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PREFACE

The study of flood tolerance in plants has been mainly con-
cerned with the descriptive ecology of wetland species, rather
than with the actual mechanisms which enable these species to
tolerate flooded conditions. The nature of the tolerance to
flooding shown by some species has not been fully explained, where-
as their distribution, performance and competitive effects have
been investigated (Parker 1950, Hunt 1951, Lazenby 1955, Ingram
1967), and the effects of nutrient status and oxygen supply con-
sidered (Bergman 1959, Webster 1962a & 1962b, Gore & Urquhart

1966, Sparling 1967).

There has been little comparison of the physiology of flood
tolerant species with that of flood intolerant species, especially
with respect to possible mechanisms by which the former group
are favourably adapted to their environment. The nature of most
netabolic processes is such that their study involves sensitive
analytical biochemical technigues. Within recent years it has
become possible to apply such techniques to several aspects of
a plant's metabolism and thus measure the changing levels of meta-

bolites and trace the particular pathways concerned. A biochemically

based investigation of flood tolerance has therefore become feasible,
and the present investigation has attempted to determine if the
ecological differences of flood tolerant and intolerant plants are

matched by corresponding differences in their metabolic processes.




2.
INTRODUCTION

GROWTH RESPONSES OF DRY-LAND SPECIES TO WATERLOGGING

Most dry-land species are unable to compete against those
of natural marsh communities under flooded conditions, and they
may show early visible signs of flooding injury. Symptoms such
as wilting of the shoots, chlorosis and death of the leaves and
death of the roots have been observed in tobacco, sunflower and
tomato plants (Kramer 1951, Kramer & Jackson 1954). The initial
wilting, which at first sight would have been expected more of
plants deprived of, rather than overburdened with, water, results
from a sudden decrease in permeability of the roots. The death
of root and shoot tissue follows a general reduction of asbsorption
and growth processes (Loshwing 193L), although in roots there may
be additional decay from fungal infection (Stolzy, Letey, Klotsz

& Labanauskas 1965).

The experimental simulation of flooding effects has been
much investigated, mainly from the aspect of inadequate oxygen
supply, Studies on Zea mays indicate that a reduced oxygen supply
rather than a build-up of carbon dioxide is responsible for reduced
growth of the young plants under poorly acrated soil conditions
(Unger & Danielson 1965). With pea plants in water culture the

extent of root elongation depends on the availability of oxygen
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(Geisler 1965), and reduced oxygen supply to the roots significantly
reduces the amount of dry weight in Avocado seedlings (Labanauskas,
Stolzy, Zentmeyer & Szuszkiewicz 1968). Reduction of the oxygen
concentration to 8.5% and 3.5% retards the development of lateral
roots and root hairs in wheat, broad bean and vegetable marrow
(Ranson & Parija 1955), and barley root growth is considerably
diminished below 9.5% oxygen (Vliamis & Davis 1943). Sugar cane
root growth decreases gradually with each decrease in applied
oxygen concentration between air and 3.0% oxygen, with. a sharp
decrease below 3.0% to virtual cessation of growth at 0.0% (Banath
& Monteith 1966), and root growth is stopped at 0.5% oxygen in
tomato, soybean and tobacco (Hopkins, Specht & Hendricks 1950).
On the other hand, thore is no noticeable injury to the rhizomes

of water plants such as Nuphar advenum, Nymphaea tuberosa, Pel-

tandra virginica, Scirpus validus and Typha latifolia, when the

material is surrounded'by gas mixtures of air, 10, 4.6, 3.0, 1.5,

1.0, 0.4 and 0.1% oxygen, or even purified nitrogen (Laing 1940a).

The effects of decreases oxygen and increase carbon dioxide
are difficult to distinguish, although those of increased carbon
dioxide concentrations do not seem so marked. For instance, cotton
root growth remains at an optimum up to 15% carbon dioxide when
the oxygen concentration is maintained at 21%, and is only reduced
by concentrations between 30 and 45% carbon d:oxide (Leonard &
Pinckard 1946). On the other hand, pea plants maintained at 21%

oxygen showed decreased root length at 8% carbon dioxide (Geisler
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1967). In aerated and non-aerated water cultures of tomato, where
plants in the latter conditions show increasing limitation of
growth and water absorption, the differences were produced by
insufficient oxygen in the solution and were developed before
the coﬁcentration of carbon dioxide recached a possibly toxic level
(Erickson 1946). In aerated nutrient solution tomato shows increased
vegetative growth of roots, stems and leaves, and increased fruit
production (Durrell 1941), and in similar culture wallflower shows

considerable increase in dry weight of the leaves (Knight 1924).

A reduction in available oxygen and increase in carbon dioxide
can be caused by factors other than flooding, and the negligible
permeability of ice for these gases would account for the mortality
of winter cereal under an ice crust (Rakitina 1965) Similarly,
the asphalt covering and soil compaction around street planting
increases the carbon dioxide in the soil air to 4~8%, ducrcases
that of oxygen to 13-14%, restricts the formation of physiologically
active roots and leads to premature leaf-fall (Rakhtecnko & Koch~

anovskii 1965).

COMMUNITY RESPONSES TO VEGETATION WATERLOGGING

Vegetation communities where the habitat is subject to natural
flooding are commonly found within the British Isles. The term

'swamp' is generally reserved for the extreme type of site where
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waterlogging is more or less permanent and the summer water table
remains above the surface of the soil (Tansley 1949). ‘'ldarsh!
and 'fen' depict wet areas, such as lake margins, low river banks
"and flood plains of rivers, where the summer water table is at,
or near, the soil surface. Marsh is found on mainly mineral soil
whereas fen is developed on wet, usually alkaline, peat (Tansley
1953). The term 'bog' is best restricted to Sphagnum dominated

acid peat characteristic of upland sites.

In a non-flooded habitat the composition of the soil atmos-
phere is gencrally the same as that of the atmosphere above the
soil. Thus the oxygen and nitrogen concentrations will be approx-
imately 20% and 79% respectively in both atmospheres, and the
carbon dioxide concentration between 0.1 and 1.5% in soil and

at 0.03% in air (Table 1).

Table 1. Composition of the air in soils, % by volume.

(From Russell 1961)

Soil oxygen carboh dioxide
Arable land, fallow 207 &
Arable, uncropped, sandy soil 20.6 0.16
Grassland 18.4 146
Pasture land 18-20 0.5-1.5

In a flooded site, howover, waterlogging reduc:s the amount
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of pore spacs and hence affects the aeration of the soil (Dauben-
mire 1947). Furthermore, whereas the diffusion of gases in a-npon-
flooded, aer.ted soil maintains the atwosphere similar Lo that
above the soll, the diffusion of gases, such as oxygen, through
water is approximately 10,000 times slower than through air (Martin
1968a, Boulter, Coult & Henshaw 1963). There is therefore a very
profound effcoct on the soil atmosphere whenever waterlogging occurs
and one of the long accepted features of marsh vegetation is that
the roots and other submerged parts are growing in a medium with
a much lower oxygen concentration than is normal for land plants
(Conway 1940, Poel 1960, Bouldin 1968). If there is no lateral
movement of vater through the site then the oxygen concentration
suffers the greatest reduction. In the flush of a Sutherland
valley bog oxygen was present to a depth of 16-18 cm, but not
detected beluw 6 cm in the stagnant regions (Armstrong & Boatman
1967), and evserimental swards of herboge plants under stagnant
water were killed more readily than those under running water
Davis & Martii 1949). Although waterlogzing also affects the
root environrent through other factors such as decreased rate
of carbon dioxide removal, and accumulation of toxic substances
such as hydrogen sllphide (Webster 1962b) and ferrous ions (lartin
1968b), it is the decrease in aeration and therefore reduction
in availability of oxygen that is the major influence on the veg-
etation of flooded soils. The flooding may be for several months
during the winter, or for shorter periods within the wet season,

but nevertheless the plants of marsh communities must be able




to withstand these periods of imposed anaerobic conditicns to

survive and compete successfully.

Not ali. flooded habitats arc necessarily alike frowr the point
of view of root physiology. The differences between a stagnant
waterlogged site and one continually flushed with water will be
reflected in the different composition of tle vegetation communities
developed there, and base poor flooded sites will support different
vegetation from base rich ones. However, since the important
factor in tle effect of waterlogging upon vegetation is the decrease
in available oxygen, the experimental study of the physiological
response to rlooding has here been confined to that of ¢<ficient

oxygen supp.; to the roots.

Where rarsh and fen communities develop, the vegetation can
aften be ricl and luxuriant, indicating that the syecies are wall
suited to the wet habitat (Plate I). Snecies common in both marsh
and fen incli .de the helophyte class of Raunkiaer's Life lorms,
which are tl:se plants with perennating buds lying in muzd (Raun-
kiaer 1937). Although the soil may vary in its nutrient status,
often becomig rich in mineral nutrients, the common factor in
marsh and feir vegetation is tolerance of the nredominant water--
logging. Tk ability of these helophyte snccies to tolerate what
may be prolonged periods of flooding enables them to compete succ-
essfully against the species unable to withstand waterlogging

of the soil, and to flourish in thesc areas to the exclusion of
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the latter. Plate II shows the predominance of Iris pseudacorus®

and Filipen:ula ulmaria at the margin of Loch Clunie.

I"Looded and unflooded soils may be developed on entirely
different sites in respect of factors such as wineral composition
and physical nature of the substrate, and the study of community
rasponses to waterlogging can probably be best made in a sand
dune area, where dry areas (dunes) alternate with wet areas (slacks)
and yet botl: habitats are developed on the same substrate. The
dominant feature of the dune habitat is the dry nature of the
substrate and the complete lack of any waterlogging (Salisbury
1952). While the plants of sand dunc communities may be well
adapted to 1he light, well-drained soil, their inability to tol-
erate any w: Serlogging is shown by their exclusion from the 'slacks'
between the dune ridges. Dune slacks are the damp or wet hollows
developed between dune ridges, and are characterised by a high
water table and frequent flooding (Turrill 1953). The slacks
therefore rcpresent a contrast to the dunes in terms of the wet
or dry naturs of the habitat, even though both sites may be in
close proxinity to one another and developed on the same type of
substrate. The vegetation of the wet $lacks is very different
from that of the dry dunes (Plates IIIA & IIIB), and is most closely
related to marsh vegetation. In those slacks where the water

table is never more than 1 metrc below the surface, typical marsh

* Nomenclatvre from Clapham, Tutin & Warburg (1962).
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vegetation is found, including Juncus spp., Filipendula ulmaria

and Glyceria mexima. The water table wmay descend to 1-2 metres

in slacks whosc levels have been raised by erosion of the adjacent
dunes, with introduction of less typical marsh species, such as

Salix renens. If this raising of the slack level contiues, the

water table descends still deeper and the slack vegetation is
replaced by characteristic dune vegetation (Chapman 1964). The
inability of species of the dune community to compete successfully
in the slacks and their exclusion frowm these wetter areas by species
of marsh comuunities is evidence of a lack of tolerance on their
part to waterlogging of the soil. It is therefore both convenient
and instructive to investigate the rcsponses of svecies from ad-

Jacent sand cune and slack communities to experiuental flooding.

The evicence above shows that waterlogging can have an inm-
ediate and retarding effect on the growth and reproduction of
several specias, and these effects will be reflected in the dist-
ribution of t ose species and the composition of vegetation coma-
unities develoved at the site. The main cause of injury to plants
upon waterlogging is withdrawal of an adequate supply of oxygen.
Marsh plants, however, survive and flourish under these conditions.
That some plaunts have an ability to grow when the oxygen supply
to their roots is greatly reduced must indicate the possession
of morphological or physiological adaptations or both (Bergman

1959).
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HORPHOLOGICAL ADAPTATIONS AND FLOOD YCLERANCE

The view has been held for some time that the submerged tissues
of marsh nlants are supnlied with oxygen via the aerial parts
(Conway 1940, Sifton 1945 & 1957, Russell 1952). Several of these
plants have a linked system of air spaces which achieves continuity
between lea’’; shoot and root, and in the root the proportion of
air space to cell may be as high as 60% (Conway 1937). In a sur-
vey of plancs from wet and dry habitats, the specific gravity
of the roots, which is an approxzimate measure of the air-content
and express:s the degree of aeration, was found to indicate the
prevalance of air spaces in the roots of marsh plants and their

absence in dry~soil® olants (Table 2).

It is ~uggested that with the entry of oxygen to the aerial
parts and its transport to the roots, these latter organs of flood
tolerant plants are able to survive in a virtuvally anaerobic medium
(Raalte 192 ), Grable 1966). The carbon dioxide of root tissue
respiration would be transported in a reverse dircction, and not

accusulate in the waterlogged parts (Sifton 1945).

The mechanism of this gas transport along the intercellular
alr spaces has been investigatcd, and appears to be one of simple
diffusion (Bvans & Ebert 1960, Heide, Boer-Bolt & Raalte 1963).

The importance of the aerial portion= has been confirmed, Ffor -*.=*
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after removal of the leaves the supply of oxygen is cut off ané
the protective effect lost (Soldatenkov & Hsien-Tuan 1961). Where
studies have included a comparison of normally flood tolerant
species with intolerant species, the size of the intercellular
air spaces may be a factor affecting the ability to withstand
waterlogging. Thus in rice the gas snaces in the roots constitute
5-30% of the tissue and rice thrives under flooded conditions,
whereas in barley the corresponding figure is below 1% and in |
this species poor root growth and even death result from water-

logging (Barber, Lbert & Bvans 1962).

Table 2. Specific dravity of the roots of (a) marsh plants,
(b) meadow plants, and (c¢) dry-soil plants. (From

Iversen 1949)

0.8  0.8-0.89 0.9-0.99  >1.0

(a) 1Iris pseudacorus +
Phragmites communis +
Ranunculus flammula +
(b) Juncus bufonius &
Caltha palust®is + +
Ranunculus repens - +
(¢) Bellis perennis + +
Festuca rubra +

Achillea millefolium o
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In addition to the diffusion of oxygen from the aerial parts
of waterlogged plants to the root tissue, there is evidence that
in some bog plants there is diffusion of oxygen out of the roots
into the surrounding medium (Armstrong 196k & 19672). The giffusion
of oxygen into waterlogged soils is regarded as an additional
protection, rendering the medium immediately around the roots
less anaerobic (Armstrong 1967b). Furthermore, the existence
of interspecific and intervarietal differences in oxygen diffusion
rate from the roots (Armstrong 1967a & 1969) could account to
some extent for the interspecific and intervarietal differences
in performance under flooded conditions. Armstrong (1967c) has
suggested a classification series, from plants such as Menyanthes
trifoliata with corgiderable root oxidising power and internal
oxygen supply, through plants able to receive sufficient internal
respiratory oxygen but unable to oxidise even mildly reduced soil,

to those which are completely soil-oxygen dependent.

The relation between oxygen diffusion from aerial parts to
the submerged organs and survival and growth in waterlogged hab-

itats has been confirmed for Equisetum limoswn (Barber 1961),

Molinia caerulea (Webster 1962a), and Spartina alterniflora (Teal

& Kanwisher 1966). In Menyanthes trifoliata there is diffusion

down the stelar air passages to the root tissues and some evidence
of its passage into the surrounding medium (Vallance & Coult 1951)

and in this species the morphological and functional ddaptations
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have considerable ecological significance in its ability to flourish

in marsh conditions (Coult & Vallance 1958, Coult 1964).

There are a smaller number of reported instances of other
morphological changes to facilitate oxygen supply to waterlogged
roots, as in the development of a root mat at the soil surface
in rice (Alberda 1954), and in the pneumatophores of Avicennia
nitida and stilt roots of Rhizophora, both mangrove plants (Schol-
ander, van Dam & Scholander 1955). The development of cortical
air spaces in the roots of Zea ways as a result of oxygen scarcity

has been reported by McPherson (1939).

All these instances of an apparent morphological adaptation
ocourring in marsh plants only (Sold&ténkov & Chirkova 1963) still
do not exwlain the marked survival pronerties of these plants in
waterlogged conditions. The actual diffusion of oxygen from the
shoots to the roots is not questioned, but as this vhenomenon is
in fact an ubiquitous one and has also been demonstrated in flood
intolerant species (Vartapetyan 196).), there are doubts as to
whether its beneficial effect alone can ensure flood tolerance
in a plant. For instance, in barley the diffusion of oxygen from
aerated shoots facilitates the survival of roots kept in an anaero-
bic medium (Heide, Boer-Bolt & Raalte 1963), and yet barley is
not regarded as a natural marsh plant. Similarly, Greenwood (1967)

has demonstrated that oxygen diffusion through the stems and roots
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of several vegetable seedlings could satisfy all the roots' require-
ments for oxygen when the plants were grown under anaerobic condit-
ions. If such gaseous difflusion between aerial, aerated shoots
and waterlogged, anaerobic roots was the sole operating factor in
deciding the survival and growth of a species in flooded conditions,
then marsh vegetation would be more varied than it is, with the
inclusion of a large number of species at present found restricted
to the drier zones outwith the waterlogged marsh area. The function-
al significance of aerenchyma in plants has in fact been questioned
by Williams and Barber (1961), who suggestéd that the honeycomb
structure of aerenchyma is a result of the need for mechanically
the greatest possible strength and metabolically the least possible
amount of tissue to reduce the oxygen requirement. They further
argue that the oxygen resevoir and transport functions of aeren-
chyma are only incidental to the mechanical and metabolic require-

ments given above.

Although the diffusion of oxygen from the leaves to the sub-
merged organs during the daylight hours of active photosynthesis
may well provide for aerobic respiration in these tissues, never-
theless the availability of oxygen for downward transport during
darkness must be limited. As Table 3 shows, there is evidence of
a drastic recduction in oxygen concentration within root and rhizone

tissues of Nuphar advenum during darkness, so that although the

gaseous transport system allows for aerobic respiration during
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daylight it does not keep up the supply during darkness, and an-

aerobic respiration becomes inevitable.

Table 3. Oxygen content of the internal atmosphere of roots

and rhizome of Nuphar advenum plants growing in their

natural habitat in June. (From Laing 1940b)

0, % by volume

dark sunny
root 1.6 7.9
rhizone 0.6 7.0

It is therefore suggested that, important though it is, ihe
diffusion of gaseous oxygen to the submerged organs of plants
plays only a partial role in their survival under flooded cond-
itions. The continued survival and growbh of some species under

these conditions may also depend upon physiological adaptations.

METABOLIC ADAPTATTIONS AND FLOOD TOLERANCE

It is possible to envisage several metabolic adaptations
by which plants develop tolerance towards low oxygen and raise?l
carbon dioxide levels. There could be a reduction of the overall
metabolic rate, a tolerance of the normally accumulating end-products

of anaerobic metabolism, or deviations from the normal metabolic
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pathways (Boulter, Coult & Henshaw 1963). There is evidence for
a reduction or control of the overall metabolic rate, for while
in flood intolerant species there is increased ethanol production
and increascd activity in alcohol and malic dehydrogenases upon
experimental flooding (Crawford 1967b, Crawford & lcManmon 1968),
no such resnonses are found in the flood tolerant species. It has
also been siown that it is an inability to avoid an excessive
rate of glycolysis upon flooding which restricts most species of
Senecio to dry sites, and only those species which control this
glycolysis exhibit flood tolerance (Crawford 1966). There is
probably sone tolerance of the end-products of anaerobiosis in

the rhizome of Nuphar advenum, for there the oxygen content can

fall as low as 2.2% (Laing 1940b) and the tissues must respire

at least partially anaerobically. Below 3% oxygen content of

the medium, rhizomes of N. advenum in fact form ethanol, and the
lower the content of oxygen the greater the formation of alcohol
(Laing 19402). Deviations from the normal metabolic pathways

are suggestud by the marked difference between the greater activity
of catecholrse upon experimental flooding in intolerant species

than in flocd tolerant snecies (Crawford 1967a).

While the above studies offer a metabolic explanation why
most specie= succumb to flooding, they do not suggest alternative
pathways by which flood tolerance is effected. There mey be yield

of an end-p.oduct, such as an organic acid, whose accumulation
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during the {looded period can be tolerated. In the rhizome tissue

of Tris pseundacorus in winter, the natural period of flooding,

accunulations of malic, guinic and shikimic acids have been found

(Henshaw, Coult & Boulter 1962). Roots of Salix cinerea become

richer in organic acids upon oxygen deficiency, mainly in pyruvate,
malate and succinate (Dubina 1961). Hore recent work with Iris

pseudacorus has shown that in the presence of carbon dioxide the

rhizome tissue avoids ethanol production by the production of malic
acid (Bown, Boulter & Coult 1968). The possible role of organic
acids as the nat;ral end--product of anaerobic carbohydrate break-
dovn in flood tolerant spocies therefore seems worthy of invest-
igation. Kazelis and Veriesland (1957) have suggested that malic

acid in parvicular could fulfill this role in many plant tissues.

ECOLOGICAL ADVANTAGE OF 1,00D TOLERANCE

The direct relevanc~ of flood tolerance in species to their
ability to srow and flourish in waterlogged sites can be seen
from their natural distribution. Experimental waterlogging of

the heath plants Erica ¢’ 1erea, Calluna vulgaris and Erica tetralix

shows their tolerance to incrcase in the order listed (Bannister
1964b), and in the field the soils supporting B. cinerce are the

driest, those supporting Calluna are wetter, and E. tetralix sites

tend to be waterlogged (Bannister 1964a). The inability to invade
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marshy habitats without flood tolerance is shown by Pteridium aguil-

inum, a species restricted to dry sites or very localised, aerated

'islands' within the marsh area (Poel 1961). lercurialis perennis

cannot tolerate flooding and is confined to the better drained,

aerated soils in woodlands, but Primula clatior is characteristic

of the poorly drained soils which become waterlogged during the
spring months (kartin 1968b). Similarly, the bulbs of Endymion

nonscriptus cannot tolerate flooding and they are not found in

woods below the level of the water table (Knight 1964).

)

Woody species can also show flood tolerance and invade marshy

areas, as with Salix atrocinerea, S. fragilis, 3 repens, Myrica

gale, Alnus glutinosa and Betula pubescens (Armstrong 1968).

Salix atrocinerea has experimentally becen shown capable of con-
tinued root growth in the aobsence of oxygen, whereas root growth

ceases in Pinus bonksiana and Picea mariana under such conditions

(Wareing 1957). Another vine species, Pinus serotina, is not

tolerant of flooding and shows twice as much growth on the better
drained site than on the poorly drained one (Graham & Rebuck 1958).
Germination studics have shown that in nuttal oak, which is common
on sites flooded amnually, there is no reduction of the germin~
ation percentage cf its acorns after submersion in water for periods
up to 34 days, wh-oreas i1 cherry bark oak, which typically grows

on sites seldom or never f{looded, the germination percentage is

significantly lowcred by prolonged submersion (Briscoe 1961).
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Similarly, the germination of Juncus effusus is greater when the

water table is up to the soil surface than when it is 20 cir below

the surface (Lazenby 195%).

Species can therefore vary considerably in their tolerance
to flooding, and the extent of this ability will be reflected
in their ecoclogical ampl:itude. In the genus Senecio the distri-
bution of some species within wet arcas and the exclusion of other
species frowm such sites is a reflection of the former's ability
to control anaerobic resriration (Crawford 1966). In the present
study a group of naturally occurring marsh plants have been com-
pared, in respect of their organic acid metabolisw upon flooding,
with other npecies restricted to dry sites by their lack of flood

tolerance.
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MATERTALS AND wETHODS

COLLECTION, PROPAGATION AND CULTURE OF BXPERIMENTAL MATERTAL

The plant material used in the flooding experiments was grown
from seed or yegetative transplants. The initial collections
of seed and perennating parts were from natural sites, such as

the dune ridges at Tentsmuir for seed of Hieraceum pilosella and

Senecio vulgaris, the dunes at West Sands, St. Andrews, for seed

of 5. jacobaea, the dune slacks at Tentsmuir for transplant mat-

erial of Carex arenaria, and the margin of Loch of Lowes for trans-

plants of Juncus effusus and C. lasiocarpa (see Fig. 1). Where

seed was used, as with all the Senecio species, the supplies were
perpetuated under culture in the glasshouse. Species cultivated
from vegetative transplants were, where possible, developed as
clones by splitting up the young shoots of one plant, as with

C. arenaria.

The plants were grown in coarse sand in plastic buckets of
6-7 litre capacity, in a heated glasshouse with a 16-hour daylight
regime. TFach species was grown in a set of four culture buckets,
although the total number of plants per species varied since each
culture contained from 3 to 8 plants depending on their size.
During an initial period of 3-6 weeks the plants were established

in the sand culture under non-flooded conditions. During this
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period the plants were watered with Hoagland solution (Thomas,
Ranson & Richardson 1956) to supply nutrients and keep the sand
moist, without allowing any free liquid to accumulate. Fach culture
contained a central, polyurethane painted, perforated metal tube,
of approximately 1.5 inches in diameter, to allow a visual check

on the level of the solution (Plate IVA).

The experimental flooding treatment to these established
plants ras such that each species underwent O, 1, 2 and 4 days
flooding with Hoagland solution. During the flooding period suff-
icient solution was added to keep the level just above the surface
of the sand (Plate IVB). Immediately upon completion of the flood-
ing treatment, the plants were carefully removed from the sand
and the roots cut away from just below the hypocotyl. These roots

were then used for the preparation of aqueous root extracts.

There were no visible signs of flooding upon growth during
the 4-day flood period, and a further series of plants was allowed
to continue growth flor an 18~day period to determine if there
was any growth response brought ebout by flooding. The species
were classified as flood tolerant and flood intolerant respect-
ively on the basis of increase or decrease in dry weight of the
shoots after an 18-day flooded culture compared to an 18-day non-
flooded culture. This experimental definition of flood tolerance

accounts for certain anomalies when compared with the natural
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distribution of the species. For example, Carex arenaria is usu-

ally found as a sand dune plant and yet shows no roduction in
growth on experimental flooding. From a comparison of the growth
response of the species after an 18-day period in flooded and non-
flooded conditions, they were described either as 'helophytes'

or 'mon-helophytes'. The term helophyte is taken from Raunkiser
(1937), by whose definition it is a species with buds submerged
in saturated mud or in water. The present investigation is most
concerned with the response of the plant to experimental flooding,
and the terms helophyte and non-helophyte have been extended to
cover, respectively, those species which withstand experimental

flooding and those species which do not.

COLLECTION OF FIELD MATERTAL

During the spring of 1967, monthly collections of plant mat~
erial were made from a sand dune slack at Tentsmuir. The slack
chosen was subject to winter flooding and the three collections
coincided with the March-May drop in water table and change from

flooded to dry conditions. Root material of Erica tetralix,

Filipendula ulmaria and Glyceria maxima was dug at each collect-

ion, transported back to St. Andrews in mud/earth clods and washed

before extracting with water.
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Tor a twelve-month vperiod during 1968, monthly field coll-
ections werc also made at the margin of Loch Clunie. At this
site tho winter level of water in the loch causes extensive flood-

ing of a marshy area dominated by Filipendula ulmaria ond Iris

pseudacorus, yet during the spring the level drops and by summer

the area is free of standing water (Plates VA & VB). Within the
adjacent shallow region of the loch itself there is an extensive

area occupied by Nuphar lutea. At monthly intervals root and

rhizome material of N. lutea ond I. pseudrcorus were collected

and transported to St. Andrews for the preparation of root extracts.

INCUBATION OF ROOT TISSUE IN ABROBIC AND ANAEROBIC CONDITIONS

In addition to the experimental flooding and the collection
of material growing at naturally flooded sites, some species under-
went treatment in completely anaerobic conditions. A comparative
experiment was carried out, incubating the root tissues of Senecio

viscosus, S. aquaticus and Ranunculus flammula in glucose solution

both in aerated comtainers and under nitrogen.

Roots of plants of these species grown under non-flooded
glasshouse sand culture were removed, surface sterilised in 0.02%
mercuric chloride, rinsed several times in sterile distilled water,

and cut into 1-2 om lengths. Between 1 and 2 g fresh weight of
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this root tissue was placed in 100 ml conical flasks containing
40 ml of 2.5% glucose solution. The flasks were clamped in a
mechanical shaker within a water bath maintained at 28°C. Air
from an electric pump was bubbled through one set of flasks to
maintain aerobic conditions, while nitrogen from & cylinder was
bubbled through a second set to maintain strictly anaerobic con-
ditions. After incubation in this way for varying periods up to
6 hours, the roots were removed from the flasks, rinsed in distilled

water and extracted with water.

An extended incubation experiment of 12 hours duration was
carried out with roots from Senccio spp. grown under flooded glass-~
house sand culture for one month. The aqueous extracts were here
used for the determination and comparison of ethanol production

in a helophyte and a non-helophyte under these anacrobic conditions.

PREPARATION OF AQUECUS ROOT EXTRACTS

All root tissues were extractsd in water by the same method,
irrespective of whether taken from experimentally flooded plants,
directly from natural sites, or from glucose incubation flasks.
After washing in chilled distilled water, the roots (3-10 g fresh
weight except in the incubation experiments where quantities were

slightly smaller) were cut into approximately 2 cm lenghhs to
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aid maceration, and extracted with 100-150 ml cold distilled water
in a Waring Blendor. The extract was passed through muslin then
centrifuged at 9,000 r.p.m. for 20 minutes at 2°C. The supernatant
tnken after centrifugation was the aqueous root extract used for
organic acid assay after either perchloric acid deproteinisation

or ion exchange purification.

A check was made that this cold woter method was extracting
all the organic acids from the root tissues. Some non-flooded

Senecio viscosus root material was divided into two parts, one

part for extraction in chilled water as above, the other part

for extraction in hot water. As Table 4 shows, the small diff-
erences between the amounts of malic, lactic and oxaloacetic acids
determined in the two extracts indicate that the cold water method

was the better of the two.

Table 4. Organic acids of non-flooded Senecio viscosus roots,

expressed in J mole / & fresh weight.

malate lactate oxaloacetate
cold water cxtract D) 0.87 0.50
hot water extract 2.6 0.82 0.38

The efficiency of the cold water extraction method was also

checked by further extraction of a residue in boiling 95% ethanol.
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As Table 5 shows, there was no shikimic acid left in the tissue
after cold water extraction, that could be further extracted by

boiling ethanol.

Table 5. Shikimic acid content of Nuphar lutea rhizome,

expressed in ng / & fresh weight.

shikimate
cold water cextract 3.4
95% ethanol extract of residue NIL

DEPROTEINISATION OF ROOT EXTRACTS

10 ml portions of the aqueous root extracts were deprotein-
ised by the addition of 10 ml perchloric acid (6% w/w). After
centrifuging at 3,000 r.p.m. at room temperature for 20 minutes,
the precipitated protein was remcved by transferring the super-
natant to o cooled beaker in an ice bath. To neutralise the un-
used perchloric acid, two drops of methyl orange indicator were
added, then, while stirring magneticelly in the ice bath, potassium
carbonate solution (anproximately 5M) was added drop-wise until
there was evolution of carbon dioxide and the indicatgr turned
salmon-pink. After standing for 10 minutes in the ice bath, the
deproteinis:d extract was decanted from the precinitated potassium

perchlorate.
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PURIFICATION OF ROOT EXTRACTS BY ION EXCHANGE RESIN

The remainder of the agueous extract was purified by ion
exchenge resin, to remove proteins which would interfere with
later enzymic analysis, and to remove sugars which would reduce
the scnsitivity of chromatographic analytical techniques. TFor
this purposc 1 g of strongly basic anion eoxchange resin Amberlite
IRA %400 (Cl) was prepared in the carbonate form with 200 ml of
sodium carbonate solution (2% w/v), and packed in a column using
a 25 ml burctte plugged at the bottom with glass wool. The resin
was washed with about 200 ml distilled water until the effluent
was acildic to phenol red, then the aqucous root extract passed
through the column at an approximate rate of 5-10 ml per minute.
After washing the column with a further 200 ml distilled water,
the anions were eluted with 200 ml of 1N apmonium carbonate sol-
ution. The efflucent, containing the organic acids in their amm-
onium salt form, was then evaporated to dryness three times in
a rotary film evaporator to remove excess ammonium carbcnate.

The residue was taken up in 10 ml distilled water, and this sol-

ution used for organic acid micro-estimation.

ORGANIC ACID ASSAY OF THE PURIFIED ROOT EXTRACTS

The quantities of root tissue available for preparing the
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extracts were in some experiments less than 2 g, and very rarely
over 10 g. While & method of gradient elution down a silica gel
or ion exchinge column can allow o relatively rapid gquantitative
estimation of several organic acids in pome fruits (Hulme & Wool-
torton 1953), the amounts of acids in these root extracts were
too small to allow such a technique to be used. The micro-estimat-
ions which werc necessary were therefore carricd out enzymiceally,
for malic (Appendix p.ii), lactic (p.iii), oxaloacetic (p.iv),
citric (p.vi) and succinic acids (p.ix), and microcolorimetrically
for shikimi: acid (p.xi). The techniques used were not only acc-
urate at the lovel required but also specific for the particular

acid being cstimated.

A method of paper chromatogravhy, suitable for detecting
small quantities of organic acids, was devised and also used
(Appendix p.xiii). The use of this technique was not intended
for followi g changes in lovels of particular acids but rather
as a quick wnd reliable scan to check that no otherwise undetucted

acid occurr>d in the tissues.

DETERMINATLON OF ETHANOL IN THE ROOT EXTRACTS

The extracts used for measuring ethanol production under

anaerobic incubation were prepared from 3 to 4 g of root tissuc.
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The micro-cvstimations necessary to detemine the ethanol in these

extracts were also carried out enzymically (Aprendix p.xv).
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RESU",TS

EXPERIIENTAY, FLOODING

GROWTH UNDER FLOODED AND NON-FLOODED CONDITIONS

After the 18-day growth period in flooded and non-flooded
conditions, some species were shown to have their growth retarded
by flooding, while others to have their growth enhanced (Fig. 2).
In the former group, the non-helophytes, those species most
adversely affected by flooding showed chlorosis of the lr~aves
and death of the roots before the end of the 18-day period. Ac
expected, all the Senecio species normally found on dry, open
substrates Lad their growth retarded by flooding, as did Hieraceum
pilosella taken from the sand dunes at Tentsmuir. On th: othe:

hand, Senecio aquaticus, Ranunculus flammula and Juncus ~ffusun

are all species of wet sites and their growth was enhanc~d by

flooding. The response of Carex areneria, a svecies nor ally

found growirg on fixed sand dunes, is less of an anomaly when
it is remembered that this is an experimental definition of th

species, and that C. arenaria does in fact invade the da ip slacks

at Tentsmuir.

Three species not included in Fip. 2 were later included

with those vsed for flooding experimerts. Of these, Senzcio
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jacobaea and S. sylvaticus grow on light, sandy subsirates (Clap-

ham, Tutin % Warburg 1962) and were found by exveriment to be

non-helophytes, whereas Carex lasiocarpa grows in reed-swamp and

was found to be a helophyte.

MALTC ACID CHANGES

The changes in root malic acid content during the O-4 day
flooding period are shown in Fig. 3. In the helophyte species
(Fig. 3a) the quantity of malate at the onset of flooding varied

between 1 p mole (Senecio aguaticus) and nearly 6 m mole / g fresh

weight (Ranunculus flammula), but the levels in the respeckive

species never dropped below their original level throughout the
entire flocling period. After four days of flooding there was
more malate present in the roots of helophyte species than there

had been before flooding.

In the non-helophytes (Fig. 3b) there was less than 3 p mole
malate / g fresh weight at the onset of flooding, and in every
species there was a decrcase in amount during the flooding period.

In three srccies there was no malate detectable after four days

-

of flooding.

The ircrease in malate in helophytes and its decrease in
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non-helophy “es were both rapidly effected. For most spccies the
change was :vident after the first day of flooding, and in the
remaining f.w species by the second dry. The levels after four
days of flo.d treatment were thereforc in most cases simnly exten-
sions of a urend established by the s»cond day of flooding. In

a helophytc, Carex arenaria, the incrrase in malate was shown to

continue throughout an eight-day flood period (Fig. 4), and in

a similar experiment on a non-helophyte, Senecio viscosuvs, the

drop in malate by four days was followed by a slight increase
during the next four days. These lonser flooding periods were
not suffici ntly studied for anything other than tentative con-
clusions to be drawn. It is probable, though, that along with

the flooding; disease symptoms shown by Senecio viscosus after

about 5-6 d ys of treatment, such as chlorosis of the leaves and
discolourat . on and death of the roots, there is a gradusl mete-
bolic break.'.own. Thus a metabolic product such as malic acid

could accum - late in the dying tissues of S. viscosus whereas in

C. arenaric the flood treatment produced only healthy growth awnd

the malate s.ccumulation there is more likely a true metebolic

response.

An overall comparison of the malate increase in flooded h-~lo-
phytes and its decrease in flooded non-helophytes is alco showa

graphically in Tig. 5, by plotting the ratio of malic ac’d before
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and after the four-day flood period. This comparison between
the helophyte species and the non-helophytes shows how clearly
the two groups of plants differ in their malic acid metabolism

upon flooding.

LACTIC ACID CHANGES

The changes in root lactic acid content during the 0-4 day
flooding period are shown in Fig. 6. The quantities of lactic
acid were always small - in helophytes never more than 0.1 n mole

acid / g fresh weight, and similarly in non-helophytes except

for Senecio squalidus (less than 0.3 j mole / & fresh weight).

In the helophytes (Fig. 6a) the very small quantities of
lactate do not allow any clear interpretation of their changes
during the course of flooding, although in all species other than

Juncus effusus there was a drop in level from the onset of flood-

ing to the fourth day. Similarly, in the non-helophytes the levels

were so small that slight fluctuations do not merit evidence of
definite lactate movement. Nevertheless, all the non-helophytes
contained slightly more lactate after four days of flooding than

they did bef'ore flooding.




LN

CITRIC ACID CHANGES

The changes in root citric acid content during the 0-4 day
flooding period are shown in Fig. 7. Citric acid was present
in most root extracts, in helophytes up to 0.5 P mole citrate
/ g fresh weight and in non-helophytes up to 1.0 P mole. Of the

helophytes investigated (Fig. 7a) Carex arenaria and Juncus effusus

increased their citrate content during the flour day flood period,

C. lasiocarpa and Senecio aquaticus decreased their citrate con-

tent, and in Ranunculus flammula there was no change overall.

In the non-helophytes (Fig. 7b) the fluctuations in citrate con-
tent throughout the four days were even more marked and it is
impossible to see any definite pattern of citrate movement although,

apart fvom Senecio viscosus, all species either kept the same

citrate content after four days flooding or slightly increased

this acid.

SUCCINIC ACID CHANGES

The changes in root succinic acid content during the O-i
day flooding period are shown in Fig. 8. Succinate levels were
small, especially in the helophytes where the highest level recorded
was O.2/p mole acid / g fresh weight. Apart from this particular

species, Juncus effusus, the succinic acid content in the helo-
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phytes c¢ither decreased or remained at the same low level during
the four day period (Fig. 8a). In the non-helophytes (Fig. 8b)
there was a constant pattern of succinate rise upon flooding,
with an approximately three-fold increase by the fourth day.
Although quantities of succinate were small compared with those
of malate, there was more than O'S,P mole acid / g fresh weight

in Senecio squalidus and S. viscosus after four days of flooding.

OVERALL ORGANIC ACID CHANGES AND COiwPARISON OF THE RELATIVE CON-

CENTRATIONS OF DIFTFERENT ORGANIC ACIDS

In all the helophytes (Figs. 9a to 9e) malic ccid was the
most predominant, always present above 1‘P mole acid / g fresh
weight of root tissue, and even up to 6,F mole in Ranunculus
flammula. Lactic and succinic acids were, if detected, present
only in minute amounts. OCitric acid was more abundant, but never

present above 0.5 p mole / & fresh weight.

In the flood treated non-helophytes (Figs. 9f to 9k) malic
acid was again predominant at the onset of flooding but fell away
in quantity by the fourth day. Furthermorec, it was never present
above u/p mole / g fresh weight, and in three species, Hieraceum

pilosella, Scnecio squalidus and 5. sylvaticus, there was no mal-

ate detectable after four days of flooding. Lactic acid was again
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present in only wminute amounts, but succinic acid was in evidence

up to 0'5,F mole / g fresh weight in Senecio squalidus and S. vis-

cosus. Citric acid was again present up to 1°0‘P mole / g fresh

weight. Oxaloacetic acid was not detected in any of the extracts.

Paper chromatograms of the root extracts were run as a final
check that no major organic acid had been missed out of the series
of individual acid analyses. The chromatograms did not indicate
the presence of any organic acid other than some of those already
assayed, and in most cases supported quelitatively the earlier
quantitative findings. Thus, the paper chromatogram of root cxtracts

of the helophyte Carex lasiocarpa showed malic acid and citric

acid to be present in detectable amounts during the 0-4 day flood
period, but not any of the other organic acids (Fig. 10). This
chromatogram gave some evidence that malate persisted throughout
the four days, but that citrate disappeared. In a similar chro-

matogram of the non-helophyte Senecio viscosus, the only acids

detected in quantity were again malate and citrate (Pig. 11),
but in this species malic acid did not persist throughout the

flooding period but disappeared after the first day.

ORGANIC ACID MOLECULAR RATIOS AFTER FLOUDING

The malic and succinic acid levels were shown above to follow
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different patterns upon flooding in the two groups of spccies.
In the helophytes flooding was accompanied by a rise in malate
and 5 drop in succinate. In the non-helophytes the pattern was
reversed, with a drop in malate and a rise in succinate. This
differential response between the helophytes and non~helophytes
is shown graphically in Fig. 12, by plotting the molecular ratio
of malate to succinate after four days of flooding. In the helo=-
phytes large values arc rccorded, the smallest being a 25-fold

ratio in Juncus effusus. In the non-helophytes the ratio is al-

ways less than 5, with three species recording zero values. This
molecular ratio clearly differentiates between the flooding response
of the two groups of species, for it shows how the internal meta-
bolic controls of helophytes and non-helophytes differ upon experi-
mental flooding, in respect of a molecule for molecule rise in
malate and drop in succinate in the former group and the reverse
intthe latter group. Thus it is not so mueh the quantitative
changes in, say, malic acid, between different species which arec
important but more the relative amount of one acid to another

in respect to the plant's behaviour during a period of flooding.

A similar illustration results from plotting the malate:
citrate molecular ratio (Tig. 13), where again a rise in malate
in helophytes and drop in non-helonhytes is not accompanied by

similar chenges in citrate levels. The molecular ratio reflects
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this responsc, although since the citrate levels werc overall
rather censtant in the two groups, the values of the ratio arec
not as strikingly different as are those of the malate:succinate
molecular ratio. In the non-helovhytes the ratio is still always
less than 5, and in the helophytes it lies, except for Ranunculus

flammula, between 10 and 25.




Fig. 2.  GROWTH OF HELOPHYTES AND NON-HELOPHYTES IN LOW
(LWT) AND HIGH (HWT) WATER TABLE CONDITIONS
AS NEASURED BY THE DRY WEIGHT OF THE

SHOOTS AFTER 18 DAYS
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Tig. 3a and 3b. CHANGES IN ROOT MALIC ACID CONTENT
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Pig. L. CHANGES IN ROOT MALIC ACID CONTENT INDUCED
BY AN 8-DAY FLOODING PERIOD IN A

HELOPHYTE AND A NON~HELOPHYTE

Key: @ Carex arenaria (helophyte)

A Senecio viscosus (non-helophyte)
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Pig. 5. RATIO OF MALIC ACID CONTENT OF ROOTS OF
HELOPHYTES AND NON-HELOPHYTES
BEFORE AND AFTER FLOODING

FOR 4 DAYS
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Fig. 6a and 6b. CHANGES IN ROOT LACTIC ACID CONTENT

Key:

INDUCED BY FLOODING IN HELOPHYTES
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Fig. 7a and 7b. CHANGES IN ROOT CITRIC ACID CONTENT

Key:

INDUCED BY FLOODING IN HELOPHYTES

AND NON-HELOPHYTES
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Fig 8a and Ob. CHANGES IN RQOT SUCCINIC ACID CONTENT

Key:
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Fig. 9a to 9k. CHANGES IN ROOT ORGANIC ACID CONTENT

INDUCED BY FLOODING IN HELOPHYTE

AND NON-HELOPHYTE SPECIES

Key: ® malic acid
A lactic acid
B citric acid

X succinic acid

Fig. 9a Carez arenaria
~ 9b C. lasiocarpa
9¢ Juncus effusus

9d Ranunculus flammula

e Senecio aguaticus

of Hieraceum pilosella

98 5. Jjacobaea

Sh S. squalidus

9i S. sylvaticus

93 3. viscosus

9k S. vulgaris (dune race)
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. Fig. 9c
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Fig. 9d
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Fig. 9f

Hieraceum pilosella
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Fig. Sg
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Fig. 9i

Senecio sylvaticus
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Fig. 9k
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Fig. 10. COPY OF PAPER CHROMATOGRANM OF ROOT EXTRACTS

OF TFTLOOD TREATED CAREX LASIOCARPA

Paper: Whatman no. 1.
Solvent: propanol / eucalyptol / formic acid / water

50/ 50/ 20/ 5

Indicator: aniline-glucose.

Key: X and X' - mixtures containing 10 p8 and 2olpg
respectively of each of the following
organic acids: suceinic, lactic, malic,

citric and shikimic.

0
1
> number of days of flooding treatment.
2
Lo J

su - succinic acid
1l ~ lactic acid
m - malic acid
¢ - citric acid

sh - shikimic acid
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Tig. 11. COPY OF PAPER CHROWATOGRAK OF ROOT EXTRACTS

OF FLOOD TREATED SENECIO VISCOSUS

Paper: Whatman no. 1.
Solvent: propanol / eucalyptol / formic acid / water
50/ 50/ 2 /5

Indicator: aniline-glucose.

Key: X' - mixture containing Zo‘pg of each of the follow-
ing organic acids: succinic, lactic, maliec,

citric and shikimic.

number of days of flooding treatment

su -~ succinic acid
1 - lactic ~cid
m - malic acid
¢ -~ citric acid

sh - shikimic acid
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Fig. 12. RATIO OF ALIC:SUCCINIC ACID CONTENT OF

ROOTS AFTER FLOODING FOR 4 DAYS

Key: H. p. Hieraceum pilosella

3. sq. Senecio squalidus

Do By 5. sylvaticus

S. vi. S. viscosus

8. 3 3. Jacobaea

S. v. 8. vulgaris (dune race)

J. €, Juncus effusus

5. a. S. aquaticus

G. 1, Carex lasiocarpa

T S T C. arenaria

R £ Ranunculus flammula
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Fig. 13. RATIO OF WALIC:CITRIC ACID CONTENT OF ROOTS

AFTER FLOODING FOR 4 DAYS

Key: H. p. Hieraceum pilosella

S. sq. Senecio squalidus

3y 8. S. sylvaticus

B g 5. Jjacobaea
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R. T Ranunculus flammula
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RESULTS

NATURAL ILOODING

MALIC ACTD CHANGES

The root extracts of the three helophyte species, Filipendula

ulmaria, Drica tetralix and Glyceria maxima, collected in March

from the flooded dune slack at Tentsmuir all contained malic acid
(Fig. 16). There was over 5 p mole malate / g fresh weight in
one species, F. ulmaria, yet by iday the level in all three species
had dropped to below a detectable amount. The presence of malate
in the root tissues during natural flooding, and its disappearance
with the drop in water table to non-flooded conditions in May,
is in agreement with the experimental finding that flooding in

helonhytes is accompanied by au increase in malic acid in the roots.

Malic acid was present throughout all the months of the year

in the roots and rhizome of Nuphar lutea growing in Loch Clunie.

The quantities of malate present varied up to 0.2 J mole acid / g
fresh weight (Fig. 14). It is important to note that this fresh-
water macrophyte is continually submerged by water, with the roots
and rhizome in the bottom mud. The plant iz therefore living

in totally different conditions from those of the plants studied

at Tentsmuir, where the flooding was only intermittent. The root
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and rhizome tissues of an aquatic plant therefore fulfill quite
different roles from those of the roots of dune slack plants, and
the large fleshy rhizome of N. lutea probably functions as an
imnortant food storage organ. The organic acids of the rhizome
could be carbohydrate food reserves adapted to the continual sub-
mersion, and their turn-over could be linked to particular growth
phases, such as leaf formation, flowering, or fruiting. There is

in fact a malate peak in June, the time of flowering.

Iris pseudacorus is also a plant adapted to continual sub-

mersion, although in this case where it was sampled growing at
the margin of Loch Clunie, there was some drying out of the sub-
strate during the summer months (Plate VA and VB). The malic

acid content of the roots and rhizome of this I. pseudacorus mat-~

erial also showed changes during the March to November period
(Fig. 15), ranging from less than 0.1 p mole malate / g fresh
welght to nearly O'B,P mole. It is unfortunate, however, that
no measure was made of the monthly change in water table at the
collecting site, where standing water in winter contrasted with
dry conditions in August and a rising water table in October and
Noveinber. The malic acid changes that have been recorded show
that, apart from the low root content in September, there is con-
siderable parallel between the malate levels of root and rhizome
tissue, even if no clear-cut pattern with flooded conditions has

been established. It is feasible that the malic acid metabolism
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of these tissues is influenced by the flooding of the substrate,
but a more comprehensive study is needed to establish any conn-

ection.

SHIKTMIC ACID CHANGES

Shikimic acid was detected only in the roots and rhizomes
of Iris and Nuphar, the macrophyte species capable of living in
aquatic sumsspeesisesaseese hobitats. However, when shikimic
acid was present in these tissues it was usuvally in large quan-—

tities, and the paper chromatogram of I. pseudacorus rhizome ex-

tracts (Fig. 17) shows the high concentration of shikimate when
compared with other organic acids. The quantitative micro-estimat-
ions showed that between March and November there was always between
1.0 and 1.4 P mole shikimate / g fresh weight in the rhizomes,

and up to 0'6,P mole in the roots (Tig. 18). A steady drop in
shikimate from March to May was followed by a steady rise between
June and November, in both tissues. The shikimic acid content

of the roots and rhizomes of Nuphar lutea also showed fluctuations

during the December to September period, although only up to the
O'Z,P mole acid / g fresh weight level (Fig. 19) and furthermore
there was no stecdy pattern of increase or decrease for any spell

of time during these months.
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Shikimic acid, for all its predominance in the root and rhizome

tissues of I. pseudacorus and N. lutea, was not detected in any

other extract, either from experimental or natural material. The
role of this acid in the metabolism of these two species will be

discussed later.

CITRIC ACID CHANGES

Although the paper chromatogram of the rhizome extracts of

Iris pseudacorus (Tig. 17) did not indicate the presznce of citric

acid, the more sensitive and specific enzymic method of assay

was able to measure small guantities in these and the root extracts.
The levels of citrate throughout the March to November period

were very small - always less than 0.1 F.mole acid / g fresh weight -
although a steady drop from March to June followed by a steady

rise from July to November was recorded in the rhizome extracts

(Fig. 20). The fluctuations in the root citrate levels were all
within the 0.02 to 0‘05,P mole acid / g fresh weight range, and

did not warrant any strong interpretation

LACTIC AND SUCCINIC ACID CHANGES

Since citric acid had been measured enzymically in Iris
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pseudacorus after not being detected chromatographically, it was

thought worthwhile to also assay enzymically for lactic and succ-

inic acids. Neither of these acids could be detected in either

the root or rhizome extracts of Iris pseudacorus.
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Fig. 15. MALIC ACID CONTENT OF ROOT AND RHIZOWE

TISSUE OFF IRIS PSEUDACORUS GROWING

UNDER NATURAL CONDITIONS AT LOCH

CLUNIE, i-ARCH TO NOVEKBER 1968

Key: o I. pseudacorus rhizome

A T. pseudacorus root
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Tig. 16.
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Fig. 17.

COPY OF PAPER CHRONATOGRA!" OF RHIZOWE

EXTRACTS OF IRIS PSEUDACORUS

Paper: Whataan no. 1.

Solvent: propenol / eucalyptol / formic acid / water

50 /4 BO / 20 / 6.

Indicator: aniline~glucosc.
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Fig. 18.
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Fig. 19.
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RESULTS
INCUBATION 03 ROOT TISSUE IN ARROBIC AND ANAEROBIC CONDITIONS
MALIC ACID CiHiANGES
The root tissue malic acid content of all three species before
incubation wos between 1.0 and 2.0 p mole acid / & fresh weight.

In aerated incubation, malic acid showed a decrease in Senecio

viscosus and S. aquaticus, and & slight rise in Ranunculus flamm-

ula (Fig. 21..). In completely anacrobic conditions the malate

level in all three species fell, and in S. aquaticus and R. flamm-

ula none was detectable after the full 6-hour pericd (Fig. 21b).
There was thus no accumulation of malate as seen in the roots of

intact plants under flooding induced anacrobiosis.

- LACTIC ACID CHANGES

At the cnset of incubation, there wvas no lactate in the ro &
tissues of any of the three species. Unon aerated incubation, &
slight rise t> O.1}p mole lactate / g fresh weight occurrecd in

S. aquaticus, but in S. viscosus wnd R. flammula lactate remainr 3

S ——————

undetected (F.g. 22a). Under the anacrobic conditions imposed

by bubbling n'trogen through the culturc, there was a rise in
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lactate in the first three hours in all three species (Fig. 22b).

This rise was continued in S. aquaticus and R. flammula, but foll-

owed by a drop during the second three hours in S. viscosus.

CITRIC ACID CHANGES

The citric acid content of the helophytes was quite high
(between 0.9 and 1.6 j mole citrate / g fresh wéight) before
incubation but there was none in the non-helophyte at this stage.
During aerobic incubation citric acid decreased in the helophytes,

dropping to O‘SAP mole acid / g fresh weight in R. flammula and

disappearing altogether in S. aquaticus (Fig. 23a). In S. viscosus,

however, there was a steady build~up of citrate to more than 0.5
P mole acid / g fresh weight by the sixth hour. Under anaerobic

conditions, the citrate contents of S. aquaticus and R. flammula

decreased shiwrply during the first 1% hours, but recovered and
rose slowly during the next 4+ hours (Fig. 23b). The citrate

content of 5. viscosus remained below the level of detection through-

out the entire period of anaerobic incubation.

SUCCINIC ACID CHANGES

All three species contained between 0.6 and O'SAP mole succ-
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inate / g fresh weight before incubation. Under aerobic conditions
there were considerable fluctuations in the succinate levels through-
out the six-hour incubation period (Fig, 24a). The succinic acid
in both helophytes had fallen after A% hours, but whereas that

of R. flammula sontinued to fall to below the level of detection

by the sixth hour, that of S. aquaticus rose sharply to the orig-

inal level. In S. viscosus an initial rise in succinate in the

first 1% hours was followed by a steady drop. Under anaerobic

conditions the succinate in S. aquaticus fell steadily and dis-

appeared by the sixth hour, but in both 5. viscosus and R, flamm-

ula there was a similar pattern of dccreasing succinate in the
Pirst three hours followed by a recovery to apnroximately the

original levels (Fig. 24b). The six-hour extract of R. flammula

was lost before its succinate content could be estimated.

OVERALL ORGANIC ACID CHANGES

The changes in levels of root tissue malic, lactic, citric
and succinic acids in the two helophytes and one non-helophyte
species during their six~hour incubation in aerobic and anaero-
bic conditions are shown in Fig. 25. All the individual acid
levels were below 2.0 = mole acid / g fresh weight. Although
malate was predominant in the acid metabolism of all three species,

it was not present in excessive proportions and was at some stage
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in one or other of the spocies exceeded by lactic, citric and
succinic acids. Lactic acid was generally absent or proesent in
only small amounts, never excceding 0.3 P.mole acid / g fresh
weight and of'ten not detected at all. Citric and succinic acids
were present in levels intermediate between malic and lactic acids,
never exceeding 1.0/p mole acid / g fresh weight except for the
initial level of citrate in R. flammula (1,7/p mole citrate / g

fresh weight). Oxaloacetio acid was not detected in any of the

extracts.

There was a general trend for all acids to either remain
at approximately constant levels during the six-hour incubation
period, or to decrease gradually during that time. Decreasing
levels of acids were more evident in the two helophytes, R. flamm-

ula (Fig. 25b) and S. aquaticus (Fig. 25¢), while in the non-

helophyte S. viscosus (Fig. 25a) the levels tended to rcmain more

constant.

It must be emphasised that the organic acid changes detailed
above are those occurring in roots which have been detached, sur-
foce sterilised and then incubated in glucose solution. These
results arc therefore not comparable with those of the flooding
experiments, where the roots were taken from entire growing plants

immediately before extractien with water.
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ETHANOL CONTENT UNDER ANAEROBYC CONDITIONS

The changes in root tissuc cthanol content in S. squalidus

and 5. agquaticus during a 12-hour incubation period under nitrogen

are shown in ¥ipg. 26. The concentration in both species after
three hours was a-proximately equal at 2.0 P‘mole ethanol / g

fresh weight, but whereas in S. aguaticus the level dropped slightly

during the 12-hour period to 0.5 P mole, in S. squalidus it rose

sharply to rcach more than 7.0 P mole. These results are consist-

ent with those of carlier cxperiments with other Semecio species

(Crawford 1966).




Fig. 212 and 21D, ROOT TISSUE MALIC ACID CONTENT UPON
INCUBATION UNDER AEROBIC (AERATED)

AND ANAEROBIC (NITROGEN)
CONDITIONS

Key: Fig. 21a. Aerated

O Senecio viscosus

A Renunculus flammula

O S. aquaticus

Pig. 21b. Nitrogen
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A R. flammulo

B S. aquaticus
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Fig. 22a and 22b. ROUT TISSUE LACTIC ACID CONTENT UPON
INCUBATION UNDER AEROBIC (AERATED)
AND ANAEROBIC (NITROGEN)

CONDITIONS

Key: TMig. 22a, Aerated

O Seneclo viscosus
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Fig. 22b. Nitrogen
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Fig. 23%a and 23b. ROOT TISSUE CITRIC ACID CONTENT UPON
INCUBATION UNDER AEROBIC (AERATED)
AND ANAEROBIC (NITROGEN)

CONDITIONS

Key: Fig. 232. Acrated

O Senecio viscosus

A Ranunculus flammula
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Fig. 23b. Nitrogen
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B 5. aquaticus
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Fig. 23b
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FPig. 24a and 24b. ROOT TISSUE SUCCINIC ACID CONTENT
UPON INCUBATION UNDER AEROBIC
(AERATED) AND ANAEROBIC

(NITROGEN) CONDITIONS

Key: Fig 2ha. Aerated
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Fig. 24b. Nitrogen
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Fig. 25a and 25b. CHANGES IN ROOT ORGANIC ACID CONTENT
UPON AERATED~ AND NITROGEN-INCUBATION
OF HELOFHYTE AND NON-HELOPHYTE

TISSUE

Key: O and e - malic acid

A and A - lactic acid
0O and B - citric acid
X and X -~ succinic acid

Fig. 25a. BSenecio viscosus

25b. Ranunculus flammula

25c. S. aquaticus
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Fig. 26. ROOT TISSUE ETHANOL CONTENT UPON INCUBATION
UNDER ANAEROBIC CONDITIONS AFTER GROWTH

FOR 1 MONTH IN FLOODED CULTURE

Key: @ Senecio squalidus

A Senecio aquaticus
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DISCUSSION

et e e et S

INTRODUCTION

Periods of waterlogging, .hether they be short-tern or pro-
longed, greatly reduce thc availability of oxygen to the roots
of plants. The development of aecrenchymatous tissue in the roots
(Conway 1937, McPherson 1939, Sifton 1945), although commonly
associated with many wet-land species, does not fully explain
why certain species tolerate flooding and others do not (sce
Introduction p. 10-15). HMetabrlic adaptations, which nced opcrate
only during the period of redur~d oxysen supply concomitant with
waterlogging, have been suggested as a probable means of effecting
flood tolerance, especially over a range of structurally diffcrent

species.

Since 1957, when Mazelis ¢nd Venuesland first suggested that
malic acid should be regarded as the natural cnd-product of an-
aerobic carbohydrate breakdown in plants, there have been several
reports of various organic acics being produced during oxygen
deficiency. Thus in addiiion 1> the rialic acid postulated by
Mazelis and Vennesland (1957), there has also been evidence of
succinic acid accumulation durisg anacrobiosis in peas (Wager 1961),
under high carbon dioxide concetrations in castor oil bean mito-

chondria (Bendall, Ranson & Walker 1960), and in apples suffering
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from carbon dioxide poisoning (Hulme 1956). These succinate &3c~
umilations were usually associated with adversely affected tissue
metabolism, whereas malate accumulations have been found during
partial anoxia in undemagcd tissues (llenshaw, Coult & Boulter 1962).
The conflicting reports on which is t'.e mojor acid to accumulase
in plants upon anoxia have had one thing in common ~ little or
no bearing on the ecology of ti: spec’cs examined. It is ther:-
fore of greater relevance to note that in the present work, the
organic acid changes observed during experimental flooding have
been related to a group of flood tolerant plants taken from nat-
urally wet sites, and o group of flood intolerant plants taken
from dry sites. Thus the uniform organic acid changes in the
helophyte group can be shown to have o direct bearing upon the
success of these species in wat.orlogged areas, and the lack of
such & flood response in the nou-helophytes to attribute to th:.ir
lack of flocding survival properties. There is also somu agre -~
ment in the Lliterature when the various acid accumulations upo™

anoxia are rc-examined in the light o the ecology of th: spec es

concerned.

MALIC ACID CIANGES

The most striking organic acid chinge during the four-day

period of experimental flcoding was the risc in mwalic acid in
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all the helophytes and the drop in all the non-helophytes (Fig. 3).
This finding has some agreement in the literature, for the proc-

uction of malic acid in the helophyte Iris pseudacorus in the

presence of 002 and other respiratory inhibitors has been reported
by Bown, Boulter and Coult (1968), and malate decrease under an-
aerobic conditions has been found in buckwheat seedlings (EBffer

& Ranson 1967) and in maturing sceds oi Pisum sativum (Weger 1551).

When investigated under natural conditions during the spring pcriod as
the dunc slack habitat is reverting from a flooded winter statc
to0 a non-flooded summer onc, a malate decrease was demonstrated

in Filipendula ulmaria, Brica totralixz and Glyceria maximn (Fig. 16).

The experimental finding of malic acid accumulation in helophytes
during periods of flooding thercfore has some field confirmation.
Other work has indicated a seasonal variation in the malate ant

shikimate content of Iris rhizom: unde: natural conditions (Tab'.e 6).

Table 6. Seasonal variation in malic and shikimic acid conte it
of Iris rhizome, in 1g / 120 g fresh weight. (From

lenshaw, Coult and Boulter 1962)

Date malic ~ecid shikimic acid
17th February 163 759
8th March 225 878
1st April 157 610

10th June 67 545
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However, when aquatic, rather than marsh, plants were invest-
igated, the malic acid content of the root and rhizome tissues

of Iris pseidacorus did not relate particularly to periods of

flooding in the field (Fig. 15). It may be that the orgamnic acid

metabolism of I. pseudacorus, together with that of the other

rhizomatous species studied, Nuphar lutea, is of greatest import-

ance in carbohydrate storage, ond that under the conditions of

an aquatic cnvironment malic acid assumes a greater importance

as a carbon energy store. It is possible, however, that although
the root and rhizome tissues of N. lutea are permanently submcrged
by water, the seasonnl fluctuations in concentration of dissolved
oxygen in the logh water could ~ffect the degree of anaerobiosis
in thesc tissues. It is tempting to suggest that the low malate
levels in the root and rhizome tissuc between December and March
(Fig. 14), when the oxygen concantrat on of the water would be

at its highest, and the malate neak in June, when the concentration
of dissolved oxygen would be lower, indicate such an effcct.
Turther tissue sanpling, with concurrcnt measurements of the oxy-
gen concentration of the water, night confirm this influence on

the malate 7ovels in these subr-rged roots and rhizomes.

There were considera*lc changes in malic acid levels upon
incubation of root matericl und.r aer..ted and completely anaerobic
conditions (Fig. 21). 1In serated culture the malatc content of

Senecio viscosus and S. aquaticus fel® sharply whereas that of
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Ranuncius flammula rose slightly. Similar reductions in malate

content during constant acration have been observed in the roots

of pumpkin, tomato and willow, Salix cinerea (Dubinina 1961).

The same author suggested that this drop in malic acid indicated
an increased utilisation of organic acids in the respiratory cycle,
providing for protein synthesis and good root growth. A rise

in malate accompanying acrated culture has been demonstrated in

maturing seeds of Pisum sativum upon their return to cir after

a 24-hour period of anaerobiosis (Wager 1961).

During anaerobic incubation the malic acid content of all
three specics fell., This malate decrease has similarly been found
in buckwheat secdlings under anoxia (Effer & Ranson 1967) and in
anaerobically treated pea sceds (Wager 1961); although in the roots

of pumpkin, tomato and Salix cinerea, an oxygen deficicncy was

accompanied by a rise in malioc acid content (Dubinina 1961).

These latter findings were not, however, from tissues kept in com-

pletely anac ~obic conditions.

lalic acid has often been dcscribed in the literature as
being of comion occurrence in various plant tissues, and has nct
always been particularly linked with changes induced by partial
anoxia. Thus an early review (Bennet-Clarke 1933) lists ‘malic

acid plants', such as members of the genera Ranunculus, Berberis,

Rhamnus and Fraxinus, as contairing chiefly malic acid. Plants
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with the Crassulacean type of acid metabolism, in which malic acid
is formed from carbohydrate in the dark and reconverted in the
light, also show a high malate content (Ranson & Thomas 1960).
Malic acid constitutes 30-40% of the total organic acid content
of the cotton plant (Ergle & Eaton 1949), is predominant in the
roots of Vicia faba (Schramm & Piatkowska 1961), in the fruits
of lemon (Sinclair & Eny 1945) and in the leaves of all 27 species
of Leguminosae examined by Bentley (1952). Table 7 shows the

leaf malate levels recorded by other investigators.

Table 7. falic and citric acid content of leaf tissues.

Plant Valate Citrate

Pea 56 .1 86.0 m equiv. / 100 g dry weight (Pierce &
Spinach 6.5 3.7 u " Appleman

Beet 21.2 20.6 " n 1943)

Wheat Yo 0.6 p mole / g fresh weight (Mackennan, Beevers

& Harley 1963)

Rhubarb 5.5 -~ % dry weight (Pucher, Clarke & Vickery 1937a)

Root tissues of maize, carrot and beet contain large amounts
of malic acid relative to the other organic acids (Table 8), and
malate has been recorded in the rhizomes of rhubarb (Pucher, Clarke

& Vickery ?937&) and in tHose of Iris pseudacorus (Henshaw, Coult

& Boulter 1962).
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Table 8. Malic and citric acid content of root tissues. (From

MacLennan, Beevers & Harley 1963)

Plant Malate Citrate

Maize (1st 1 em) 7.5 1.5 B mole / g fresh wcight
Carrot 15:9 142 " i

Beet 1 1.8 ' 4

I. pseudacorus 0.11 0.03 " u (own data)
N. lutea 0.18 - i " (own data)

CITRIC ACID CHANGES

The fluctuations in citric acid content of the roots of flood-
ed helophytas and non-hclonhytes do not fit into any distinguishable
pattern (Fi3z. 7). It could have beer expected that changes in citrete
would have been similar to those of malate, for previous work-ws
have found changes in the two acids to be generally linked (Dubin-
ina 1961, Wager 1961, Bourne & Ranson 1965). If that were to be

the case, then the fall in citrate upon flooding in Senecio armat-

icus and Cavex lasiocarpa is atypical, and the rise in citratc

shown by t! > other helophytes is the more expected behaviour. The
changes in citrate levels acco.nanyil ; flooding in the ron-hel >~

phytes are so different from one species to another that it is

impossible %50 draw any conclusions. While some non-helophyte
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species show an initial citrate decrease, as also found in buck-
wheat seedlings in anoxia (Effer 2 Ranson 1967), so others exhibhit

an initial citrate increase.

ilonthly samples of Iris pseudacorus root and rhizome tissue

contained citric acid in varying amounts. Although the levels

were less than those of malic and shikimic acid in this field

material, citrate was the only other organic acid to be present

in detectable quantities. The citric acid content of the rhizome

was generally greater than that of the root, and showed well-marked
summer low and winter high levels. Such an annual fluctuation
could be indicative of a link between malic and citric acid, for

mallc acid accumulation has already been observed in the naturally

flooded roots and rhizomes of some helophyte species.

Under aerated incubation citric acid shows a drop in level
similar to that of malic acid, which, it has already been sugs-st-
ed, could indicate an increased utilisation of organic acids in
the respira’ory cycle. The two helophytes exhibit this citrate

drop, whereas in the non-helophyte Senecio viscosus there is a

small citra*e rise during the 6 hours of aerated incubation.

Citric acid changes in the helophytes during incubation in
nitrogen were also similar to those of malate. Both species showed

considerabl~ decrease over the 6 hour period, and this simultan-
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eous decrease in citric and malic acid content is probably further
evidence that the tricarboxylic acid cycle in these species is

in fact retarded by completely anaerobic conditions.

A certein degree of similarity between citrate and malate
levels in the experimental material was to be expected, since
citric acid is very commonly found in plant tissues and may occur
in gquantities at least equal to, if not greater than, malic acid.
Citric acid comprises 30-40% of the acidity in the roots of the
grapevine, although comprising less than 2% of that in all other
parts (Kliewer 1966). In Vicia faba citrate is the only organic
acid in the flowers and is the major one in the dry and soaked

seeds (Schramm & Piatkowska 1961).

Fleshy fruits may be as rich in citric acid as they are in
malic acid (Bennet-Clarke 1933), and in the fruits of Citrus spn.
concentratirns of citrate as great as ten times that of malate
have been rccorded (Sinclair & Ramsey 1944, Sinclair, Battholomew
& Ramsey 19.5). The citric acid contc 1t of apple fruit pulp,
however, is much lower than that of melic acid (Hulme & Wooltor-

ton 1958).

Citric ~cid was as widesprend and as abundant as malic aciid
in the leaves of the Leguminosae species investigated by Bentlcy

(1952)  alt*~ngh in general smaller ccncentrations have been ob-
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sorved by other workers (Table 7). Similarly, the citrate con-
tent of root tissues was found to be lower than that of malate

in maize and carrot, and only siightly higher in beet (Table 8).

LACTIC ACID CHANGES

The four-day period of flood treatment was accompanied by
a rise, albeit a small one, in the lactic acid levels of all the
non-helophytes (Fig. 6). Similar treatment to the helophytes
resulted in slight decreases in lactate levels, with the except-

ion of Juncus effusus. If, as Eff'er and Ranson (1967) have sugg-

ested, the activity of the tricarboxylic acid cycle is retarded
during anoxia, then the accumulation of lactate in the non-
helophytes could be indicative of this effect. There might also
be concurrent accumulation of pyruvate and ethancl. In the helo-
phytes, howcver, the absence of any lactate rise would indicate
that in those particular flood tolerant species the tricarboxylic
acid cycle was not being retarded during the period of flooding.
There is evidence of a large accumulation of lactic acid in pea

seeds during a 24-hour period of anaerobiosis (Wager 1961).

The lactate changes in the root tissue incubated under nit-
rogen in some respects support the above findings. During the

first threc hours there was a rapid rise in the lactic acid con-



59.

tent of the non-helophyte Senecio viscosus (Fig. 22), but in the

helophytes only a very small rise in Ranunculus flammula and no

change 2t all in S. aquaticus. During a further three hours an-

aerobiosis, however, the lactate in the helophytes rose more sharply.
It is probable that the helophyte species, although able to toler-
ate the near anaerobic conditions which are set up during the four-
day flooding period in sand culture,c~nnot tolerate the completely
anaerobic conditions during incubation under nitrogen. In this
respect it is important to note that completely anaerobic condit-
ions would never arise in the field, as there would always be

some oxygen diffusion down the shoots to the waterlogged roots.
Thus the helophyte root tissues in nitrogen are being subjected

to oxygen deficiencies greater than those normally encountered

and to which they have some tolerance, and their metabolic behav-
iour in these conditions can be likened to that of a non-helophyte.
Consequently the tricarboxylic acid cycle may be retarded, with

the accompanying rise in lactic acid as shown between 3 and 6

hours incubation. In detached rhododendron leaves a rise in lac-
tic acid of a very similar magnitude and time course to the above

experiments has been demonstrated during storage in nitrogen (Table

9).

If the above hypothedis is correct, that helophytes are tol-
erant to partial, but not complete, anoxia, then it would explain

why there were no differences in the malate changes between helo-
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phyte and r >n-helophyte tissue during incubation under nitrogen.
In these ccnditions, the normally operating metabolic cdaptations
of the helcphytes to reduced oxygen supply can no longer continue,
and their 1:haviour in essence becomes that of a non~helophyte.
Since lack of oxygen retards the tricarboxylic acid cycle in non-
helophytes, with a consequent drop in malate level, thcen a sim-
ilar fall in malate is inevitable in the helophytes whenever the
conditions become coupletely anaerobic. Fig. 22b shows that there
was a deprcase in malate of this naturc when root tissues of Sen-

ecio aquaticus and kanunculus flammula were mncubated under nit-

rogen.

Table 9. Organic acid contents (n mole / g fresh weight) of
detached rhododendron leaves stored under ritroge~

in darkness. (From Bourne & Ranson 1965)

Time lactic acid  succinic ncid malic acid citric acid
Start 0.0L 0.2k 2.49 0.%2

1.5 hours 0.09 0.6k 1.99 1.28

3 " 0.09 0.7k 2.14 1.02

6 " 0.25 0.78 2435 faidd
12 # 0.28 101 2.05 0.86

Whilc the changes in lactate levels in flooded an? incubated

root material are therefore of importance, the relatively small
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magnitude o these levels suggests that lactate does not figurc
predominant’ly in the orgeric acid metabolism. Evidence from other
investigations shows that lactic acid is not as widesprcad in
plant tissucs as it is, for example, in animal tissues following
anaerobic rospiration. The normally ~ccepted end-product of an-
acrobic resniration in plants is ethanol. However, lactic acid
has been recorded and measured in potato discs during a perioc of
anaerobiosis, before the build-up of ethanol (Barker & cl Saifi
1953) and was formed during anaerobic respiration in the rhizome

of Bquisebum limosum (Barber 1957). In germinating peas the level

of lactic acid was found to Tluctuate as ethanol was formed and
metabolised (Cossins 1964). The pres=nce of lactic n~cid in grape-
vines has also been shown (Kliewer 1966). In general, though,

there are no accumulations of lactic acid in plant tissucs, and

whenever it is formed it tends to be as a result of anacrobic

conditions in species very adversely affected by anoxia.

SUCCINIC AC.D CHANGES

With the exception of Juncus effucus there werc no rises i=n

the succinir acid contents of the roo’s of helophytes after fc:r
days flooding. In all the flooded non-helophytes, however, there

were steady, if slight, rises in succinate throughout the flood
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period (Fig. 8). Previous workcrs have usually found evi-
dunce of succinate increases in tissues subjected to various lev-
els of oxygzn deficiency, and the general lack of any s:ich in: rease
in the flooded helophytes could indicate that these species are
avoiding whatever metabolic change is causing the succinate acc-
umulation in other species. Succinic acid has 4luvs becn fou &

to acecumulnte in carrot root and oat coleoptile at 20% 20, in 2ir,

2
but not in air itself (Table 10), and very similar results weie

obtained using the pulp of apples (T:»le 11).

Table 10, Occurrence of cuccinic acid in plant tissu:s aftcr
storage in gas mixtures. + indicates high (relative)
concentration, =~ indicates low concontration. (From

Ranson 1953)

Plant organ’ air 2-10% CO 20-90% CO Pere N., €0, ¢
: ¢ i 2 s of 2 2

storage tim> in air ia air 1% 02 in N2
Young carros root - - + +

(3 days)
Older carrc’ root - - + rs

(3 days)
Oat coleoptile - - < +

An explanation of this surcinatc accumilation in ai oxia ks
been suggested from acid changes in Ricinus mitochondri- prepcr-
ations. Whoreas in air (0.054 002) there is rapid conv csion

of citrate nto succinate, fumcrate &:d malate, in CO_ (oncent -
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rations above 20% the conversion to fumarate and malate is reduced
and succinate accumulated (Ranson, Walker & Clarke 1957). This
accumulation of succinic acid was shown to result from the inkib-
ition of succinic dehydrogenase at that 20% 002 level (Bendall,
Ranson & Walker 1958)o lore recent work has further shown that
in the absence of oxygen it is the flavin component of succinic
dehydrogenase which cannot be regenerated, so that the oxidation
of succinic acid itself becomes progressively retarded and succin-

ate accumulates (Effer & Ranson 1967).

Table 11, The quinic, succinic and malic acid content of purlp
of apples stored at 37°C under various CO2 concent~

rations, expressed as mg / 100 g fresh weight. (From
Hulme 1956).

Treatment Days Quinic Succinic lkalic Condition of tissue

Air 31 84.0 - 14222 no demage
105 Co, 31 87.5 6.4 15229 no damage
20% co,, 11 89.5 21.0 1,225 CO, damage

During the incubation of root tissues under completely an-
aerobic conditions there were succinate decreases in the two

helophytes, Ranunculus flammula and Scuecio aquaticus, and a slight

overall rise in the non-helophyte S. viscosus. Storage of detched

rhododendron leaves under similar conditions of complete anaero-



Ol

biosis was also accompanied by succinate accumulation (Table ¢).

The suceinate changes which have been followed in the exyeri-
mental material have not been of large magnitude, relative to the
changes in, say, malate. This is not unexpected, since althovzh
other workers have found succinic acid in several plant tissucs,

the quantities have generally been small. In Phaseolus coccirzsus

succinic acid occurs in the stem tissues, but in concentratiors
considerably lower than either malic or citric acid (Bentley 1952).
Succinatc has been detected at low levels (0.2 P mole / g fresh
weight) in maize root and wheat leaf, but not at all in carrob
root or beet root (MacLennan, Beevers & Harley 1963). In Vicia
faba it was detected in all tissues except the flowers (Schramnm

& Piatkowska 1961), and one of the few examnles of succinate #zc-

umulation was found to accompany carbon dioxide poisoning in : ples

(Hulme 1956).

SHIKIMIC ACID CHANGES

Shikimic acid was not detected i either helophyte. or nca-
helovhytes upon experimental flooding, nor upon incubation of

the root tissues in aerated and anaerobic conditions. Fowever,

when shikimic acid was found, in the roots and rhizomes of Iris

pseudacorus and Nuphar lutea, growing under natural concitions,
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it was usually the major acid present in those tissues. The levels
of shikimats altered during the year, and these changes have ¢l-

ready been shown in Figs. 18 and 19.

The shikimic acid content of the rhizome of I. pscudacor s,

which was always greater than that of the root, showed a steady
decrease from March to June. An identical change in levels we 3
found in this tissue by Henshaw, Coult and Boulter (1962) (sec
Table 6), who also found related changes in quinic acid during
the same period (see p. 66 for role of quinic acid as shikimic
acid precursor). The shikimic acid content of N. lutea rhizoi 2,
which fluctuated within the range of the root shikimate contert,
followed a similar downward course from February to lay. The

levels of shikimic acid in the roots of I. pscudacorus, althovsh

always less than 0.6‘P.mole / g fresh weight, also showcd a dc rease

from March to May.

The hi ‘h levels of shikimic acid in the submerged iissue:
of these lcge rhizomatous snecies, and the predominance of this
acid over all others, suggests that the shikimate plays an import-
ant role in an organic acid metabolism which is peculia™ to plints
such as Nuphar and Iris. Shikimic acid could function 25 o car-
bohydrate reserve in these tissues, with the high levelr of tl.:
acid being accounted for by the large amounts of rhizomc storage

tissues which adapt these plants to their predominantly set er riron-
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ment. The utilisation of this carbohydrate reserve would be reflect-.
ed in the shiikimate fluctuations obs rved in situ throughout the

year.

Under 2xperimentally induced nn~>robic conditions shikim? e
acid did not accumulate in Iris rhizome (Boulter, Coult & Henshaw
1963), so that if shikimate is being produced anacrobically it
must be utilised in further biosynthesis. The bulk of experimental
evidence shows that shikimic acid is an aromatic precursor, bcing
formed as an intermediatc between the carbohydrates formed by
photosynthcsis and aromatic ring compounds (Brown & Neish 1955,
Eberhardt & Schubert 1956, Hascgawa, Higuchi & Ishikawa 1960,
Isherwood 1963). The aromatic compounds are utilised in the form-
ation of a wide variety of secondory growth substances, incluv ing
lignin (Davies 1959, Neish 1960). It has also been shown tho'
in roses quinic acid can be convertcd to shikimic acid (Weinsiein,
Porter & Liarencot 1959), thus possibly explaining the relate’
changes in juinic and shikimic acids found in Iris rhiz 'me by

Henshaw, Ccult and Boulter (1962).

The er.act role of shikimic acid in plant organic acid metab-
olism has therefore yet to be clarified. Although at one time
shikimate was thought to be n rarely occurring plant acid, it has
recently boen identified in a large range of plant tissues (H-ttori,

Yoshida & Hasegawa 1954, Yoshida & Hasegawa 1957) and is now :.ore
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widely recognised. It has also been detected in grasse: (Rick rd~
son & Hulme 1955), in the Gymnospermac and some primitive families
of the Angiospermae, and in swome wmosses and ferns where often

considerable quantities are present (Kinzel & Walland 1966).

CHANGES IN CTHER ORGANIC ACIDS

The paper chromatograms of root cextracts from experimentally
flooded material, and of root and rhizome extracts taken from
field material, did not detect any organic acids other than tt >se
already measured by specific enzymic analysis. The cnzymic aaal-
ysis of some extracts for oxaloacetic =ecid also had negative res-

ults, which agrees with other evidence that oxaloacetatc does ot

accumulate in plant tissues (Davies, Giovanelli & Rees 1964).

It was therefore concluded that malate, citrate, lactate, succinate
and shikimate were the only important accumulating acids in th>
metabolism of the tissues studied, although several othcr cyclic
acids, such as aconitic, isocitric and fumaric, and extra-cyclic
acids;, such as oxalic, tartaric and malonic, are to be found ia
plant tissues (Ranson 1963). liost of these acids occur in small
quantities, although there are cxamples where one or other may
accumulate. For instance, tartaric acid is prevalent to the sme
extent as malic acid in the gravevine (Kliewer 1966), oxalate

is the major acid in Begonia secdlings (Crombie 1954) and for: :rte
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accumulates in the stinging nettle, Urtica dioica (Davies 1959).

OPERATION OF THE TRICARBOXYLIC ACID CYCLE

Theo rganic acid changes upon experimental and natural flood-
ing and aerobic and anaerobic incubation which have been described
above require explanation in terms of the oneration of possible-
involved metabolic pathways. Citric, succinic and malic acids
are all members of the tricarboxylic acid (TCA) cycle, and the
changes in levels of these acids may be examined in relation to

the operation of this acid.

Evidence for the operation of an active Krebs or TCA cycle
in plants, which was at first restricted to the particular ticsues
studied, such as pea seedlings (Davies 1953), potato tubers (Barker
& Hapson 1955), green shelled peas (Turner & Quartley 1956, Quartley

& Turner 1957) and root tissues of the swede, Brassica napus (True-

love 1962), has now become sufficient for the wide accentance
that the TCA cycle is functional in higher plants (Davies 1959,

Ranson 1963, Davies, Giovanelli & Rees 196L.).

It is possible for the lack of oxygen which accompanies flood-

ing to retard the TCA cycle, through gradual inhibition of the

oxidative steps involving nicotinamide-adenosine dinucleotide (NAD),
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or nicotinamide-adenosine dinucleotide phosphate (NADP) co-enzymes.
While these oxidative steps may continue for a short period in
anoxia by coupling with reductive reactions in the cells (Effer
& Ranson 1967), nevertheless continued lack of oxygen will grad-
ually increase their inhibition. It is probable, though, that
if there is no oxidative regeneration of the flavin component of
suceinic dehydrogenase during anoxia, that this flavo-protein co-
enzyme will be more rapidly and completely inhibited than NAD or
NADP. This latter effect will result in a build-up of succinate
(1), a block in the TCA cycle at that point, and a probable de-
crease in fumarate and malate levels while these two acids are

metabolised further (2), (3). In the flooded non-helovhytes the

oxidised reduced
(1) COOH. CH, . CH,, . COOH FHIRECRCRY, TLIRIICEOIN. et 00RO,
succinate SDH fumarate

(SDH - succinic dehydrogenase)

(2) COOH.CH.CH.COOH + HZO —~ > COOHQCHOH,CHQGCOQH
fumarase
fumarate malate

NAD NADH2
(3) COOH,CHOHQCHZ.Comﬂ <%—~>>=<ZL—~> COOH.C=0.CH,.CO0H
2
MDH
malate oxaloacetate

(MDH - malic dehydrogenase)
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acid changes fitted this hypothesis, for while there was an imm-
ediate increase in succinate upon flooding, there was an equally

rapid decrease in malate.

Experimental flooding, and the lack of oxygen that accompanies
it, did not have the same effect on the helophytes. There was
generally no succinate increase in these species, and rather than
a decrease in malic acid content there was a rapid and pronounced
rise in malate. If lack of oxygen was having a retarding effect
on the reactions of the TCA cycle, it would presumably be mani-
fested first in a succinate build-up following succinic dehydrogen-
ase inhibition, as in the non-helophytes.

)

Malate could accumulate at the expense of another acid aready
in the cells; or at the expense of a reserve food whose catabelism
gave rise to one of the TCA cycle intermediates (Ranson 1963).

Thus it is conceivable that rapid protein catabolism could yi-1ld
quantities of  ~ketoglutarate sufficient for transf rmation iithin

the TCA cyc”.e and subsequent accumulation as melic acid (4), (5).

NAD NADH, CO

(4) COOH.CH

2 2
.CH . C0.COCH \\*’jﬂ ’/ﬂ > COOH.CH,.CH,.CO.CoA
g2 KDH 2 2
~-ketoglutarate succinyl CoA

(KDH - ketoglutarate dchydrogenase)
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ADP+P  ATP

(5) COOH.Ci,.CH,.CO.CoA N/ > COOH. CH,,. CH.,. COOH

succinyl CoA succinate

Thereafter: succinate — fumarate — malate

The loss of TCA cycle intermediates during anaerobiosis wmay
also be through leakage of the acids from the roots as a result
of cell membrane injury (Hiatt & Love ﬁ967)n On the other hanad,
Grineva (1961) concluded that excretion of these intermediates

was an active process.

METABOLIC PATHWAYS INVOLVING MALIC ACID

Malic acid levels can be affected by rcactions involving
carbon dioxide fixation in plant tissues. There are three mech-
anisms of ¢ rbom dioxide fixation in plants. The 'malic enzy.e!
catalyses the decarboxylation of oxaloacetate at acid pH (6).

o

: hin
(6)  COOH.CO.CH,.COOH === COCH.C0.CH, + 00,

oxaloacetate pyruvate

Oxaloacetate and malate are interconvertible in the pres:cace

of malic dehydrogenase (3), so that the net reaction catalysed



12.

by the malic enzyme' is: (7) (Vennesland & Conn 1952).

-
(7) CH3.COUCOOH + C02 + NADPH,, . COOH.,CHQ,CHOH,COOH + N.DP
pyruvate malate

The above reaction is fully revcrsible, and the exwent of

CO, fixatioa is determined by the ratio NADP / NADPH o

Oxaloacetate can also be formed by carbon dioxide {ixatiin
to phospho-cnolpyruvate (PEP), catalyvsed by pepcarboxyl-se (8.

4+

[k ’
0 + CO2 == CO0H.CH,.C0.CO0H + I

PO

(8) CH2.CO.,P03.HZCOOH + H 3P0,

2
PEP oxaloacetate

The egnilibrium of the above res>tion is strongly ‘n fav. ir

of carboxylation.

Fixati n of carbon dioxidc to PT 2 can also be cata ysed by

pepcarboxykinase (9).

.+t
. ig : )
(9) CH,,.C0.PO;.H,.COOH + ADP +C0, ==S=> COOH.CH,.C0.COOH - ATP

PEP oxaloacet:te

In the pepcarboxykinase rcaction, photosynthetic utilisail ion

of carbon dioxide would lead to malat> disappearance and synthesis
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of carbohydrate from organic acids. On the other hend, increase

in carbon dioxide would lead to malate formation.

The widespread occurrence of the 'malic enzyme' , pepcarboxy-
kinase and pepcarboxylase in plant tissues (Davies, Giovanelli
& Rees 1964), and the readily available interconversion of oxalo-
acetate and malate by malic dehydrogenase, suggest that carbon
dioxide fixation could have a considerable influence on malate
levels in plant tissues. The metabolic switch which leads to
malate accumulation in helophytes upon experimental flooding may
involve somz of the reactions outlined above. For instance, the
increased carbon dioxide levels which accompany oxygen reductions
in waterlogged soils could lead to oxaloacetate (and hence malate)
formation by the pepcarboxykinase reaction described above (9).
Upon the return to non-flooded, aerated conditions, the photos /n-
thetic utilisation of carbon dioxide would shift the equilibriam
of the pepcarboxykinase reaction, and the accumulated malate would
be metaboli- 2d to carbohydrate. Upon cxperimental flooding ir
the non-helophytes there is no switch to malate accumulation,
but increases in the activities of alcohol and malic dehydrogen-
ases (Crawford & lickanmon 1968). It appears that the acetaldehyde
produced from the anaerobic breakdown of pyruvate (10) is being
metabolised to ethanol (11). There is evidence that flood int>l-
erant species are stimulated to greater alcohol dehydrogenase

activity by acetaldehyde, but that this effect is not so marked
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in flood tolerant species (Crawford & liclianmon 1968, Crawford 1969).

(10)  0H,.CO. COOH carboxylase Ciiy.CHO + CO,
pyruvate acetaldehyde
. ADH
(11) CH5nCHO +  NADH, > CHy.CH,O0H + NAD
acetaldehyde ethanol

(ADH - alcohol dehydrogenase)

It is therefore suggested that, whereas intolerant species
cannot adapt to periods of experimental flooding and produce towic
quantities of ethanol, flood tolerant species can switch their
metabolism to accomodate an accumulation of non-toxic malic acid

for the duration of the anaerobic period.

METABOLIC PATHWAYS INVOLVING SUCCINIC ACID

The rise in succinic acid in experimentally flooded non-h :lo-
phytes has already been discussed in terms of the inhibition of
the flavin component of succinic dehydrogenase by an oxygen defic-
iency, and has been reported by Crawford and Tyler (1969). It
is therefore probable that the aerobic respiratory steps of thn
ICA cycle are retarded upon flooding in non-helophytes, and that

evidence of this effect is a build-up of succinate and a decrease
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of malate, which is further in the cycle than succinate. This
blockage of the TCA cycle was found in all the experimentally flood-
ed non-helophytes, and represents one of the adverse effects of

flooding in these species.

METABOLIC PATHWAYS INVOLVING LACTIC ACID

Although lactic acid is not generally found in higher plaats,
it may be detected in the tissues during periods of anaerobiosis
(Kenefick 1962). With blockage of the oxidative steps of the
TCA cycle upon anoxia, pyruvate may go straight to lactic acid
formation (12).

LDH

5.,CO..COOH + NADH2 i CHZ.CHOHQCOOH + NAD

pyruvate lactate

(12) cH

(LDH - lactic dehydrogenase)

In the present work there was evidence of the anaerobic form-
ation of lactic acid in experimentally flooded non-helophytes n~nd
in root tissues under nitrogen incubation. The quantities of
lactate so formed were generally small, and other experimental
evidence (lMcManmon 1969) reports only small activities of lactic

dehydrogenase in flooded root tissues.
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PATHWAYS INVOLVING ETHANOL

The anaerobic utilisation of pyruvate may go via acetaldce-
hyde (10) to cthanol (11) (Ranson 1953). Thomas (1925) found
ethanol and acetaldehyde accunulating in apple cells in the ab-
sence of oxygen, and tomato fruits under anaerobiosis also dcvel-
oped increased quantitics of acetaldehyde and ethanol (Gustafson
193)). fThere are therefore several instances of ethanol formation
in plant tissues during periods of anaerobic respiration, and in
the present work there was a rapid increase in ethanol content

in the excis. d roots of Senecio sguidus incubated under nit-rogen

(Pig. 26). Similarly, ethanol was formed in barley roots in nit-
rogen (Nance 1949) and Crawford (1967b) demonstrated ethanol pro-
duction under nitrogen in several species which had been found
intolerant of experimental flooding. The ethanol ;production n
flood tolerant plants during periods of oxygen scarcity was mich
less (Crawford 1967b) and therefore sets them apart from the lood
intolerant species in their avoidance of this type of anaerob'ec

respiration.

The disadvantage of anaerobic respiration lies not only in
the production and accumulation of possibly toxic products such
as ethanol, but also in its inefficient utilisation of carbohyd-
rates. Anacrobic respiration requires a greater rate of carbo-

hydrate breakdown than does aerobic respiration for the liberation
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of the same amount of energy (Grable 1966, Larkum & Loughman 1969).
This phenomenon, known as the Pasteur effect, was first demonstrat-
ed in yeast cells, but has also been found to operate in higher
plants such as maize (Neal & Girton 1955). The avoidance of the
Pasteur effect in flood tolerant plants is therefore to their
advantage d..ring periods of flooding, when flood intolerant plants
are suffering from a reduced energy yield and are competitively

less vigorous.

There is some evidence for the conversion or further metab-
olism of the products of anaerobic respiration, for the ethanol
which accumulates when pea seeds imbibe water prior to germination
may be subsequently metabolised by the germinating seedling (Cossins
& Turner 1963). The conversion of ethanol~1~014 was followed in
several tissues, including carrot discs, pea cotyledons, castor
bean endosperm, potato tubers and corn coleoptiles, and the results
suggested its conversion to acetyl co-enzyme A (Cossins & Beev rs
1963). This acetyl co-enzyme A could then be further metabolised
by the established pathways. In addition, plants grown under
continuous and prolonged lack of oxygen supply to the roots do
not exhibit the high ethanol content found in normally grown plants
subjected to short term severe oxygen dificiencies (Aubertin,
Rickman & Letey 1966). This latter finding moans that not only
is the ethanol which forms initially upon oxygen deficiency metab-

olised further, but that thereafter some other metabolic routc
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other than to ethanol production must be operating.

Even allowing for the possible utiliaation of fermentation
products in further metabolism, the reduced energy yield of an-
aerobic respiration comparcd with aerobic respiration and the
accumulation of toxic products such as ethanel impart definite
disadvantages to those tissues in which it occurs. While the
switch to anaerobic respiration may be to overcome merely intcr-
mittent periods of anoxia, nevertheless those plants which can
evadc anaerobic respiration altogether .are at an advantage, and
there is cevidence that beneficial adaptations of this nature oper-
ate with regard to flood tolerance. Under anaerobic conditions
the roots of species intolerant to flooding showed marked increases
in carbon dioxide and ethanol production, and an increase in al-
cohol dehydrogenase activity (Crowford 1966, Crawford 1967b, Craw-
ford & Mclanmon 1968)° Under similar conditions there were none
of these responses in the flood tolerant species, and it is suzg-
ested that it is this avoidance of anaerobic respiration which

helps their survival during periods of flooding.

INFLUENCING FACTORS OTHFR THAN ANAYROBILOSIS

While considering the cffect of flooding-induced anaerobiosis

on the organic acid component of root tissue metabolism, it is
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also important to consider any other factors which might be affecting
the acid levels., One such factor is the cation-anion balance in

the root tissues.

The absorption of cations and anions by plant roots does
not necessarily occur at cqual rates from even a single salt sol-
ution, and preferential absorption of ions from the external en-
vironment is not an uncommon phenomenon (Jacobson & Ordin 195.4).
Since the totel charge of the ions inside plant cells must be
electrically equal to zero, there must be mechanisms availablc
for maintoining cation~anion equivglence following unegual ion
absorption. Notwithstanding exchange for previously absorbed
ions, the maintainance of ion balancc mey depend upon metabolic
changes within the root, and there is evidence that the most im-
portant mecans of ion compensation lies within alterations to the
malic acid fraction of the organic acids of the roots (Jacobsca
& Ordin 1954). Excess cation uptake, relative to anion uptake,
has been shown to result in an increase in TCA cycle acids (Jchn~-
son, Jackson 2 Adams 1963), and when excess anion uptake occurs
there is likewise a decrease in the acids. Changes in cell sap
pH, which were proportional to organic acid changes in the roots,
were induced by unbalanced ion uptake in exciged barley roots

within 15 minutes (Hiatt 1967).

The acid changes which result from excess cation or anion
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uptake probably occur within cell vacuoles (Torii & Laties 1966).
Certainly, the normal functioning of the TCA cycle cannot account
for the changes, as malic acid is a member of the cycle, and some
pool system has to be visualised to accommodate the malate increases
and decreascs which have becn obscerved. It is also unlikely that
organic acid production upon excess cation uptake occurs through
the oxidative deamination of amino acids, for in excised barlcy
roots there was no correlation betwecn the formation of organic
acids and that of ammonia or amides; as would have becn necessary

to support this theory (Ulrich 1941).

It could be argued that, since excess cation uptake can lead
to increased malic acid content in the roots, the observed rire
in malate luvel in the roots of flood:d helophytes may be a r¢ -
lection of ‘ncreased cation uptake following the provision of
Hoagland®s .olution. However, it mus’ be pointed out that anj
increase in the rate of cation uptake in turn suggests that t! >
rote of res iration in the root tissv:s has incrcased. TFurthc -
more, this ‘ncrease in tissue respiration upon flooding in the
helophytes can be compared with the situation in the flooded : n-
helophytes, where there has becn no iicrease in malic acid, hc ace
no increascd cation uptake and hence no increase in the rate c?
respiration. In other words, the validity of the theory that
flood tolerance in roots can be related to aspects of the organic.

acid metabolism is not affected by any acid change brought about



81.

by unbalanced ion absorption.

A further influencing factor on the organic acid levels has
been mentioned earlier, namely that of a role in carbohydrate
storage. Thec high levels of shikimic acid in the large, fleshy

rhizomes of Iris pseudacorus and Nuphar lutea suggest that changes

in levels of this acid, and orobably of malatc also, are more
related to the utilisation of carbohydrate. reserves than to path-

ways concerned with flood tolerance.

Orgenic acid fluctuations in plant tissues may be also atorib-
uted to 'compartmentation' of these acids into 'pools' within tho
cells. The presence of such pools, where large amounts of individ-
val acids are physically remote from the resviratory centres, has

been demonstrated in root tissucs in maize, carrot and beet (Table 12).

Table 12. Amounts of individual acids estimated to be in turn-
over pools (P mole / g fresh weight). (From MacLennan,

Beevers & Harley 1963).

Acid maize root carrot root beet root wheat leaf
(1st cm)

Citric 0.35 0.60 0.86 0.09

Sucecinic 0.18 - - 0.15

Malic 1.95 0.80 0.76 0.39
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In the present work the large changes which were found in
several of the acids indicate that they could not be storage prod-
ucts isolated from active cell metabolism, and the formation of

new acids wust have been in the cytonlasm and not isglated from

enzynes.

METABOLIC ADAPTATIONS WITH REGARD TO iCOLOGICAL AMPLITUDE

Plant species which are metabolically adapted to withstand
periods of adverse conditions, such as flooding, are at aun advan-
tage over those in whom there is no such adaptotion. The forrer
type of plant may survive and even flourish in a habitat where
a temporary, short-term period of flooding excludes those non-
adapted, non-tolerant species. The distribution of species i:
and around such sites illustrates their ecological amplitude in
respect of flooding. For example, within the genus Erica, experi-
mental flooling retards the growth ani may even kill L. cinerch,

but does not affect L. tetralix, and in the field those sites

supporting ¥. tetralix tend to be waterlogged, yet those suppcot-
ing E. cinerea much drier (Bannister 1964a, 1964b). In addit:on
to interspecific differences there may also be intraspecific cnes,

for in Senecio vulgaris the flooding tolerance of a garden rac=

was found to be greater than that of & sand-dune race (Crawforl

1966). This intraspecific difference in tolerance to flooding.
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which in the previous example was ascribed to the ability or other-
wise to avoid periods of glycolysis, indicates some of the range

and potential of metabolic adantations.

One of the advantages of metabolic over morphological ad .pt-
ations is that the former operate only when conditions make it
necessary, and at other times and under normal conditions the
metabolism of adapted and unadapted plants would be indistinguish-
able. Under times of stress, such as flooding, the species which
can adapt its metabolism does so for as long as the conditionns
persist, then reverts to its normal metabolism, leaving the n-n-
adapted plant checked in its growth and perhaps even killed thirough
its inability to avoid the ill-effects of the particular stress.

It is easy to visualise that even a temporary check on growth

will put the non-~-adanted plant at a permanent disadvantage, espec-
ially if, say, the causal effect was a period of flooding in spring
when growth is normally most vigorous. It can thus be seen how
the adapted plants can survive and flourish in areas from which
the non-adapted ones are excluded, even though the particular
metabolic adaptaetion is in operation for only a small part of the
time. Morphological adaptations, while enabling o plant to sur-
vive in areas from which it would otherwise be excluded, do not
have the plasticity in operation of metabolic adantations. Morph-
ological adaptations cannot be switched on and off in response

LA
to changes in conditions and are therefore more suited to a par-
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sistent env.ronmental stress rather taan a temporary onc.

Metabolic adaptations to adverse conditions other than flood~
ing have been observed, and have shown some similar points of

interest. Ior example, populations of Agrostis tenuis capable

of growing in lead contaminated soil could be taken from those
growing naturally in a lead mine, whereas populations from nor-
mal pastures could not tolerate the exnerimental levels (Bradshaw

1960). Similarly, povrulations of Agrostis tenuis and A. stolon-

ifera from sites contaminated by heavy metals were tested for
tolerance to copper, nickel, zinc and lead, and each populatiocn
showed a marked degree of resistance to poisoning by the metals
known to be present in the collection sites (Jowett 1958), Inver-
specific differences have plso been described, as in the incre~sing

tolerance of aluminium shown by Agrostis stolonifera, A. tenuis,

A. canina ani A. setacea vespeclively (Clarkson 1966). Further-

more, intra-specific differences in rcsistance to aluminium tox-
icity have been shown by ryegrnss varisties (Vose & Rand:ll 1962).
Apart from these results in higher plants, there is also the res-
istance to greatly increased copper levels in the soil as shown

by the 'copper mosses' Dryptodon atratvs and Mielichhoferia elon-

gata (Martensson & Berggren 1954). A lifferent type of netabolic

adaptation has been reported in Polygenum bistortoides, there thae

alpine plants have higher respiration rates than the coastal ones

in order to adapt to the thermal regime of the environment (Mocney
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1963). Thus not only are metabolic ndaptations more likely t»
operate only when the conditions necessitate, but they can in-lude
tolerance to o wide range of adverse effects against which thhre

is no morphological adantation.

The widening range of metabolic ~daptations that have bewun
reported confirm the existence of physiologically different p p-
ulations, or ‘'edaphic ecotypes' (Bradshew & Snaydon 1959, Snardon
& Bradshaw 1961). Wherc therc are these differential rcsponses
to environmental factors within species themselves, then it fellows
that those nopulations possessing the ability to responil to some
particular stress will be ecologically favoured, and heve a great-
er amplitudz than those populations without the ability. Temp~
orary flooding of the habitat is an ¢ -ample of such an environ-
mental stress, and the metabolic adar tations possessed by some
plants to withstand this adverse confition are factors *n their
ability to invade these waterlogged rites and extend th-ir ecol-

ogical rang:.

CONCLUSIONS

The work described in this thes! s has attempted to study

the organic ccid metabolism of the rrots of higher planss in v2latica

to their flooding tolerance. Wicro-cstimations of the wrarious
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organic acids have indicated that there are fluctuations in their
levels which 6an, in some part, be attributed to periods of fIood-
induced anaerobiosis in the roots. The organic acid metabolicm
of flood tolerant species differs upon flooding from that of non-
tolorant aspecies, and it is suggested that these changes are part
of the metabolic adantations possessed by the former group which
enable them to compete sueceessfully in habitats prone to water-

logging.

The acid levels in the root tissues tend to follow the gcn-
eral pattern for all plant tissues, with malic > citric » succinic
> lactic. The relation of the acid metabolism to flooding tcl-
erance lies in the succinate increase in flooded non-helophytes,
which suggests an inhibition and block of the TCA cycle, and the
malate incrcase in flooded helophytes, which suggests continuc?
respiratory activity with the temporary provision for malic ac'd
accumulation. These acid changes were rapidly induced bty the
flooding treatment, and in the helophytes this is important no%
only from th¢ viewpoint of a survival mechanism upon the onset
of flooding, but as a means of quick and reliable prediction of

a plant's flood tolerance.

The latter point can be wxpanded to cover the probl m of
flood tolerance in cultivated plants, for as long as spring fl~od-

ing continucs to cause loss and damage to crops then any means
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of increasing the plants' resistance to flood injury is worthy
of investig~tion. There are several reports on the adierse (Ifects
of spring flooding on different clovers, and indications that
some of these varieties mossess greater tolerance to flooding
than others and are therefore more suited to flood-pronc areas
(McKenzie 1951, Bendixen .2 Peterson 1962, Hoveland & Websbter 4 )65).
The present work suggests that if strnins of a particular species
are flood tolerant, they can be detectecd on the basis of their
organic acid metabolism upon experimental flooding. A progran e
of plant breeding in which selecction was for the ability to ad.pt
metabolically and withstand flooding could then produce the sc¢.d
material requircd for use, in prefereice to that of susceptible
strains, on ground prone to periods of waterlogging. The segre-
gation of physiological characteristics is as feasiblce o3 that of
morphologicnal ones (Hiesey & Milner 1¢55). Selection for resis-
tance to aluminium has already boen reported (Vose & Randall 1962),
and Marshall and Millington (1967) have successfully crossed strains
of clover for the production of increased flood toleranc. in the

progeny .
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The organic acid metabolisi of the roots of wet-lan?
species (helophytes) and that of dry-land species (non-
helophytes) has been examined in relation to their toler-
ance to periods of experimecntal flooding. Growth differ-
ences between helophytes and non-helophytes were apparent
only after an 18-day flood pericd, yet within four deys of
flooding differences could be observed in the levels of cer-
tain organic acids. Flooding in helophytes increased the
level of root malic acid, and dccreased that of succinic
and lactic acid, whereas the reverse was found in non-he’ o~

phytes.

There was evidence that under natural flooded conditions
the root tissues of some wet-land species contain larger
amounts of malic acid than when the flood water has receced
and ground aeration improves. Shikimic acid has been detect-
ed in aquatic macrophytes and tle fluctuating levels of shik-

imate in Iris pseudacorus and Nuphar lutea are discussed.

The organic acid changes related to flood tolerance
operate only under partial anoxia, and under the strictly
anaerobic conditions imposed by incubation of root tissuc
under nitrogen, there was a general reduction in all acid

levels except lactate.
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It is suggested that non-helophytes cannot tolerate
flooding through an inability to continue TCA cycle respir-
ation during periods of reduced oxygen supply, and through
the poisoning effects of ethanol accumulation. Helophyte
species apvear to be metabolically adapted to overcome pcr-
iods of flood-induced anoxia, and tissue resviration contin-
ues with the provision for malic acid accumulation and nc

build-up of ethanol.

A tolerance of flooding, involving adaptations of tho
organic acid metabolism of the roots, has been demonstratad
in helophyte speciecs. This metabolic adaptation is rapicly
induced, thus offering immediate protection upon flooding
anoxia, and its importance in determining the ccological
amplitude of a snecies and its possible role in future pro-

duction of flood tolerant strains, are discussecd.
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HOAGLAND CULTURE SOLUTION

From Thomas, Ranson and Richardson (1956).

Reagents: A. Solution of essential macronubtrients.

ml in 1 litre of nutrient solution

M/ 4 KH,PO, 1
/4 KNO,, 5
/4 Ca(N03)2 5
/1 lig80, 2

B. Solution of esscntial micronutrients (less iron).

g dissolved in 1 litre of water

H5BO3 2.86
Mn012,4320 1.8
ZnSOAO7H20 0.22
Cu804°5H20 0.08
HZMOOA'HEO 0.09

Method: To each litre of solution A, 1 ml of solution B is added,

so giving ppm. of the micronutrients as stated in brackets: boron (0.5),
manganese (0.5), zinec (0.05), copper (0.02) and molybdenum (0.05).

Iron should be added in the form of 0.05% ferric tartrate solution,

at the rate of 1 ml per litre. The reaction of the solution should

be adjusted to pH 6.0 by adding 5% KOH or 0.1N H,SO, .

27k



(ii)

ENZYMIC DETERMINATION OF MALIC ACTD

From Bergmeyer (1963).

Reagents: liydrazine-glycine buffer (0.4 M hydrazine; 1 M glycine;
pH 9.5). Dissolve 7.5 g glyecine, 5.2 g hydrazine sulphate
and 0.2 g EDTArNaZHé.ZHzo in distilled water and dilute to
100 mL. This stock solution is stable and small portions
can be adjusted to pH 9.5, using 2N NaOH, as required.

Malic dehydrogenase (MDH) (Commercial preparation).

Nicotinamide~adenine dinucleotide (NAD) (Commercial preparation).

Method :

Malate + NAD <_f§§£__ oxaloacetate + NADH

The arount of NAD reduced to NADH is determined from the

change in cxtinction (AT ) at the end of the reaction, meas-

1 em
ured on the spectrophotometer at 334 nm. The AE ¥ i for 1 u

mole of malate is 2.0. Test reactions are carried out as shown:

Guvette I IT  IIT

Glyciras buffer 1.9 1.9 1.9
Extract 0.5 0.25 0.0
H20 0.5 0.75 1.0
NAD 0.03 0.03 0.03
MDH 0.03 0.03 0.03

Total volume in nml 2.96 2.96 2.96



{i11)

ENZYMIC DETERMINATION OF LACTIC ACID

From Bergmeyer (1963).

Reagents: Hydrazine-glycine buffer (0.4 M hydrazine; 1 M glycine;
pH 9.5). Dissolve 7.5 g glycine, 5.2 g hydrazine sulphate
and 0.2 g EDTArNa2H2,2H20 in distilled water and dilute to
100 mLl. This stock solution is stable and can be adjusted
to pH 9.5, using 2N NaOH, as required.

Lactic dehydrogenase (LDH) (Commercial preparation).

Nicotinamide-adenine dinucleotide (NAD) (Commercial preparation).

Method:
LDH .
Lactate + NAD =—=—=— pyruvate + NADH
The amount of NAD reduced to NADH is determined from the change
in extinction ( AR 4 cm) at the end of the reaction, measured on
the spectrcphotometer at 334 nm. Th@AAE}1 i Por 1 P mole lactate

is 2.0. Tect reactions are carried out as shown below:

Cuvette I LZ i
Glycine buffer 1.9 1.9 1.9
Bxtract o P 0.25 0.0
H20 05 0.75 1.0
NAD 0.03 0.03 0.03
LDH 0.03 0.03 0.03

Total -~lume in ml 2,96 2.96 2.96



(iv)

ENZYMIC DETERMINATION OF OXALOACETIC ACID

From Bergmeyer (1963).

Reagents: Triethanolamine buffer (0.4 }; pH 7.6). Dissolve 18.6 g
triethanolamine hydrochloride in about 200 ml distilled water,
add 3.7 g EDTA—N&2H2.2H20 and about 18 ml 2N NaOH to adjust
the pH to 7.6. Dilute to 250 ml with distilled water.

Malic dehydrogenase (MDH) (Commercial preparation).
Reduced nicotinamide-adenine dinucleotide (NADH) (Commercial

preparation).

Method:

oxaloacetate + NADH ;;:EQE:E malate + NAD

The amount of NADH oxidised to NAD is determined from the
change in extinction (AR 4 op) &b the end of the reaction, meas-
ured on the spectrophotometer at 334 nm. The AJE1 o O 1 p mole

oxaloacetat:e is 2.0. Test reactions are carried out as shown below:

Cuvette L IT ITT
Triethanolamine buffer 1.9 1.9 1.9
Extract 0.5 0.25 0.0
H20 0:5 0.75 1.0
NADH 0.03 0.03 0.03
MDH 0.03 0.03 0.03

Total volume in ml 2.96 2.96 2.96



(v)

PRZPARATTION OF ACONITASE ENZYME

From Bergmeyer (1963).

Reagents: 90% acetone.
Citrate buffer. 0.004 M citric acid; add 0.1 k NaOH to adjust

the pH to 5.8.

Method: The ventricular muscle of a freshly killed pig's heart
was homogenised with three times its own volume of chilled citrate
buffer. The homogenate was left to stand at 490 for 20 minutes,
then centrifuged at 9,000 r.p.m. at 0°C for 20 minutes. The super-
natant was decanted, then chilled 90% acetone was added to make
the concentration of acetone up to 35%. After standing at 4°C
for 20 minutes the preparation was centrfuged at 9,000 r.p.m.

at -5°C for 20 minutes, decanted and chilled 90% acetone added

to the supernatant to make the concentration of acetone up to

L5%. After standing at 4L°C for a further 20 minutes, centrifuging
at 9,000 r.n.m. at -10°C for 20 minutes and deconting, the precip-
itate was dissolved in chilled distilled water to give an aqueous
solution of aconitase. The activity of the enzyme preparation,
which is retained for almost two weeks at AOC, was checked with

a known citrate solution before use on test solutions.




(vi)

ENZYWMIC DETERMINATION OF CITRIC ACID

From Bergmeyer (1963).

Reagents: Tris buffer (0.1 M; pH 7.4). Disslove 6.047 g tris-
hydroxymethyl-aminomethane in 100 ml distilled water, add
0.186 g of EDTA-Na H,.2H,0, adjust to pH 7.4 with approx-

imately 22 ml 2N HCLl and dilute to 500 ml with distilled

water.
Manganous sulphate (0.02 ). Dissolve 67.6 mg 1nS0, .H,0
or 74.8 g MnSOh.ZHgo in distilled water, and make up to 20 ml.

Potassium-sodium tartrate (0.3 M; pH 7.4). Dissolve 8.467 g
KN&CLH49674H2O in 50 ml distilled water, adjust to pH 7.4
with 1N KOH and dilute to 100 ml with distilled water.
Aconitase (see p.v.)

Isocitric dehydrogenase (IDH) (Commercial preparation).
Nicotinamide-adenine dinucleotide phosphate (NADP) ( Commexr-
cial preparation).

Method: o4
aconitase(Fe“")

citrate + NADP = & ~oxoglutarate + €O, +

2
NADPH + H

P ¢
IDH (")

The amount of NADP reduced to NADPH is determined from the

change in extinction (AE ) at the end of the reaction, meas-

1 cn
ured on the spectrophotometer at 334 nm. The AT i for 1 n

mole of citrate is 2.0. Test reactions are carried out as shown




below:

Cuvette

Tris buffer
Manganous sulphate
Tartrate solution
Aconitase

Extract

H20

IDH

NADP

Total volume in ml

0.8
0.1
0.1
0.1
0.5
Red
0.03
0.1

5.05

IT
0.8
0.1
0.1
0.1

0.25

0.03
0.1

3.03

B 52 &
0.8
0.1
0.1
0.1
0.0
1.8
0.03

0.1

5.03

(vii)



(viii)

PREPARATION OF SUCCINIC DEHYDROGENASE ENZYME

From Rodgers (1961).

Reagents:; Phosphate buffer (0.01 M; pH 7.4 and 0.06 M; pH 7.0).

, - 5
Made up with KH2P04 and Na2¢0

L
Method: 50-100 g of freshly killed pig's heart ventricular nmuscle
was minced and washed four times with 10 volumes of ice-cold phos-
phate buffer (0.01 M; pH 7.4). The suspension was filtered through
muslin under reduced pressureaftcer each wash. This washed tissue
could be stored for several weeks if deep frozen. For use, the
preparation was resuspended in phosphate buffer (0.06 M; pH 7.0),
homogenised for 24 minutes in a Waring Blendor and filtered through

muslin. The homogenate remained active for only a few hours,

even when kept at 4°C, and should therefore be used immediately.



(ix)
ENZYMIC DETERMINATION OF SUCCINIGC AGID

From Rodgers (1961).

Reagents: Phosphate buffer (0.06 M; pH 7.0). Made up with KH2P04

and NaéHPOA.

Standard succinic acid solution, 0.1 ml. Succinic acid is
dissolved in phosphate buffer (0.06 M; pH 7.0).

Succinic dehydrogenase (see p. viii.)

Cyanide reagent. 2.72 g of KHQPO#, 1 g of crystalline bovine
plasma albumin, and 60 mg EDTA are dissolved in 900 ml dis-
tilled water, the pH adjusted to 7.0 with KOH, 780 mg KCN
added end the mixture diluted to 1 litre.

2:6 dichlorophenol-indophenol indicator solution. Stock

solution (0.15%) is diluted 1:10 with phosphate buffer (0.06 M;

pH 7.0) immediately before use.

Method: The method is based on the reduction of 2:6 dichlorophenol-
indophenol by succinic acid in the presence of succinic dehydrogen~
ase. The measurement of the extinction change of the dye is meas-
ured on the spectrophotometer at 600 nm. Although the calibration
curve showing the relation between the amount of succinic acid

added and the resulting change in extinction (AR ) at the

1 om
end of the reaction is always linear, the slope varies from one
enzyme preparation to another. Test reactions are therefore carr-

ied out as shown below, with the inclusion of a set of succinate



(x)

standards. A typical standard curve is shown in Fig. 27.

The activity of the succinic dehydrogenase is rapidly lost
after preparation, and enzyme homogenates taking longer than 20
minutes to complete the oxidation of 0'1,P mole of succinic acid
should be discarded. It is convenient to set up the reaction tubes
in sets of 20, including the calibration tubes, and measure the

extinction values serially at one minute intervals.

Tube no. 1 2 3 I 5 6 7

cyanide reagent 1.0 1.0 1.0 1.0 10 10 10

dye - 1.0 1.0 1.0 10 1.0 i.0
buffer pH 7.0 3.0 2.0 1:5 1.0 - 1,0 1.0
succinate soln. - - 0.5 1.0 2.0 - -
sample - - - - - 1.0 0.5
SDH 2.0 2.0 2.0 2.0 2.0 2.0 2.0

Total vol. in ml 6.0 6.0 6.0 6.0 6.0 6.0 6.0

After 20 minutes the extinction of the contents of tube no. 2
(the blank reaction) is measured in a 1 cm cuvette against the
contents of tube no. 1. The extinction values of the remaining
tubes are also measured against the contents of tube no. 1, and

the values corrected for the extinction of the blank.



(x1)
MICROCOLORILETRIC DETERMINATION OF SHIKTMIC ACID

From Yoshida and Hasegawa (1957).

Reagents: Periodate reagent. Dissolve 160.5 mg sodium periodate
in 25 ml freshly prepared acetate buffer.
Acetate buffer (pH 4.7). Mix equal volumes of 1N acetic
acid and 1N sodium acetate.
Ethylene glycol solution. Dissolve 1 ml ethylene glycol in
100 ml distilled water.
Aniline solution. Saturate distilled water with freshly
distilled aniline at 25°C and take the aqueous layer. This
solution should be freshly prepared before use.

Absolute alcohol.

Method: 1 ml periodate reagent was added to a test tube contain-
ing 1 ml neutral solution of shikimic acid (AO—ZOOlpg / ml). The
tube was placed in a water bath at BOOC for 15 minutes, then 1 ml
ethylene glycol solution added and the tube maintained in the above
conditions for 5 minutes. After removing from the water bath,

1 ml aniline solution was added to the tube, ond it left stand-

ing at room temperature for 5 minutes. 5 ml of absolute alcohol
were added, with thorough mixing, and a clear red solution was
formed. The opticel density of the solution wes determined at

510 nm. The absorption maximum of the pigment is sharp and the




(A4}
optical densities are proportional to the quantities of shikimic
acid between 40 and 200 pg / ml (good results have been obtained
down to 10 s / ml). Shikimic acid standards were run with each
set of determinations, since fluctuations in the optical densities

occurred betwecn those carried out under even slightly different

conditions. A typical standard curve is shown in Fig. 28.



(xiii)

PAPER CHROMATOGRAPHY OF ORGANIC ACIDS

Paper: Whatman no. 1.

Solvent: From Higgins and von Brand (1966).

Propanol / eucalyptol / formic acid / water in the ratio:

50/ 50 / 20 / 5.

Indicator reagent: From Carles, Schneider and Lacoste (1958).
Aniline-glucose. Dissolve 2 g glucose and 2 ml aniline in
200 ml distilled water. To this solution add 20 ml 95% eth-

anol and 60 ml butanol.

Method: . The chromatography cabinet was equilibrated with the
solvent for at least 24 hours. An ascending run of approx-
imately 30 cm took 20~22 hours at room temperature, after
which the solvent was dried off by placing the paper in an
oven at 115°C for 1 hour. The dried paper was sprayed with
aniline-glucose reagent, then returned to the oven at 1150C
for 5 minutes. The development of brown spots indicated
where organic acids were present. A copy of a typical chro-

matogram of known organic acids is shown in Fig. 29.

Using the technique described above the following Rf values

and lower limits of demonstrability were obtained:




(xiv)

acid Rf value lower limit of demonstability

20 e 10 Pe 5 e

succinic 0.71 + & -
lactic 0.69 + o+ -
malic 0.45 + + +
eitric D7 + % +
shikimic 0«23 + + ¥

In the chromatogram of an acid mixture containing 5 P& of

each acid, the succinate and lactate spots were indistinguishable.




(xv)

ENZYMIC DETERMINATION OF ETHANOL

From Bergmeyer (1963).

Reagents: Semicarbazide-glycine buffer. Dissolve 20 g NahP207.
10H20, 5 g recrystallised semicarbazide hydrochloride and
1 g glycine in distilled water. Add 20 ml 2N NaOH and dilute
to 600 ml. Adjust pH to approximately 8.8.
Alcohol dehydrogenase (ADH) (Commercial preparation).

Nicotinamide-adenine dinucleotide (NAD) (Commercial prepar-

gtion).

Method:

ethanol + NAD ;=é£§=ﬁ acetaldehyde + NADH

The amount of NAD reduced to NADH is determined from the

change in extinction (AR ) at the end of the reaction, meas-

1 cm

ured on the spectrophotometer at 334 nm. The AR A o for 1 p mole

of ethanol is 2.0. Test reactions are carried out as shown below:

Cuvette I IT LLY
Buffer 1.9 1.8 1.9
Extract 0.5 0.25 0.0
H2Q 0.5 Q.75 1.0
NAD 0.03 0.03 0.03
ADH 0.03 0.03 0.03

Total volume in ml 2.96 2.96 2.96



Fig. 27. SUCCINIC ACID STANDARD CURVE

Wavelength: 600 ma.
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Tig. 28. SHIKTIMIC ACID STANDARD CURVE.

Wavelength: 510 nm.
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Pig. 29.

COPY OF PAPER CHROUI:ATOGR: OF ORGANIC ACIDS

Paper: Whatman no. 1.

Solvent:

Indicator:

Key: su

1

Propanol / eucalyptol / fornic acid / water.

50/ 50/ 20/ 5.

aniline-glucose.

svseinic acid

lactic acid

malic acid

citric acid

shikimic acid

mixture containing 10 P8 of each of the above

o1ganic acids.
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Plate I..

Loch of Lowes; 11th June 1968. Base-poor
marsh developed at the loch margin. Note

the predominance of Myrica gale, with new

and old shoots of Phragmites communis; ground

layer contains Carex lasiocarpa and Meny-

anthes trifoliata.




PLATE 1




Plate II. Loch Clunie; 11th June 41968. Marsh vegetat-
ion developed at the loch margin. Note tall,

blade-like leaves of Iris pseudacorus in the

foreground, and dense growth of Filipendula

ulmaria elscwhere exclucing other species.






Plate ITIA

Plate IIIB

Sand dunes at Tentsmuir, Fife; June 1969.
Note the open nature of the dry, sandy
substrate, the ridge pattern of the dune
formation, and the predominance of grasses

such as Agropyron junciforme and Elymus

arenarius.

Dune-slack at Tentsmuir, Fife; June 1969.
Note the closed plant community developed

on the damp substrate, with Filipendula

ulmaria in the foreground and an area of

Glyceria maxime in the widdle distance

(marked ‘ﬁ( ).







Plate IVA

Plate IVB

Culture buckets showing growth of Ranun-

culus flammula in high end low water table

conditions. Note the central perforated

metal tube for visual check on the level

of the water table.

Culture bucket of Ranunculus flammula in

high water table conditions. Note the
level of nutrient solution just above the

sand surface.






Plate VA

Plate VB

Loch Clunie; 6th March 1968. Note the
extensive flooding beyond the loch margin

(belt of trees) into the foreground marsh

area.

Loch Clunic; 14th iay 1968, Note the
drop in water table from Plate VA, no
flooding in the marsh area, and growth

of Iris pseudacorus and Filipendula

ulmaria in the forcground.






