of nitrogen to support seed production — so high that the
authors postulated that soybean plants must mobilise vegetative nitrogen during pod fill to
such an extent that they “self-destruct”.

In 1976, a survey of experimental soybean lines growing at the University of California,
Davis was undertaken with the object of identifying individuals showing altered senescence
patterns at fruiting time (Abu-Shakra et al., 1978). Five plants with green leaves subtending
brown pods were identified out of several thousand examined and the one with the highest
nitrogen-fixation activity was used as the subject of continued study. This individual was an
F, derivative of a cross between Lee 68 and L63-1097. Of 14 F; progeny produced
subsequently, nine senesced normally and the remainder exhibited DLS. The DLS plants
were shown to retain chlorophyll, leaf protein, ribulose bisphosphate carboxylase (rubisco)
activity and nodule N fixation at high levels compared with normal siblings. This behaviour
is suggestive of stay-green type A. Leaves of progeny from the elite F; plant contained 6!
210% more protein and chlorophyll than those of normal F, plants and their root nodul
fixed nitrogen over an extended period. Grafting experiments showed that the DLS trait is
determined by the genotype of the shoot and not the root (Phillips et al., 1984).

The analysis was continued by Pierce er al. (1984). Two individuals from progeny
populations showing uniform DLS were selected from the Fy generation and designated
6N3 and 8N2. F, plants derived from these lines were employed in crosses with a number
of normal varieties of well-defined genotype. Four loci were found to be decisive in the
expression of DLS. All DLS plants are of the early flowering, determinate type. Flowering
time in soybean is determined by two major genes, E,.e; and E,,e, (Bernard, 1971) and the
determinate/indeterminate growth habit by the genes D1, dt, and Dt,, dt, (Bernard, 1972).
Pierce et al. (1984) showed that DLS was expressed only in genotypes homozygous for all
four loci, that is, drdt\dt,dt,e e e,e, (Table 3). They pointed out, however, that the DLS
phenotype is strongly modified by environment and that analyses of F, and F; material from
crosses between 6N3 and EIf (a high-yielding cultivar with dt,dt,e,e; genotype) encountered
variable expression of the DLS character and a quantitative mode of segregation. A number
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of modifier genes appear to be at work in the DLS syndrome. The agronomic virtues of
DLS remain to be demonstrated. Phillips et al. (1984) found the DLS trait, in two different
genetic backgrounds, to be negatively correlated with yield, as the observations of Sinclair
& de Wit (1975) would predict. Any practical value the character might have is likely to
reflect the yield advantages of homozygosity for dt; and e,, as seen in the short-stature,
high-performance cultivars exemplified by Elf (Cooper, 1981).

Phaseolus

Hardwick (1979) described variation in the retention of leaves by Phaseolus vulgaris
cultivars in relation to pod development. The proportion of foliage remaining at the time
of the first dry pod ranged from less than 2% to 95%. There was no very clear relation
between abscission behaviour, change in pigment content of leaves attached to the plant
during pod formation or stability of chlorophyll in leaf discs incubated in darkness for 5
days (Table 4).

heritance studies of cotyledon greenness in several legume species have established a
tWo-locus model comprising a gene for colour, Gr, and an inhibitor, /h. Thus P. vulgaris
cultivar Flageolet, in which the stay-green character is expressed both in the foliage and the
pods, has the genotype Gr Gr ih ih (Honma, Bouwkamp & Stojianov, 1968). Other stay-
green Phaseolus lines expressing variation for these genes have been described by Honma
et al. (1968), Bouwkamp & Honma (1970) and Ronning, Bouwkamp & Solomos (1991).
Some physiological observations have been made on senescence in a mutant of this kind.
In both the stay-green genotype and the wild-type comparison there was an ethylene-
stimulated climacteric in CO, output. Electron microscopy revealed that the accumulation
of plastoglobuli, a characteristic feature of senescent plastids (gerontoplasts), is greatly
restricted in the mutant. Recently proteins from the two genotypes have been compared
by SDS-polyacrylamide gel electrophoresis and western blotting (H Thomas, P Matile & T
Solomos, unpublished). The major chlorophyll-binding protein of thylakoids, LHCP-2, is
stable during senescence of mutant leaf tissue, whereas rubisco is, if anything, rather more
labile than in the wild-type. Cytochrome f is also retained to a significant extent. The general
conclusion from analyses of the cellular basis of this stay-green variety of Phaseolus is that
it shows type C stay-green behaviour.

Table 4. Abscission and chlorophyll stability of leaves of Phaseolus vulgaris cultivars

% leaves Chlorophyll (mg em %)

retained at first Day 41 + 5

Cultivar dry pod Day 27 Day 41 days dark
CCr 54 6.5 2 2.0
196 93.5 6.4 6.2 3.5
Wintergreen 73 6.3 6.7 4.2
NEP2 IS 6.8 53 2.5
Red Mexican U13 15 7.9 53 2.5
222 90.5 T 8.2 4.8
251 ! 88.5 TR 7.7 4.5
Hawksbury Wonder 95 7.2 6.8 44

The dark treatment was applied to excised leaf discs incubated on water in vitro. Data
of Hardwick (1979).
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Other species
Fruit crops

Delayed yellowing in crop plants is not confined to leaf tissues, as we have seen in legumes
with green pods and seeds. A familiar example is the pepper Capsicum in which a series of
blockages in the ripening syndrome gives green, yellow, red or purple fruit. An equivalent
set of tomato mutants has been well characterised (Grierson, Purton, Knapp & Bathgate,
1987).

An instructive example of stay-green behaviour in fruit occurs in bananas. It is well known
that fruit at ambient temperatures in the tropics often exhibit ripening of the pulp without
yellowing of the peel (Simmonds, 1966; Peacock, 1980). In a series of publications, John
and co-workers have described in detail the physiological and cellular responses underlying
the inhibition of yellowing by tropical temperatures (Seymour, John & Thompson, 1987a;
Seymour, Thompson & John, 1987b; Blackbourn, Jeger & John, 1990a; Blackbourn, Jeger,
John & Thompson, 1990b; Blackbourn et al., 1990c). The conclusion from this work is that
heat-treated bananas behave very much like the type C stay-green Festuca or Phaseggas
mutants described above, where the stability of thylakoid components associated
chlorophyll is increased during senescence as a result of a lesion in the pigment catabolism
pathway.

In stay-green fruit the genetic lesion concerns some aspect of the transition of chloroplasts
into chromoplasts. It has been argued that an homologous change occurs in foliar senescence,
during which chloroplasts develop into gerontoplasts (Matile, 1992a,b). Since cryptogams
possess a clear foliar senescence mechanism but lack chromoplasts, it may be speculated
that the chloroplast-gerontoplast switch is the evolutionary origin of the development of
colourful reproductive and dispersive structures in angiosperms (Thomas, 1992b). That is,
petals and fruit are modified senescent leaves. The occurrence of comparable genetic
blockages in all these organs is consistent with this idea.

Tobacco

Atlow nitrogen levels, the flue-cured tobacco variety G28 loses chlorophyll, CO, exchange
capacity and rubisco content at a slower rate than the burley cultivar KY 14 (Crafts-
Brandner, Leggett, Sutton & Sims, 1987b), which suggests that G28 may be showing type
B stay-green behaviour. Flue-cured tobacco cultivars have similar yields to burley varieties
despite requiring only a quarter as much nitrogen fertiliser (Crafts-Brandner, Sutto,
Sims, 1987a). In comparison with KY 14 plants, G28 plants accumulate more lamina dry
weight per unit of nitrogen fertiliser added, which may partly be explained by their higher
starch concentration. This difference in nitrogen use efficiency between the two cultivars is
controlled by genetic factors at two loci (Henika, 1932; Stines & Mann, 1960). The
burley and flue-cured genotypes have been designated yb,yb,yb,yb, and Yb,Yb,Yb,Yb,
respectively. Legg, Chaplin & Williamson (1977) have demonstrated by backcrossing that
burley cultivars carrying the dominant Yb alleles produce the flue-cured type of leaf while
flue-cured cultivars with recessive yb alleles are similar to burley cultivars.

Crafts-Brandner, Sutton & Sims (1988) have carried out leaf grafting experiments with
the two cultivars. They found that grafting a KY 14 leaf onto a G28 stalk or a G28 leaf onto
a KY 14 stalk did not alter the dry weight, starch or nitrogen characteristics of the grafted
leaf. However, leaf senescence, as measured by the decline in chlorophyll, CO, exchange
rate and rubisco, was delayed for KY 14 leaves grafted onto G28 stalks. Chlorophyll loss
was accelerated when G28 leaves were grafted to KY 14 stalks, but declines in CO, exchange
rate and rubisco were unaltered. They suggest that cultivar differences in dry weight and
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starch accumulation may be controlled by factors within an individual leaf, while leaf
senescence may be influenced by the rest of the plant.

It is possible that plant growth regulators, such as cytokinins, may play a role in controlling
the timing of leaf senescence. Treatments such as disbudding, which increase cytokinin
export from the roots, delay tobacco leaf senescence (Colbert & Beever, 1981). Such plants
show a slower loss of leaf chlorophyll and rubisco than untreated plants (Crafts-Brandner,
1991), thus simulating type B stay-green behaviour. More direct evidence for the role of
cytokinins in senescence has been provided by the study of tobacco plants transformed with
the Agrobacterium gene tmr, under the control of a heat-shock promoter. The tmr gene
encodes an iso-pentenyl transferase (Barry, Rogers, Fraley & Brand, 1984) and this enzyme
catalyses what is believed to be the rate-limiting step in cytokinin synthesis (Akiyoshi et al.
1984). Heat-shock of a defined area of a single leaf increases the endogenous cytokinin
level and causes retention of greenness over the treated area in a transformed plant
compared with an untransformed control (Smart, Scofield, Bevan & Dyer, 1991).

. Arabidopsis

The obvious subject for studying the genetics and molecular biology of stay-green is
Arabidopsis. A general account of leaf senescence in this species has been published (De
Kok & Graham, 1989). Altered (mostly accelerated) senescence has been noted incidentally
in studies of genotypes with modified patterns of development and growth regulator
sensitivity (e.g. Bleecker, Estelle. Somerville & Kende, 1988; Chory, Nagpal & Peto, 1991).
Hints of the existence of stay-green mutants have appeared in conference abstracts, but so
far nothing has been described in detail. Emphatic, coordinated leaf senescence is a strongly-
expressed characteristic of crop plants, which makes them favoured subjects for biochemical
analysis; in general, non-domesticated species appear to be significantly less consistent in
the way they deploy components of the syndrome in their life-cycles. This seems to be true
of Arabidopsis and may account for the limited progress that has been made in bringing
the technological advantages of this species to bear on the problem of leaf senescence and
its genetic control.

Trees

In some species, such as Alnus and certain varieties of Fraxinus, leaves may be discarded
without either the previous initiation of senescence or significant recovery of mobilisable
"ients (Bortlik, Gut & Matile, 1987; Neave, Dawson & DeLucia, 1989).

Evergreens

There is, of course, nothing particularly unusual about extended greenness if one looks
beyond the mainstream herbaceous crop species. Evergreens are widely represented
amongst angiosperms and gymnosperms. The lifespan of Pinus longaeva leaves has been
reported to be 45 years (Ewers & Schmid, 1981) and that of the single large leaf of
Welwitschia mirabilis is measured in decades (Molisch, 1938). An extensive literature on
the ecology and population biology of evergreenness and the deciduous habit shows that
long-lived leaves tend to have a number of distinctive features (Table 5). Much attention
has been directed towards the contrasting photosynthetic performances of the two longevity
classes. It has been suggested that extended lifespans are necessary to compensate for low
assimilation rates and cost-benefit analyses have been made of the contribution of an
individual leaf in terms of gross and net assimilate gain and the implications for foliar
lifespan (Chabot & Hicks, 1982; Harper, 1989; Williams, Field & Mooney, 1989). Carbon
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budgets alone do not fully explain the ecology of leaf lifespans. Monk (1966) proposed that
the evergreen habit should be favoured in low nutrient environments because of the slower.
more stringently controlled, less leaching-prone routes for nutrient cycling, occurring both
internally and via the leaf-litter. This means low intrinsic turnover times and high C gain
per unit nutrient. Consistent with Monk’s hypothesis is the observation that fertiliser
application can decrease long foliar lifespans (Aerts, 1989; Lajtha & Whitford, 1989).

Conclusions
Different ways of producing a stay-green phenotype

In herbaceous crop plants, alterations in one or a few genes may give rise to a stay-green
phenotype. In this review we have described examples of both dominant and recessive stay-
green genes. The degree of expression of delayed senescence in stay-green varieticsgs
highly dependent on environmental conditions, and varieties showing a normal patten‘
senescence may be induced to stay green by treatments such as removal of flowers or fruits.
increasing the cytokinin level, heat stress, inhibition of protein synthesis or shading.

Type C stay-green behaviour may be caused by mutation of a single gene, as in Festuca,
by inhibition of protein synthesis or by shading. It appears that one or a small number of
activities controlling chlorophyll-protein breakdown are particularly sensitive to genetic or
environmental perturbation. We speculate that the enzymes required for general proteolysis
are present throughout the life of the leaf, and encoded by type I or 2 genes (Fig. 4),
whereas the accessibility of thylakoid proteins to this activity is regulated, at least in part,
by expression of type 5 genes for pigment catabolism. The contrasting kinetic and adaptive
characteristics of such distinctively-regulated protein degradation pathways have been
discussed by Hilditch, Thomas & Lucas (1989). It is not yet possible to specify the sensitive
steps in pigment-proteolipid breakdown: the phytol-removing enzyme, the macrocycle-
opening activity and Mg-dechelatase are the prime suspects (Thomas et al.. 1989: Schel-
lenberg, Matile & Thomas, 1990; Shioi, Tatsumi & Shimokawa, 1991) and will undoubtedly
become the focus of studies aimed at cloning truly senescence-specific genes. Transformation
with antisense versions of such genes would be predicted to generate specific stay-green
phenotypes.

Another way to achieve a stay-green phenotype would be to extend the lifespans
individual leaves, but this might be predicted to have unfavourable consequences such
reduced photosynthetic rates and responsiveness to fertiliser (see Table 3). On the other
hand, increasing canopy duration while retaining high rates of leaf turnover requires
extension of the period of continued recruitment of new leaves to balance those lost by
senescence; the determinate nature of the reproductive apices in the major seed crops
makes this a particularly difficult option. The prospect of success of either strategy depends
on whether the characteristics of each of the longevity classes catalogued in Table 5 are
genetically linked and if so, how easily the linkage can be dissected by classical or recom-
binant methods of crop improvement.

Healthy stay-green plants produce a higher yield

The search for physiological and biochemical determinants of crop production has been
dominated by the belief that the rate of carbon assimilation is directly related to yield. But
over fifty years ago (Heath & Gregory, 1938; Watson, 1952) it was realised that most of
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Table 5. Characteristics of long-lived and short-lived leaves

Long-lived leaves Short-lived leaves
Drought-resistant (xerophyllous) Drought-avoiding
Long duration, low rate of photosynthesis Short duration, high rate of photosynthesis

Able to photosynthesise when growth is limited  Photosynthesis is generally confined to periods
of active growth

Construction costs relatively high Relatively cheap to make

Herbivore resistant (sclerophyllous) Herbivore-avoiding

Rate of nutrient cycling low High rate of nutrient turnover

High photosynthesis per unit N Low photosynthesis per unit N
Broad-leaved tropical and needle-leaved high Broad-leaved and some needle-leaved
altitude/latitude species temperate species

Lifespan reduced by increased fertiliser Lifespan increased by increasing fertiliser

(From Thomas, 19924).

’e diversity in yield for most crops is a consequence of variation in the duration rather
than the rate of photosynthetic activity.

Watson (1947, 1952) developed the concept of leaf area duration (D), a parameter which
is closely correlated with production in a wide range of crops under a variety of agronomic
conditions (Thomas, 1992a). More effective still than D as a correlate of yield is G, the
green area duration (see, for example, Borojevié, Cupina & Krsmanovi¢, 1980; Wolfe,
Henderson, Hsiao & Alvino, 1988). In some host-pathogen interactions the leaf responds
to infection by undergoing rapid senescence, to which the invading organism reacts by
secreting inhibitory factors which maintain a non-senescent zone around the infection point
(Mothes, 1970; Scholes & Farrar, 1987; Marchoux, 1987; Kenfield et al., 1989). The result
of such conflicts may be to produce a state of “physiological defoliation™ in the diseased
crop while D and even G, measured conventionally, are maintained. Waggoner & Berger
(1987) introduced the concept of healthy area duration (H), analogous to D or G, and
showed that this index is tightly coupled to yield in a number of crops.

Other advantages of the stay-green character

Stay-green plants have increased resistance to disease and drought and possess leaves

h higher nutritional quality and attractiveness to grazing animals. Their retention of
chlorophyll makes them an ideal source of this pigment for the food industry and ensures
that amenity and ornamental plants remain attractive over an extended period.

The future

Since it represents one of the most consistent and accessible physiological correlates with
productivity, extended greenness might be expected to be a well-established objective in
crop breeding and improvement strategies. In practice, interest in this important character
has been largely empirical and incidental. We have seen that the stay-green phenotype has
now been identified in a number of crop species. But exploitation of the stay-green
phenomenon and understanding its consequences for crop quality and quantity are limited
by the primitive state of knowledge of the biochemical and genetic basis. We hope that this
survey may serve to awaken wider interest in the scientific and practical opportunities
offered by this fascinating phenomenon.
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