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ABSTRACT

THE ACCUMULATION AND METABOLISM OF GLYCINEBETAINE BY
BARLEY IN RELATION TO WATER STRESS

By

Juanita Ann Ria Ladyman

The objectives of this research were: (1) To test the hypo-
thesis that in barley the betaine level of shoot organs may be an index
of the stress history of the plant; this could have application in
crop breeding and management; (2) To survey genetic diversity for

betaine levels in Hordeum vulgare and H. spontaneum to determine if

physiological-genetic studies to evaluate the purported adaptive
role of betaine accumulation would be feasible; (3) To seek evidence
bearing on the adaptive value of betaine accumulation.

Radiochemical tracer experiments and chemical analyses with
both laboratory- and field-grown plants demonstrated that: (1) Betaine
was a metabolic end-product accumulated during water-stress by young
leaves as a result of in situ synthesis and translocation via the
phloem; (2) Betaine levels in the uppermost leaves were significantly
corre&ated with an integrated value, based on water potential measure-
ments, of the seasonal plant water stress, irrespective of plant N-
status; (3) During grain filling, betaine partitioned neither like

total-nitrogen nor like dry matter and remained predominantly in
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vegetative tissue. Although these findings support use of betaine
level in the uppermost leaves as a stress index, this use cannot be
recommended because: (a) The difference in betaine level between
irrigated and non-irrigated crops was quite small and variable;

(b) Betaine accumulation occurred no earlier than readily-detected
morphological changes.

Genetic variability for betaine accumulation was found among
genotypes in laboratory trials with seedlings and in field studies
with mature plants. The betaine level of the uppermost leaves of
non-irrigated, mature, field-grown plants was significantly corre-
lated with the betaine level of laboratory-grown, well-watered seed-
lings. Apparently, in field-grown plants betaine levels were not
related to values of solute potential measured when the leaves were
harvested.

Seedlings fed betaine via the root showed slightly reduced
leaf area; this probably explained the slowed rate of soil-water
depletion and retarded wilting of betaine-treated plants during water
stress. High internal levels of betaine in well-watered seedlings
depressed [2-]4C]ethanolamine incorporation into both betaine and
phosphatidyl choline, suggesting that betaine synthesis is subject to
retroinhibition.

Results from autoradiographic studies at the light microscope
level indicated that in stressed-rewatered seedlings, betaine was dis-

tributed equally between vacuolar and cytoplasmic compartments.
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INTRODUCTION

Nomenclature, Properties, and Natural Occurrence
of Betaine

Onium compounds have been defined as "substances that are
formed by an addition reaction, in the course of which some atom
increases its valence by one unit, and in doing so, increases its
formal charge algebraically by one unit" (Wheeland, 1953). This broad
definition includes aliphatic quaternary ammonium compounds, e.g.,
choline and fully N-methylated amino acids (classed as "betaines"),
heterocyclic compounds that contain a quaternary nitrogen in the
ring structure, e.g., thiamine and the curare alkaloids, and sul-
phonium compounds, e.g., S-adenosyl methionine and dimethylpropiothe-
tin (Cantoni, 1960). Glycine betaine, or N,N,N trimethylglycine
[(CH3)3+NCH2COO'], is structurally the simplest of the class of
aliphatic compounds termed betaines and in biological literature, is
generally referred to as betaine.

Betaine is highly water soluble (160 g/100 m1) and sparingly
soluble in ether (Stecher, 1968). At 0.2 molar concentration, betaine
has an activity coefficient (y) close to unity (y = 1.07); v
increases nearly 2-fold with a 10-fold increase in concentration
(y = 1.95 at 2 molar concentration) (Smith and Smith, 1940). Betaine
is excluded from the hydration water of some polymers (London et al.,

1967) including proteins (Wyn Jones and Pollard, 1981). Betaine is a
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zwitterion with only one titratable group, the carboxyl, which has
a pka of 1.85 at 25°C; the positive charge on the N is fixed (Wyn
Jones and Storey, 1981). Hence, at physiological pH betaine has no
net charge and no buffering capacity.

Betaine is widely distributed throughout the animal and
plant kingdoms. Betaine has been reported in bacteria (Schieh, 1965),
fungi (Kiing, 1914), crustaceans (Carr, 1978), molluscs (Yasumoto et al.,
1978), pisces (Carr, 1978; Bowlus and Somero, 1979), and terrestial
vertebrates (Cantoni, 1960; Greenberg, 1969). In higher plants,
betaine appears to be present in significant amounts (>10 umol/g dry
wt) only in certain taxa; thus it is found in vegetative tissues
among at least some members of the Chenopodiaceae, Gramineae,
Leguminosae, and Amaranthaceae families (Wyn Jones and Storey, 1981).
Betaine has also been reported to be present in the juice of citrus
fruits (family Rutaceae; Lewis, 1966).

In animals and micro-organisms considerable research has been
conducted on the oxidation of choline to betaine (e.g., Mann and
Quastel, 1937; Mann et al., 1938; Williams, 1952; Schieh, 1965;
Tyler, 1977). The intermediate of the oxidation, betaine aldehyde,
is quite labile and does not usually accumulate in vivo (De Ridder
and Van Dam, 1973). In animals and micro-organisms choline is
derived by sequential N-methylations of ethanolamine, the product of
serine decarboxylation. The methylation steps involve both de novo
synthesis of a methyl group from one-carbon precursors (Sakami and

Welch, 1950) and transfer of a methyl group from a methyl donor
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compound (Stekol et al., 1958). The decarboxylation and methylation
steps probably occur when the bases are in the phospholipid-bound form
in membranes (Kates and Marshall, 1975; Hanson and Hitz, 1982).
Enzymes of the biosynthetic pathway of betaine are mainly membrane-
bound (Williams, 1952; Van den Bosch, 1974), although a cytoplasmic
betaine aldehyde oxidase has been implicated (Christiansen and Daniel,
1953; Rothschild and Guzman Barron, 1954).

In barley, beet and spinach plants, betaine is also synthe-
sized via three sequential N-methylations of the decarboxylation
product of serine rather than by methylation of glycine (Delwiche and
Bregoff, 1958; Hanson and Nelsen, 1978; Hanson and Scott, 1980).

In contrast to animal and microbial systems, in barley, sugar beet,
and spinach (Hitz et al., 1981; Coughlan and Wyn Jones, 1982; Hanson
and Wyse, 1982) water-soluble intermediates (perhaps phosphoryl base
derivatives) appear to be involved in betaine biosynthesis. In sugar
beet, phosphorylcholine is the direct precursor of the choline
destined for oxidation to betaine (Hanson and Wyse, 1982). In barley,
release of free choline from phosphorylcholine is indirect, via
phosphatidyl choline (Hitz et al., 1981). It is not yet known whether
physiological significance attaches to the difference between the two
pathways.

Betaine can be metabolized by microbes and animals (Trier,
1931; Greenberg, 1969). In animals betaine can act as a donor of
methyl groups (Du Vigneaud et al., 1946; Muntz, 1950; Greenberg,

1969; Tyler, 1977); betaine-homocysteine methyltransferases have been



demonstrated in the liver of a wide variety of vertebrates but not in
plants or microbes (Ericson, 1960). A clinical application for the
methylating capacity of betaine has been proposed in the treatment of
benzene poisoning. After administration of betaine and choline to
mammals that had been exposed to high levels of benzene, benzene
levels in the blood were lowered as aresult of benzene methylation

to toluene, a less toxic hydrocarbon (Brair, 1977).

Physiological Functions of Betaine

Betaine can apparently serve several functions among animals
and microbes. Betaine acts as a feeding stimulus to some crustaceans,
amphibians (bullfrog), and fish (Carr, 1978; Takagi et al., 1978).

In the cells of some marine invertebrates betaine is present in suffi-
cient concentrations to be a significant osmoticum (Schoffeniels,
1976). In studies with marine invertebrates and elasmobranch fish
betaine has been found to offset the perturbing effects of urea and
inorganic ions, e.g., NaCl, on in vitro enzyme activity (Bowlus and
Somero, 1979; Yancy and Somero, 1980). However, the concentration
of betaine in the muscle tissue of elasmobranch fish has rarely been
accurately measured; in shark, concentrations appear to be variable
(11-100 mM) but under most circumstances the contribution of betaine
to osmotic regulation seems unlikely to be large (Yancey and Somero,
1980). In moderately halophilic bacteria, exogenous betaine had a
stabilizing effect on respiration, a membrane-associated process,

in the presence of a high concentration of salt (Shkedy-Vinkler and

Avi-Dor, 1975).



The functions of betaine in higher plants are not well under-
stood. Early reports indicated that betaine had weak methyl donor
activity in tobacco and barley (Scribney and Kirkwood, 1954; Byerrum
et al., 1956) but these experiments were subject to artifacts arising
from microbial contamination. More recent experiments have indicated
that betaine is a metabolic end product in wheat and barley (Bowman
and Rohringer, 1970; Ahmad and Wyn Jones, 1979).

Some halophytes contain high levels of betaine (> 100 umol/g
dry wt) which rise further in response to salinity (Storey and Wyn
Jones, 1975). Betaine also accumulates in some mesophytes in response
to both water and salt stress (Hanson and Nelsen, 1978; Wyn Jones and
Storey, 1978). Because of the ecological link between high betaine
levels and salt tolerance, an adaptive role for its presence and sub-
sequent accumulation during stress has been proposed (Wyn Jones et al.,
1977b). One possible function of betaine is that it acts as a
cytoplasmic osmoticum (Wyn Jones et al., 1977a). The results from
three types of experiments lend support to this hypothesis: (1)
Betaine was found in low concentrations in intact vacuoles isolated
from red beet roots (Wyn Jones et al., 1977a; Leigh et al., 1981);

(2) In the leaves of Suaeda maritima, betaine was judged to be local-

jzed in the cytoplasm by a histochemical staining technique (Hall

et al., 1978); (3) In vitro studies showed that relatively high con-
centrations (1 M) of betaine were not toxic--and, in the presence of
salt were slightly protective--to cytoplasmic enzymes from plants as

well as from animals (Pollard and Wyn Jones, 1979; Paleg et al., 1981).



Results from experiments in which exogenous betaine was fed
to plants in order to study the role of betaine accumulation under
stress have been inconclusive due, in part, to microbial contamination
(Wyn Jones et al., 1974).

If genetic variability for betaine levels exists within or
among inter-fertile species, physiological-genetic studies would be
a means of determining if betaine accumulation was beneficial to
plants. Correlating genotype performance of mesophytic crops under
stress with a specific metabolic response has been attempted by
Larqué-Saavedra and Wain. (1976) and Quarrie (1980b) for abscisic acid
accumulation, and by Richards (1978) and Hanson et al. (1977) for

proline accumulation.

Use of Indicators of Water Stress in Plant Breeding

One aim of many breeding programs is to develop varieties that
yield well under both adverse conditions such as water stress and
favorable conditions. Instead of selecting for yield itself, various
other criteria have been, or could potentially be, used in breeding
programs to identify such stress-adapted genotypes (Moss et al., 1974).
Criteria of this sort fall into two categories: Criteria based on
characteristics believed to confer adaptation to stress, and criteria
that are essentially stress symptoms. Characteristics with adaptive
value would be selected for; those symptomatic of the stress would be
selected against. The general concept of characters symptomatic of

stress includes the specific cases of stress-induced phenological,



morphological, physiological and metabolic plant responses as indica-
tors of the cumulative stress experienced by the plant. For example,
one can envisage selecting against characters that indicate that the
plant under drought had been unable to maintain a high internal water-
status. Indeed, phenological, morphological, and physiological symp-
toms of plant stress have been successfully used as selection cri-
tera in this way (Hurd, 1974; 0'Toole and Chang, 1978; Atsmon, 1979;
Hall et al., 1979). The disadvantage with many phenological and mor-
phological symptoms is that they are usually evident only after con-
siderable stress has been experienced. Most physiological indicators
of plant water stress (e.g. water potential, solute potential, and
leaf diffusive resistance) are based on dynamic plant characteristics
which at any instant in time are unlikely to represent an integrated
value of the performance of the plant. Therefore, many time consuming
measurements throughout the growing season must be made to gain
accurate information in order to judge the overall fitness of a geno-
type to droughty environments.

Potential Use of Metabolic Responses to Stress
in Plant Breeding

Selection procedures based on metabolic responses to stress
are not currently used, mainly because plant metabolism under stress
is poorly understood (Boyer and McPherson, 1975; Hanson, 1980;
Quarrie, 1980a; Elmore and McMichael, 1981). The levels of two
metabolites, namely proline and abscisic acid, that increase in response

to water-stress have been proposed as being suitable indicators of the



fitness of a genotype to droughty environments. It was proposed,
for wheat, that high levels of proline (Singh et al., 1972) but low
levels of ABA (Quarrie, 1978) should be positive selection criteria.
When using a metabolic, or in fact, any other indicator of plant
water stress, an important consideration is that the selection cri-
teria may be affected by environmental conditions that are unrelated
to water stress; this would confound selection of any sort. For
example, mineral stress in certain cases affects proline accumulation
(EYmore and McMichael, 1981).

Like many physiological parameters, levels of proline and
ABA are likely to be closely related only to the stress that the
plant is experiencing at about the time of measurement. Because both
proline and ABA are subject to rapid catabolism after relief of stress,
the level of neither metabolite could reflect the cumulative internal
stress experienced by a plant subjected to episodic stress (Zeevaart,
1980; Boggess et al., 1976a; Boggess et al., 1976b; Boggess and
Stewart, 1976). Thus, an ideal metabolic index of cumulative stress
would be one that was: (1) An accurate indication of the stress
experienced prior to measurement; (2) Reproducible among gentoypes
experiencing the same duration and severity of internal stress;
(3) Unaffected by environmental conditions other than the specific
one (viz. water availability) under investigation; (4) Readily

measured.



>

(R

O

Iy
Iy




Betaine Accumulation as an Index of Stress History

Because in wheat and barley, betaine appeared to be a meta-
bolic end product (Bowman and Rohringer, 1970; Ahmad and Wyn Jones,
1979) which accumulated in response to water stress, Hanson and
Nelsen (1978) proposed that the betaine content of a plant may
reflect its internal-stress history and could thus be used as a
cumulative stress index. Such an index could have applications in
irrigation management as well as in plant breeding. In a plant-
breeding context, selection could be practiced against high betaine
levels. Note, however, that should betaine accumulation be found to
be adaptive, then the advisability of breeding specifically either
against or for high betaine accumulation should be re-evaluated.

The Objectives of the Research Reported
in This Dissertation

This study of the metabolism, translocation, and genetic
diversity of betaine accumulation in barley was undertaken in order to:
(1) Test the hypothesis that the betaine concentration of certain
plant organs could be used as an index of the cumulative stress
experienced by the plant (Chapters I and II); (2) Determine whether a
physiological-genetic study of the function of betaine accumulation
under water-stress would be feasible (Chapter III); (3) Attempt to
obtain evidence bearing on the postulated adaptive role of betaine

accumulation by barley (Chapters IV and V).



CHAPTER 1

THE TRANSLOCATION AND METABOLISM OF GLYCINEBETAINE
BY BARLEY PLANTS GROWN IN CONTROLLED ENVIRONMENTS

1.1 Introduction

The betaine accumulation induced by water stress is a result
of de novo synthesis from 1-C and 2-C fragments (Hanson and Nelsen,
1978; Hanson and Scott, 1980). Preliminary studies (Hanson et al.,
1978) and two published reports (Ahmad and Wyn Jones, 1979; Bowman
and Rohringer, 1970) indicated that betaine, once synthesized, was
not further metabolized and was probably mobile within the plant.
One conflicting report from Dekhuijzen and Vonk (1974) concluded
that the [14C]betaine synthesized in wheat from supplied []4C]-
(2-chloroethyl)trimethylammonium chloride (CCC) underwent degrada-
tion to glycine. However, in reaching that conclusion, the authors
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ignored a more likely route of " 'C entry to glycine, namely refixation

in the light of the 17

COZ generated from degradation of the labeled
ccc.

This study of the metabolism and mobility of betaine within
barley plants grown in controlled environments was the first step
in determining whether the betaine concentration of either the whole

shoot, or organs thereof, could be used as a cumulative index of the

internal water stress experienced by the plant.

10
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1.2 Materials and Methods

1.2.1 Plant Material and
Stress Regimes

Seeds (caryopses) of spring barley (Hordeum vulgare L. cv.

Proctor, CI 11806) were obtained originally from the U.S.D.A. Small
Grains Collection, Beltsville, Md., and were subsequently multiplied
each year in field plots at Michigan State University. Plants were
grown to the three-leaf stage (17-22 days old) in plastic pots (12 cm
high, 7 cm diameter) in either a soil mixture (peat:loam:sand, 1:1:2
v/v) or perlite (Chem Rock Corp., Nashville, Tenn.), in a controlled
environment chamber under 16-h days (photosynthetically active radia-
tion, 5 mW cm°2; day/night temperature 22/16°C; day/night relative
humidity 70/85%) (Tully et al., 1979). The plants (six per pot)

were watered on alternate days with half-strength Hoagland's nutrient
medium. One day before each experiment started, plants were routinely
thinned to four per pot.

Mature plants (12-13 weeks old) used to investigate the
translocation of betaine to the spike (Fig. 2B), were grown in 15 cm
clay plots in a soil mixture (peat:loam:sand, 1:1:2 v/v) and thinned
at the four-leaf stage to two per pot. They were grown under supple-
mental light (16-h day) in a greenhouse (day/night temperature,
22/16°C; relative humidity 70 to 80%). Plants were watered with
half-strength Hoagland's solution daily.

Plants grown in perlite were osmotically stressed with a
solution of polyethylene glycol (PEG) 6000 (Union Carbide Chemicals

and Plastics Institute, W. Va.) in half-strength Hoagland's nutrient
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medium, osmotic potential about -19 bars (Hanson et al., 1977).
Plants grown in soil were stressed by withholding water for up to
3 days. In some experiments, stress was relieved by washing PEG
from perlite as described by Hanson et al. (1977), or by rewatering
soil. For the experiment of Figure 3 (page?25), soil-grown plants were
subjected to two cycles of water withholding (both of 3 days) each
followed by a 2-day period of daily watering. Control plants in this
experiment were thinned to three per pot to reduce interplant com-
petition which caused premature leaf senescence toward the end of
the experiment when there were four plants per pot; the control
plants were watered daily.

Shoot water potential (y) was measured on the second leaf
blade with a pressure chamber (PMS Instrument Co., Corvallis,Or.).
To reduce water loss as the measurement was being taken, the blade
was wrapped in damp absorbent paper (Meiri et al., 1975; Ritchie,
1975). Leaf diffusive resistance was measured with a diffusion
porometer (Model LI-65, Li-Cor Inc., Lincoln, Nb.).

1.2.2 Betaine Extraction and
Determination

Whole shoots, or their component organs were freeze-dried
and weighed. Tissue, having a dry weight greater than 30 mg was
ground in a Thomas-Wiley intermediate mill to pass through mesh 40.
Subsamples (15-20 mg) of the milled tissue, or whole organs (15-30 mg),
were extracted with 5 ml of water at 100°C for 30 minutes and

centrifuged to clear. The betaine in the clear supernatant was
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determined either by: (1) pyrolysis-GLC after ion-exchange purifica-
tion (Hitz and Hanson, 1980); or (2) separating the constituents of

the supernatant by thin layer electrophoresis on pre-coated 0.1mm cellu-
lose glass-backed plates (Cat. No. 5757; E. Merck, Darmstadt, FRG) with
sodium tetraborate buffer (70 mM, pH 9.3) at 2 kV for 10 minutes. The
betaine was identified on the plates by spraying with Dragendorff's
reagent. Estimates of the amounts of betaine present in spots were
made by comparing the size and intensity of the spots with a range of
similarly prepared standards (range 5-30 ug). This semi-quantitative
method was used for preliminary measurements of betaine content in
meristematic tissue.

1.2.3 Labeled Compounds and Mode
of Application to Plants

[6,6'(n)-3H]Sucrose (15.5 Ci/mmo1) and [U-]4C]sucrose
(625 uCi/umol) were purchased from Amersham Corp., Arlington Heights,

]4C]Betaine of high specific activity was prepared from

I11. [Methyl-
[methy1-14c]choline (59 uCi/umol; Amersham Corp.) by oxidation with
acidified potassium permanganate solution, according to Lintzel and
Fomin (1931). [Methy1-14C]Betaine aldehyde of high specific activity
was prepared from [methy]-]4C]cho1ine (59 uCi/umol) using fresh rat-
liver mitochondria prepared as described by Williams (1952). (For
details of synthesis, purification, and yields, see Appendix A).

For studies of metabolism using whole plants, [methy]-]4c]-

betaine and [methy1-14c]beta1ne aldehyde were used carrier free (i.e.,

at specific activity of 59 uCi/umol). When investigating extracellular
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oxidation of betaine aldehyde, 30 leaf disks (5 mm diameter, 0.2 g
fresh wt) were incubated on a shaker at room temperature with
[methy]-]4c]betaine aldehyde (0.2 uCi, 0.2 uCi/mmol) in potassium-
phosphate buffer (20 mM, pH 7). Aliquots (20 ul) were taken from the
incubation medium at 15-min intervals for the first hour, then at
hourly intervals. At the end of 6 h the leaf disks were rinsed

twice in potassium-phosphate buffer (1 ml), blotted dry and extracted
in cold 0.5N formic acid (Hanson and Scott, 1980).

For translocation studies with [methyl-]4c]betaine, [methyl-
WYeicholine, L-[U-"4Clglutamic acid (282 uCi/umol; Amersham Corp.)
and [U-]4C]sucrose, radiochemicals were diluted with sufficient
unlabeled compound to give a total dose of 0.5 umol/plant; specific
activities ranged from 10 to 20 uCi/umol.

For studies of both metabolism and translocation, labeled com-
pounds were fed in a 5-ul droplet of 20 mM potassium-phosphate buffer
(pH 7) to the second leaf blade (seedlings) 10 cm up from the ligule
or to the flag leaf sheath (mature plants) 5 cm below the ligule
through a carborundum-abraded spot of 5-6 mm diameter (Housley et al.,
1977). After the droplet had been taken up, a second 5-ul droplet
containing only buffer was applied. When the second droplet had been
absorbed, the spot was covered with parafilm to minimize dessication
of the abraded area.

Gaseous ]4002 was generated by mixing 20 ul Na14

CO3 (10 uCi,
60 mCi/mmo1; Amersham Corp.) with a 200-u1 drop of lactic acid (43%,
v/v) in a 10-ml syringe barrel with the plunger at the 10-ml1 mark.

The total 10 ml1 volume of ]4C02 was injected into the leaf-feeding
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chamber. The chambers were glass tubes (1.5 cm diam x 10.5 cm) with
a serum cap at one end; the top 10 cm of leaf blade was inserted into
the other end which was then plugged around the leaf with cotton wool
over which was stretched parafilm. The ]4C02 was administered for

15 minutes.

1.2.4 Extraction and Separation
of Labeled Metabolites

When [methyl-14C]betaine was fed, extraction was by the
methanol-chloroform-water (MCW) procedure described by Hanson et al.
(1977). When [methy1-14C]betaine aldehyde was fed, extraction was
in cold 0.5 N formic acid, to minimize degradation of the [14C]-
betaine aldehyde (Hanson and Scott, 1980). The aqueous fraction of
MCW extracts and the formic acid extracts were evaporated to dryness
in a stream of N2, redissolved in H20, and separated by the three-
column ion-exchange procedure described by Hitz and Hanson (1980).
Column fractions eluted from AG-50 and Bio-Rex 70 were further analyzed
by thin-layer electrophoresis (TLE) and thin-layer chromatography
(TLC). TLE systems were: on pre-coated 0.1 mm glass-backed cellu-
lose plates (Cat. No. 5757; E. Merck) with either sodium tetraborate
buffer (70 mM, pH 9.3) or formic acid (1.5 N) at 2 kV for 6-12 min; on
"ITLC" plates (Gelman Instrument Co., Ann Arbor, Mi.) with formic acid
(1.5 N) at 2 kV for 16 min. The TLC system was: pre-coated 0.25 mm
Silica Gel-G plastic-backed plates (Brinkman Instruments, Westbury,
N.Y.) developed for 90 min in methanol-acetone-conc. HC1 (90:10:4
v/v).
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1.2.5 Detection and Determination
of Radioactivity

Labeled compounds separated by TLE and TLC were located by
autoradiography using SB-5 X-ray film (Eastman-Kodak, Rochester,
N.Y.); radioactive zones were eluted as described in Hanson and
Tully (1979). Radioactivity in such eluates and in other soluble
samples was determined by scintillation counting. Radioactivity
in the insoluble fractions remaining after MCW extraction, and in
freeze-dried samples of whole tissue, was also determined by scin-
tillation counting after combustion in a Packard Tricarb sample
oxidizer, model 306 (Packard Instrument Corp., Downers Grove, I11.).

In the experiment of Table 1, in which [methy]-]4c]betaine
was fed, plants were enclosed for 9 h in sealed 20-1 glass tanks
through which humidified air was passed at a flow rate of 5 1/h
(Fig. 1). The enclosure was on the second day of the 3-day experi-
mental period. After passage through the tanks, the gas streams were
bubbled through traps for volatile bases (0.1 N HC1) and for co,
(Carbosorb. II; Packard Instrument Corp.). The traps were checked
for radioactivity after 9 h. A second C02-trap (saturated barium
hydroxide) was included after the Carbosorb II; absence of any pre-
cipitate of BaCO3 at the end of the experiment confirmed complete
absorption of C02 by Carbosorb II.

1.2.6 Translocation of
Labeled Compounds

These experiments were carried out under a bank of four 20-W

fluorescent tubes (F20T12 Agro-Lite; Westinghouse, Pittsburgh, Pa.),
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photosynthetic fluence about 9.9 mW cm'2 at plant level (PSI Model 65
Radiometer; Yellow Springs Instrument Co., Yellow Springs, Ohio).
This relatively low light level was used to reduce further desicca-
tion of the stressed plants during the experimental period. Both the
amount of labeled compounds applied (0.5 pumol/leaf) and the abrasion
method used to enhance their uptake into the leaf were based on tech-
niques developed for studying translocation of sugars and amino acids
(e.g., Housley et al., 1977; Yamaguchi and Islam, 1967). Before each
experiment, diffusive resistance was measured on the fed leaf to confirm
that stomata were open.

To follow translocation of labeled compounds, two Geiger-
Miller (G-M) tubes were used. In studies with seedlings (Fig. 2A)
a mask of aluminum sheet (thickness 0.2 mm) with a slot (20 x 5 mm)
was placed on the second leaf blade centered 5 cm up from the ligule
and another such mask was centered 5 cm down the sheath from the ligule
(Hanson and Tully, 1979). In studies investigating the translocation
of betaine to the spike (Fig. 2B), a mask similar to the ones used
in seedling experiments was centered on the flag leaf sheath 1 cm
above its node. Arrival of radioactivity was monitored at the masked-
off 20-mm segments of both seedlings and mature plants with G-M tubes
(Model D34; Dosimeter Corp., Ohio) and at the spike of the mature
plant witha "pancake" G-M probe (Model HP-210; Eberline Instrument
Co., Sante Fe, N.M.), the window of which covered the whole spike.
The G-M tubes were connected to an Eberline radiation monitor which,
in turn, was connected to a custom-made digital counter (Tully et al.,

1979).



Fig. 2.
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Diagrams to show the translocation paths and the positions of
Geiger-Miller (G-M) probes 1 and 2, for studies of the
translocation of radioactively labeled compounds in

seedlings (A) and mature plants (B).

Arrival of 14C-activity

was monjtored at G-M probes 1 and 2 after the radioactive

compound had been administered.
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At all G-M probes the front of ]4C-activity was taken to have
arrived when the count was significantly (p < 0.05) higher than the

14

Tong-term background count rate. The velocity of " "C-label movement

was calculated from the pathlength that separated the probes and the

]4C—front took to travel between the probes.

time the

Leaves were heat-girdled by directing a stream of hot air
(approx. 60°C) from a commercial hair dryer to a 1-cm section of
sheath situated 2 cm below the ligule. The xylem remained intact
because the blades remained fully turgid for at least 8 h after
girdling.

For phloem exudation experiments, attached second leaves were
fed with [14C]substrates as above, and the second leaf sheath was
then cut under water, 6 cm below the ligule, one h after the radio-
active front had passed the second G-M tube. The cut end of the
sheath was re-cut under water and then placed in a conical vial con-
taining 200 ul ethylenediamine tetraacetate (EDTA) 5 mM,pH 7 (King
and Zeevaart, 1974). The mouth of the vial was sealed around the
sheath with parafilm to prevent evaporation of the collection medium.
The EDTA was changed every 2 h. After 6 h the blade and sheath were
separated, cut into 5-mm segments and washed in 1 mM unlabeled com-
pound (betaine or betaine plus choline, respectively) for 5 minutes.
The blade and sheath were then frozen in liquid nitrogen and extracted
separately. Blade and sheath extracts and exudate were analyzed by
TLE using glass-backed cellulose plates with sodium tetraborate buffer

(70 mM, pH 9.3) at 2 kv for 9 min as described in Section 1.2.4.



21

1.3 Results

1.3.1 Betaine Levels During
Stress and Rewatering Cycles

The betaine concentration in shoot tissue rose during the
first and second stress episodes, and decreased during the rewater-
ing periods (Fig. 3). The decline in betaine concentration upon
rewatering was the consequence of the dilution by dry weight added as
growth resumed, not of net degradation of betaine because the total
betaine content per shoot did not decrease during the first rewater-
ing period (Fig. 3 inset). Figure 4 confirms that the total quantity
of betaine per shoot did not fall upon rewatering, and shows further
that the distribution of betaine among shoot organs changed markedly
upon stress relief. At the end of the stress period, most of the
betaine (82% of the total, i.e., 5.0 umol) was present in the mature
leaves (1, 2, and 3). Two days after rewatering, only 2.7 umol
remained in these leaves, while the betaine contents of the expanding
leaf 4, the spindle and the tillers had risen markedly (from a com-
bined total of about 1.1 umol to about 4.2 pymol). Analysis of shoots
from well-watered plants which were 2 days younger than, but compara-
ble in size to, the rewatered plants showed that the well-watered
shoots contained only about one-fourth as much betaine; the distribu-
tion of betaine among shoot organs of well-watered plants was similar
to that of stressed-rewatered plants. The stress-induced increase
in betaine concentration was greatest in apices (< 8 mm in length),
for it rose about 6-fold, from about 17 umol/g dry wt in well-watered

plants to about 100 ymol/g dry wt in stressed seedlings.



Fig. 3.
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Betaine levels in shoots of soil-grown barley plants
subjected to two cycles of stress-rewatering. Main
Figure shows betaine concentration of stressed-
rewatered (—e—) and well-watered control

(--- & ----) shoots during the 12-day experiment.
Initial shoot dry weight (control and stressed plants):
148 mg. Final shoot dry weights: control plants,

620 mg; stressed plants, 330 mg. Values of shoot
water potential (y) at end of each stress period are
indicated. Inset shows betaine content of stressed-
rewatered shoots on a per-shoot basis for the first

6 days only. Beyond 6 days betaine content increased
further during the second period of water-withholding,
and did not fall significantly upon rewatering at 9
days (not shown). The bar indicates the least signifi-
cant difference (LSD) at the 5% probability level and
is appropriate for comparing values vertically.
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The distribution of betaine amongst various shoot organs
in relation to water-stress history. The areas of the
circles are proportional to the betaine content per
plant. Sectors of the circles represent the distribution
of betaine among organs; numbers in, or adjacent to,
sectors give the percentage of total betaine present in
each organ. The term "spindle" refers to the apical
meristem plus leaf 5 and all younger leaves. Total betaine
was 6.1 umol per stressed plant, 6.9 umol per rewatered
plant and 2.6 ymol per well-watered plant. Average shoot
dry weights: stressed plants, 126 mg; rewatered plants,
226 mg; well-watered plants 254 mg.
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1.3.2 Fate of [Methyl-]4C]Betaine
Applied to Mature Leaves

The results of the previous experiment indicated that upon
rewatering, betaine is not retained by the mature leaves in which
it accumulated. Betaine could either be transferred to the actively-
growing regions of the shoot, without net destruction occurring, or
it could be simultaneously degraded in mature leaves and synthesized
in growing tissues upon stress relief. To decide between these
alternatives, [methy]-]4c]betaine (8.5 nmol) was fed to the second
leaf blade of plants given one of three different treatments (well-
watered; continuously stressed; stressed and rewatered). Plants
were then incubated for 3 days and dissected for analysis. Relative
to the endogenous betaine contents of both well-watered and stressed
second leaves (about 0.4 and 1.2 pmol, respectively) 8.5 nmol betaine
is a tracer quantity.

The added radioactivity was recovered quantitatively from
the various plant organs in all three treatments; release of ]4C02

14C-labe]ed volatile bases were negligible in all cases. The

and
distribution of ]4C among the various plant organs is summarized in
Table 1; the distribution pattern was consistent with the results
of the previous experiment. The rewatered plants mobilized the
added label extensively, and generally had larger amounts of ]46 in
their actively growing regions than did the well-watered controls of
the continuously stressed plants, which mobilized it least. In no
case was the radioactivity recovered in the organs in any form other

than betaine itself. There was thus no detectable metabolic
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TABLE 1. Distribution of ]4C among organs of barley 3 days after
supplying 8.5 nmol of [methyl-14C]betaine (specific
radioactivity 59 uCi/umol) to the blade of the second
leaf. Plants were grown in perlite; well-watered con-
trol plants were irrigated with nutrient solution daily
before and after []4Cibetaine application. Continuously
stressed plants were irrigated with po]¥3thy1ene glycol
6000 (PEG) solution for 2 days before [!'%C]betaine
application and also thereafter; stressed-rewatered
plants were irrigated with PEG solution for 2 days
before [14C]betaine application and rewatered with
nutrient solution immediately following application of
the [14C]betaine. Mean recovery of 14C was 97%, based
on all three treatments (2 replicates per treatment).

Distribution (%) of ]4C Recovered

Organ

Well-watered Continuous Stress-
Controls Stress rewater

Leaf 2, blade 61.8 97.5 38.5

Leaf 2, sheath 4.2 0.8 6.7

Leaf 1 1.3 0.06 1.6

Leaf 3 5.3 0.2 10.6

Leaf 4 14.3 0.1 16.9

Spindle® 2.0 0.6 2.3

Lower crown 0.6 0.6 0.3

Tillers 5.8 0.06 8.0

Roots 4.7 0.04 15.1

§Spind]e = apical meristem + leaf 5 and all younger leaves.
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degradation of betaine over a 3-day period. The separatory system
used would have permitted detection of the following possible meta-
bolites of [methy]-]4c]betaine: trimethylamine, dimethylamine, mono-
methylamine, N,N-dimethylglycine, sarcosine, choline, betaine aldehyde,
trimethylamine-N-oxide, phosphorylcholine, trigonelline, hordenine

and gramine.

1.3.3 Phloem Translocation of
[Methyl-14C|Betaine

The patterns of endogenous betaine redistribution and []4C]-
betaine mobilization described above were consistent with transport
of betaine in the phloem. To test this, four types of experiments
were conducted with seedling plants.

In the first type, [methy1]4c]betaine (0.5 pmol, 10 uCi/umol)
was applied to second leaves of well-watered plants, plants stressed
for 1 day only, and stressed-rewatered plants; the movement of ]4C
to the sheath was then monitored (Fig. 5). Phloem translocation would
be expected to be active not only in well-watered and rewatered plants,
but also in the plants stressed for 1 day only, because Tully et al.

]4C-photosynthate and nitrogenous

(1979) showed that the movement of
compounds from the second leaf of barley seedlings did not cease until
plants had been wilted for 2 days at which time leaf water potential
had reached -18 bars. For all treatments, the []4C]betaine front

(B], Bz, Fig. 5) traversed the 10-cm distance between the 2 Geiger-
Miller probes at about 0.25 cm/min (Fig. 5, Table 2). The count

rate at each probe increased linearly over seven hours. Heat-girdling
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Representative data for translocation of applied
[Methyl-14C]betaine and [14C]sucrose, fed in sequence,
from blade to sheath in the second leaf of barley.

Points By and B2 indicate times at which the [14C]-
betaine front was first detected at Geiger-Miller (G-M)
probes 1 and 2, respectively; points Sy and S2 are when
the [U-14C]sucrose front was first detected. The respec-
tive rates of betaine and sucrose transport were calcu-
lated by dividing the path length (10 cm) by either

- (B2-B1) or (S?-S ). Broken lines depict the linear
fac]

patterns of betaine arrival found to continue for
at least7h in similar experiments where [U-14C]sucrose
was not added. The amounts of [14C]betaine and [14C]-
sucrose were 0.5 umol/leaf, at specific activities of
10 puCi/umol and 20 uCi/umol, respectively.
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Translocation velocities for ]4C-1abe1ed compounds agplied
to the second leaves of barley seedlings. [Methyl-14C]-
Betaine and [U-14C]sucrose were applied to the second leaf
blades, as shown in Figure 2. The values for well-watered
plants are the means + standard errors for 5 experiments.
For stressed and rewatered plants, stress was imposed by
polyethylene glycol 6000 in one pair of experiments,
(+PEG), and by withholding water in the other (-H20).

Velocity of 14C trans-

Methods .

Treatment of Stre§s b;&s port (cm/min)
Imposition Betaine Sucrose

Well-watered -- -2 0.24+0.03 0.28+0.02

Stressed 1 day +PEG -10 0.19 0.22

-H20 -9 0.27 0.25
Stressed 2 days- +PEG -2 0.27 0.29

rewatered 1 day

-H,0 -2 0.31 0.35
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the sheath completely prevented radioactivity reaching the lower
probe, and caused ]4C to accumulate just above the girdle. []4C]-
Glutamate (0.5 umol, 10 uCi/umol), which is recognized as being
phloem-mobile (Pate, 1976) was fed to a comparable heat-girdled
plant. As in the case when []4C]betaine was fed, radioactivity did
not pass the girdle and accumulated immediately above it.

Although these data are consistent with phloem movement,
the velocity is in the lower part of the typical range (see reviews
by Canny, 1973, pp. 205-207; Wardlaw, 1974). To confirm that the
observed velocity indeed reflected phloem transport, an "internal
standard" of [U-14C]sucrose was fed through the same abraded spot
as soon as the [methy]-]4C]betaine reached the second probe. Arrival
of the []4C]sucrose at probes 1 and 2 was detected by sudden sharp
increases in count rate (S], 52 in Fig. 5). The velocities of
sucrose movement between probes 1 and 2 estimated in this way were
similar to those estimated for betaine (Table 2).

In the second type of translocation experiment, a mixture
of [6,6'(n)-H]sucrose (0.5 umol, 163 to 286 uCi/umol) and ['7c]-
betaine (0.5 ymol; 10 uCi/umol) was applied to the second leaf blade
of rewatered and well-watered plants. After a short (60-90 min)
period to permit translocation, the 3H/MC ratio in the conduct-

3H and ]4C activities

ing path (sheath tissue) was determined. Both
had qualitatively similar distribution patterns down the sheath.

The 3H/MC ratio on the upper part of the sheath was the same as that
of the applied mixture (Table 3), although the ratio tended to

become about 50% higher than that of the fed mixture in the lower
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TABLE 3. Movement of applied [6,6'(n)-3H]sucrose and [methy1-14c]-
betaine from blades to sheaths of the second leaves of
soil-grown barley seedlings. A droplet of feeding solu-
tion containing both [3H]sucrose (0.5 umol) and
[14C]betaine (0.5 pumol) was applied to leaves of well-
watered and stressed--rewatered plants. When radioactivity
first arrived at a Geiger-Miller tube centered 2 cm below
the ligule, a 4-cm section of sheath tissue (which included
the tissue directly beneath the probe, plus that about 1 cm
above and below it) was harvested. This section was cut
into_5-mm pieces and freeze-dried; each piece was assayed
for 3H and 14C after combustion.

3,,14 .
Treatment H/ "C Ratio

Feeding Solution Sheath Tissue®

Well-watered 16.0 15.8+0.2
Stressed 2 days--rewatered 1 day 12.4 13.0+£0.4
Stressed 2 days--rewatered 1 day 28.5 30.5+1.0

SMean * standard error for eight 5 mm pieces.
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part of the sheath, i.e., as the leading edges of the radioactive
fronts were approached (data not shown). These results are quite
consistent with the transport of []4C]betaine, like that of [3H]-
sucrose, in the phloem but indicate that applied sucrose may be
loaded into the phloem more rapidly than applied betaine, at least
in the first minutes after application.

In the third type of translocation experiment, []4C]betaine was
sought in phloem exudate. When [methyl-'3CIbetaine (5 uCi, 10 uCi/umol)
was fed to the second leaf blade of a well-watered seedling, betaine
was the only labeled compound found in either the exudate collected
over 6 h, the blade or the sheath. The exudation rate was constant
for 6 h (Fig. 6) which is consistent with the results of Figure 5.
Transpiration reduced the volume of the exudation solution by 23%
over the 6-h experiment period. From the data of Figure 6, a minimum
estimate of the betaine exported from well-watered leaves is 17 pmol/h;
it should be noted that this rate is only about 0.1% of the in vivo
rate of net betaine export from the second leaf blade of stressed-
rewatered seedlings (Fig. 4).

To confirm that endogenously-synthesized betaine, like exogen-
ous betaine, could be loaded into and transported by the phloem, a
fourth type of experiment was carried out, in which precursors of
betaine were fed to leaf blades. [Methyl;]4C]Choline (0.5 pmol,

20 pCi/umol) was fed to the second leaf blade of a well-watered
seedling and the radioactive products in the exudate examined at the

end of 5 h. As well as betaine, which accounted for 14% of the



35

o
T T 1 T
<9
-1 30 En:
w
o", 20 Za
(T8 ] QN
< 2
W o7} <o
o —10 gg
w
= _ -
O *8
w <40
Q
E", <
S osf
3]
5 o
w
Z
2 o3}
w
=
o pun
<
R
0.1}
1 1 1
0 2 4 6

HOURS AFTER EXUDATION BEGAN

Fig. 6. Exudation of []4C]betaine from the cut end of the second
leaf of barley. [Methyl-14C])Betaine (5 umol; 10 uCi/umol)
was applied to an abraded spot on the second leaf blade
about 2 h before exudation period began. Exudation medium
was changed every 2 h. Inset graph describes the percentage
of exudation media taken up by the plant during 2-h periods.
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radioactivity in the exudate, choline, phosphorylcholine and an
unidentified compound were labeled in the blade, sheath and exudate.
The unidentified compound was not Dragendorff-positive and ran imme-
diately behind betaine on the TLE plate. In a second precursor-
feeding experiment, a tracer quantity (14 nmol) of the immediate
precursor of betaine, [methy]-]4c]betaine aldehyde, was applied to
second leaf blades of well-watered seedlings. When ]4C-activity was
detected at the second probe (about 130 min after label application),
the sheath was harvested, freeze-dried and extracted. Essentially
all (>96%) of the ]4C was in the form of betaine.

1.3.4 Metabolism of [Methyl'%c]-
Betaine Aldehyde by Leaf Disks

Because the preceding experiment, and those of Hanson and
Scott (1980) showed that betaine aldehyde was oxidized to betaine
very actively by leaf tissues, it seemed possible that betaine alde-
hyde was not oxidized intracellularly to betaine, but was a product
of extracellular, nonspecific oxidase activity. To test this, leaf
disks from the second leaf blade of a 21-day old seedling were
incubated for 6 h with [methyl-'*Clbetaine aldehyde (0.2 Ci, 0.2 yCi/
mmol). Betaine aldehyde was the only ]4C-1abe1ed compound found at
the end of the experiment in the incubation medium, and in the buffer
used to rinse the disks. Of the betaine aldehyde supplied, 44% was

14

taken up by the leaf disks; of the 'C taken up by disks, 32% was

converted to betaine.
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1.3.5 Translocation of ]4C-
Labeled Compounds in Mature
Plants

”coz (10 1Ci), [U-"4Csucrose (10 uCi, 20 uCi/umol), and

[methy1-]4c]betaine (10 pCi, 20 pCi/umol) were administered to the
flag leaves of well-watered plants of uniform size about 1 week after
anthesis (Fig. 7). The experiment with ]4C02 confirmed that the
plants were assimilating C02 and transporting assimilates normally;
the ]4C02 assimilates from the flag leaf reached the spike after 2.2
h. When [U-]4C]sucrose was fed through an abraded area on the flag

leaf sheath, the 14

C-activity reached the spike 3.9 h after applica-
tion, and required 1.5 h to transverse the pathlength between probes
1 and 2 (Fig. 7B). Betaine was supplied to the flag leaf sheath in
exactly the same manner as []4C]sucrose but it was 6 days before
measurable radioactivity reached the spike. The spike, flag leaf
sheath, and a 4-cm segment of culm immediately below the spike were
extracted in MCW and analyzed by TLE and TLC. Radioactivity was
recovered only in betaine. Thus, under laboratory conditions, the

spike did not appear to act as a sink for betaine in well-watered

plants (Fig. 7C).

1.4 Discussion

During episodes of water stress betaine accumulated in expand-
ing leaves of barley but was not appreciably degraded by these or
any other organs before, during, or upon relief of stress. After
relief of stress the betaine was exported from the expanded leaves

to the young, actively growing regions of the shoot. This is similar
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Representative data for translocation of ]40-1abe1ed

assimilates (A), []4C]sucrose (B8) and []4C]betaine
(C) from flag-leaf sheath to spike in mature barley
plants. Inset in frame (A) describes position of
Geiger-Miiller (G-M) probes on plant. Points R] and
R2 indicate times at which radioactivity was first
detected at G-M probes 1 and 2 respectively. When
]4C02 was fed the output was monitored from G-M
probe 2 only.
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to the behavior of another simple quaternary ammonium compound, CCC,
which preferentially accumulates in the meristematic tissue of winter
barley (Belzile et al., 1972). This observation raises the question:
Has betaine, 1ike many other natural and synthetic quaternary ammonium
compounds, appreciable growth-regulating activity (Karanov, 1979)?
This question is addressed in Chapter IV of this dissertation.

The export of betaine from older leaves most probably occurs
in the phloem. In young vegetative barley plants the youngest leaves
were the major sinks for both betaine and sucrose. However, although
the spike readily imported supplied sucrose, it did not appear to be
a dominant sink for betaine in well-watered, mature plants during
grain-fill. In the mature plant the longer period of time to elapse

between detection of measurable 14

[14

C-activity in each G-M tube for
C]betaine as compared to [14C]sucrose was probably due to []4C]-
betaine arriving at the spike in quantities below the threshold of
detection, and not that betaine was translocated at a slower velocity
than sucrose. Slow translocation of betaine to the spike is consis-
tent with reports that wheat grains accumulate small quantities of
betaine during development (Wyn Jones and Storey, 1981); the highest
concentrations of betaine in wheat grains occur in the embryo and
aleurone layer (Chittenden et al., 1978).

In this study the betaine concentration in the apices was
higher than in any other organ of the water-stressed vegetative
shoot. This observation may bear indirectly upon the subcellular

compartmentation of betaine; Géring et al. (1978) suggested that
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high concentrations of a metabolite in cytoplasm-rich cells, com-
pared to its concentration in highly vacuolated cells, provides
indirect evidence for cytoplasmic localization.

Two additional points emerge from the results of this study
regarding the sites of synthesis and the translocation of betaine
in well-watered plants. The first point: Betaine concentration in
shoots of well-watered plants remained quite steady (at about 15 umol/g
dry wt) as dry weight increased about 3-fold (Fig. 3). Betaine must
therefore be synthesized continuously during growth. This synthesis
probably occurs at least in part in the mature leaves because mature
leaves of well-watered plants can convert various ]4C-precursors
to betaine at low rates (Hanson and Nelson, 1978; Hanson and Scott,
1980). The second point: Since the betaine content of individual
mature leaves (e.g., blade of the second leaf) remains fairly constant
(Hanson and Nelsen, 1978), any betaine synthesized in such leaves
must be exported from them. The results contain some direct experi-
mental support for such a continuous export of betaine from mature
leaves of unstressed plants. Exogenously supplied [14C]betaine, and
betaine endogenously synthesized from either [14C]betaine aldehyde
or []4C]ch01ine, moved from the second leaves, apparently in the
phloem. An element of spatial separation between sites of synthesis
and accumulation is quite often shown with secondary plant products,
which include nitrogenous bases like betaines (see discussions in
Floss et al., 1974; McKey, 1974).

That betaine is both metabolically inert and phloem-mobile

lends support to its promise as an indicator of the cumulative water
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stress experienced by a barley crop (Hanson and Nelsen, 1978). The
most appropriate organs to sample for analysis in further tests of

this concept appear to be the youngest leaves.
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CHAPTER 11

THE ACCUMULATION AND METABOLISM OF GLYCINEBETAINE
IN FIELD-GROWN BARLEY

2.1 Introduction

Whereas considerable research has been conducted on the
accumulation of betaine in barley plants grown in controlled environ-
ments (e.g., Hanson and Nelsen, 1978; Wyn Jones and Storey, 1978),
no data are available on the accumulation of betaine in field-grown
barley. Indeed, there are very few studies that include results on
betaine synthesis and accumulation in any mesophytic plants in the
field. Among these few studies are those on the relationship between
betaine accumulation and rust infection in wheat (Bowman and Rohringer,
1969), and on the contribution of betaine to osmotic adjustment dur-
ing water stress in tropical pasture crops (Ford and Wilson, 1981).

Laboratory work (Chapter I; Hanson and Nelsen, 1978; Ahmad
and Wyn Jones, .1979) indicated that the betaine that accumulates
during stress is not readily degraded upon stress relief. This obser-
vation led to the hypothesis that the betaine concentration in a
plant may reflect its previous stress history (Hanson and Nelsen,
1978), and so serve as index of the cumulative internal stress suf-
fered by the plant. Indices that distinguish the most adapted culti-

vars (in this context, those cultivars producing high yields under

43
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stress) are much sought after as selection criteria in crop breeding
programs (Fischer, 1970; Wilson, 1976). It is desirable that such
indices be integrated measures or predictors of plant performance
because many single parameters, for example, those that reflect water
status, may differ between adapted cultivars that have adopted
different strategies to cope with the same environment (Hanson and
Nelsen, 1980). Numerous indices of overall adaptation to water
stress have been proposed, but their practical value has generally
not been adequately demonstrated (Petinov, 1965; Hall et al. 1979). In
most cases measurement of proposed indices is very time consuming,
e.g. measurements of average relative water content and related
parameters (Dedio, 1975), transpiration productivity (Petinov, 1965)
and stomatal function (Jones, 1980). Summarizing, the prospect of
some plant character (measured either during or at the end of the grow-
ing season) that sums or integrates the internal stress experienced
by the plant prior to measurement is a very attractive one. Hiler
et al. (1972) introduced the concept of a cumulative stress index
that was a "measure of the degree and duration of plant water defi-
cit" when investigating the sensitivity of southern peas to plant
water deficits. Similarly, an integrated stress index (IS) based
on shoot water potential measurements, was recently applied to relate
the depression of seed yield to the cumulative stress experienced in
cowpea (Shouse et al., 1981).

Seedlings subjected to short-term water deficits under labora-

tory conditions do not necessarily respond to stress in the same way
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as a mature plant growing in dryland conditions. Hence the objective
of this research was to evaluate, under field conditions, the hypothe-
sis that the betaine concentration in the shoot, or organs thereof, of
barley is a reliable index of the cumulative internal stress expe-
rienced by the plant. To accept betaine concentration as such an
index, the following criteria must be met: (1) Betaine concentration,
at all stages of growth, must be positively and highly correlated
with the cumulative stress experienced by the plant; (2) The differ-
ence in betaine concentration between water-stressed and irrigated
crops should be evident before morphological symptoms of stress
develop; (3) There should be no significant differences for betaine
concentration between cultivars given the same degree of internal
stress; (4) Differences in nitrogen (N) fertilization should not,
per se, significantly alter the betaine concentration of the tissue.

The fourth consideration, that N-fertilization must not be
critical, is important as soil-N fertility frequently varies across
a field under normal environmental conditions and the concentrations
of individual nitrogenous compounds are frequently affected by
N-availability (Waller and Nowacki, 1978; Elmore and McMichael, 1981).

Thus the following questions were addressed in this study:

1. 1Is betaine metabolically inert in field-grown plants?

2. To what extent and in which organs does betaine accumu-

late?
3. At what time during the growing season does betaine

accumulate?
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4. Are there significant differences in betaine concen-
tration between cultivars with the same stress history?
5. Is betaine accumulation significantly depressed by low

soil-N?

2.2 Materials and Methods

2.2.1 Plant Material

The spring barley cultivars "Proctor" CI 11806, "Bankuti
Korai" CI 12972, and "Arimar" CI 13626 were used. Proctor was planted
on April 13, 1979, April 17, 1980, and April 22, 1981; Bankuti Korai
was planted on July 19, 1979, and Arimar on July 25, 1980. Seed was
treated before planting with Vitavax-200 (2.5 g/kg; Uniroyal Chem.,
Naugatauk, Ct.).

2.2.2 Field Plots

In 1979 and 1980, two plots (irrigated, I; non-irrigated, NI)
and in 1980, also a third plot (water-stressed/rewatered; RW) were laid
out; in 1981 two NI plots were laid out. In all three years the plots
were on a Spinks sandy, mixed mesic soil (Psammentic Hapludalfs);
plot size 2.1 m x 3.6 m in 1979, 2.1 x 5.7 m in 1980 and 1981. A1l
plots were protected from rain by shelters that each comprised a
permanent wood frame (average height about 1.4 m) equipped with mov-
able sheets of clear, flexible plastic (Loretex, A. H. Hummert Seed
Co., St. Louis, Mo.). The frames were covered with the Loretex
sheets at night and during rain, and were uncovered at all other
times. Figure 8 gives detailed specifications of the shelters; views

of the shelters are shown in the photographs of Figure 9. At all
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Specification sketches of the manual rain-out shelters
used in 1980. (A) 3-dimensional view; (B) side view.
Inset of frame A describes the attachment of the nylon
cord to Loretex sheet; at the free end of the sheet a
wooden slat is affixed through which are drilled holes.
The nylon cord is secured through each hole by a knot.
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Fig. 9. Photographs of the rainout shelters in fine(A) (1930) and
rainy (B) weather (1979). The side cover of the plot on
the left (B) is rolled up for the photograph.
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times, the sides and top of the shelters were covered by netting
(mesh size = 2 cm) placed underneath the plastic to prevent crop
damage by birds and mammals. On the west side of each shelter (not
shown in Fig. 8) snow fence was erected as a precaution against
storm damage. To ensure adequate ventilation at all times, the
plastic covers were never secured nearer than 30 cm to the ground.
Black plastic covered the shelters for 10 days after seeding at the
second plantings of each year (Bankuti Korai and Arimar) to reduce
heat injury on emergence.

Soil pH was measured before each planting and sufficient
lime was routinely applied to raise soil pH to about 7.0. For the
crops of Proctor (1979, 1980) and Bankuti Korai the plots beneath the
shelters were divided in half, and each received a preplant fertili-
zation of 56 kg P/ha and 52 kg K/ha. One half of each plot received
64 kg N/ha, the other half was not N-fertilized. The Arimar crop was
not subdivided with respect to nitrogen fertilization and each plot
received a preplant fertilization of 64 kg N/ha, 56 kg P/ha, and 52 kg
K/ha. In 1981 preplant fertilization for the Proctor crop was 52
kg N/ha, 46 kg K/ha and 7 kg Mn/ha. Prior to fertilization,
all plots received a preplant irrigation (at least 15 cm) to bring
the soil to field capacity. Seed was planted (40 seeds/m) in 12
rows spaced 17.8 cm apart at rates calculated to give stands of 230
plants/mz. In all plots, twin-wall drip-irrigation lines (4 mil,
10.2 cm outlet spacing; Chapin Watermatics Inc., Watertown, N.Y.)
were laid between rows after emergence, and a single irrigation

(about 1-2 cm water) was given. (For details of the irrigation
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system, see Fig. 10.) Thereafter, N-I plots received either a single
jrrigation at about 5 weeks after planting (Proctor, 1979, 2 cm;
Proctor, 1980, 5 cm) or no irrigation. I plots were irrigated once
(1979) or twice (1980) per week, with sufficient water to replace
calculated evapotranspiration losses. [Water lost from an open pan
of water is closely related to evapotranspiration; when there is
full plant cover evapotranspiration is about 85% of open pan evapo-
ration (Vitosh, 1977). Evapotranspiration losses at all stages in
the growing season were estimated by summing daily open pan evapora-
tion values (cm lost/day; supplied by C. Vandenbrink, MSU, East
Lansing, Mi.) between irrigation days and multiplying the total by
0.85.]

RW plots (Proctor) were irrigated at 50 and 68 (anthesis)
days after planting (DAP) with 4.6 cm water; RW plots (Arimar) were
given a single irrigation of 4.6 cm water at 41 DAP (anthesis). After
68 (Proctor) or 41 (Arimar) DAP, RW plots were irrigated as frequently
as I plots.

Table 4 summarizes the pest control measures that were taken.

2.2.3 Sampling Times and Measure-
ments Taken in the Field

Leaf water potential (y), leaf diffusive resistance (r), and
leaf temperature (t), were measured weekly (1979) or twice weekly
(1980) between noon and 3 p.m. E.S.T. on the blade of either the
youngest mature leaf, or the flag-1 leaf. (The uppermost leaf of each

mature tiller is termed the flag leaf; the leaf immediately below
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TABLE 4. Approximate dates of appearance during 1979 of common pests
of barley and control measures adopted.

83§§rgzk§ Pest Control Measuret

May }g Aphids and/or Greenbugs Orthene 75S (0.7 kg/ha)

Jun

Aug 10

May 27 Powdery mildew Benomyl (1.7 kg/ha)

Aug 15 (Erysiphe graminis)

Jun 15 Hessian fly Orthene 75S (0.7 kg/ha)
(Mayetiola destructor) [Especially directed into

spindle]
Aug 30 Rust Plantvax (2.3 kg/ha)

(Puccinia hordei)

1081 SThese dates were approximately (4 days) the same in 1980 and

+Spra_yed at weekly intervals until the pest was no longer
evident.

the flag leaf is referred to, in this dissertation, as the flag-1
leaf). Leaf water potential was measured with a pressure chamber
(Model 1000 PMS; Instrument Co., Corvallis, Or.). Leaf diffusive resis-
tance and leaf temperature were determined on the upper leaf surface
with a Lambda Model LI-65 Autoporometer (Li-Cor Inst. Co., Lincoln,
Nb.). [The Li-Cor diffusive resistance meter uses a lithium chloride
coated sensor, partially enclosed by a plastic cup. When the sensor is
placed on a leaf, electrical conductivity of the lithium chloride
increases as water vapor, which diffuses from the leaf, is absorbed.

The conductivity increases at a rate proportional to the rate of
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diffusion of water vapor into the cup. The time (AT) taken for the
increase in conductivity between 2 preselected values is recorded.

At the same time, leaf temperature is measured by a bead-thermistor
that is fixed between the LiC1 sensor. The AT value is then converted
to standard temperature (25°C) using standard conversion factors.

The corrected value of AT, ATZSC’ is used to calculate leaf diffusive
resistance from a calibration curve of ATZSC vs. diffusive resistance
(sec/cm).]

To confirm that the plants under the shelters behaved as a
typical field crop, plant height and fertile tiller number/m2 were
measured during grain filling. Grain number/spike and grain weight
were measured at harvest; grain yield was estimated as the product
of the three yield components (Grafius, 1964).

In 1979 whole plants of Proctor were harvested at weekly
intervals and divided into spindle, or spike, and remaining vegetative
tissue, for determination of betaine content (and in some weeks,
nitrogen content). At 70 DAP additional flag and flag-1 leaf blades
were harvested and pooled for betaine and nitrogen determination. To
confirm that water-stress induces betaine accumulation in Bankuti
Korai the betaine in the pooled (flag plus flag-1) leaf blades was
assayed at mid-grain fill.

In 1980 the two youngest mature leaf blades and the youngest
organs (the spindle early in the growing season, the spike late in
the growing season) were harvested at weekly intervals for betaine

determination. At 71 DAP (Proctor) or 49 DAP (Arimar), when individual
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spikes weighed more than 100 mg, they were subdivided; for each
spike separate betaine determinations were made on the awns and
remainder of the spike, which comprised the rachis, caryopses and
glumes. At anthesis, anthers from Proctor were also collected for
betaine determination. A1l samples were taken from the central 8
rows of the plots, or subplots.

2.2.4 Estimation of Cumulative
Stress Experienced by Plants

The y of the blade of the youngest mature leaf, or flag-1
leaf, was used as the basis for calculating an index of integrated
water stress (IS) as defined by Turk and Hall (1980). Measurements
of y were made at weekly intervals in 1979, and every 3-4 days in
1980; y values were assumed to be representative for these periods.

The integrated plant water stress (IS) for each treatment

IS

"
<

L]
a
(ad

was estimated as the area above the y vs. time curve (Figs. 14, 16
and 17 lower frames) by a trapezoidal approximation method; 9trend"
lines were judged by eye. To give IS units of "bar-weeks" the area
above the curve was divided by the area of 1 bar-week.

In 1979 IS was calculated for Proctor from 28 DAP (t]) to
77 DAP (t2). In 1980 IS was calculated from either 29 DAP (t] for

all treatments of Proctor) or 21 DAP (t] for all treatments of Arimar)
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to the date of maximum betaine level in the two youngest mature
leaves (tz); t, = 78 DAP for I and NI treatments of Proctor, t, = 85
DAP for RW treatments of Proctor, and t2 = 56 DAP for all treatments

of Arimar.

2.2.5 Chemical Analyses

For betaine determination, plant material [2 replicates
(1979) or 5 replicates (1980) from each treatment] was transported
on ice to the laboratory, frozen in liquid N2, and freeze-dried. The
dried organs, divided as described in Section 2.2.3, were weighed
and ground in a Micro-Wiley mill to pass a 40-mesh screen. An accu-
rately weighed subsample of milled material (about 20 mg) from each
plant was extracted with 5 ml of H20 at 100°C for 1 h and centrifuged
to clear. Betaine in the cleared extract was determined by pyrolysis-
GLC after ion-exchange purification (Hitz and Hanson, 1980). Because
phosphorylcholine can, in some circumstances, appear in the betaine-
containing fraction of the ion-exchange procedure, a number of
selected plant extracts, from both I and NI treatments, containing
200 ug betaine were analyzed by thin layer electrophoresis [0.1 mm-
thick cellulose glass-backed plates (Cat. No. 5757; E. Merck)
2 kv, 10 min, 1.5 N formic acid]. Semi-quantitative estimates of the
phosphorylcholine present were made by comparing Dragendorff-reagent
sprayed plates with similarly treated standard plates on which had
been loaded betaine (200 ug) and phosphorylcholine (5-50 ug, respec-
tively); 10 ug phosphorylcholine was easily discernible. As no

phosphorylcholine was found in the betaine fraction by this method,
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it was concluded that there was < 4 umol phosphorylcholine/g dry wt
in NI plants and < 2 umol phosphorylcholine/g dry wt in I plants.

To extract grains, an additional step before ion-exchange
was taken to remove soluble polysaccharides. After reducing the
cleared supernatant under a stream of N, (at about 80°C) to a 2-ml
volume, ethanol (100%, 4 ml) was added, mixed thoroughly; the mixture
was then left to stand for 1 h at 4°C to precipitate polysaccharide.
After centrifugation the supernatant was dried in a stream of N2 (at
about 80°C) and redissolved in 2 ml HZO‘ The betaine could then be
determined as described above. A 0.5-nmol "spike" of []4C]betaine
was added to each of 3 grain samples. At the end of the extraction

]4C

and ion-exchange procedure > 96% of applied ]4C was recovered;
was found only in the form of betaine after thin layer electrophoretic
analysis (Section 1.2.4).

Kjeldah1-N was determined on selected organs of Proctor
[2 (1979) or 3 (1980) replicates per treatment] at selected sampling
dates. Tissue was frozen, dried and ground as for betaine determina-
tion. Duplicate subsamples (50 mg) were analyzed by the method of
Cataldo et al. (1974), except that NOE-N was reduced by a 1-h pre-
digestion with 3% salicylic acid in sto4 (conc., 2 ml) prior to the
Kjeldahl procedure to ensure total tissue-N was measured (L. Schrader,
personal communication).

For Proctor (1979), NOS-N was determined on the vegetative

shoot tissue 56, 63, and 85 DAP by the method of Cataldo et al. (1975),

and o-amino-N was determined on vegetative shoot tissue 63 DAP and on
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spike tissue 70 DAP, using the method of Rosen (1957). For each
treatment the analysis was carried out with two replicates, each

of which consisted of the pooled organs from 2 plants.

2.2.6 Radioactive Labeling.
Experiments

[Methy1-]4C]Betaine (59 uCi/umol) was prepared by the oxida-

tion of [methy]-]4c]choline as described in Appendix A. The leaf
blade that was to be fed was trimmed to about 10 cm, and a 3-ul drop-
let of K+-phosphate buffer (20 mM, pH 7) containing [methy]-]4c]-
betaine (0.75 or 1 uCi) was applied to the cut end. After droplet
absorption was complete (15-25 min), four 2-ul droplets of water
were fed sequentially at 10-15 minute intervals; other details of
this method are given by Hanson and Scott (1980).

]4C02 was generated from Na[]4c]bicarbonate (3.75 umol;
40 mCi/mmol, Amersham Corp., I11.) and 43% lactic acid, and admin-
istered to the trimmed leaf blade as described in Section 1.2.3.
For experiments with Proctor on the translocation and metabolism of
betaine (experiment 1, Table 18), []4C]betaine was fed to various
leaves 46-61 DAP. At 74 DAP the whole shoots were harvested and
freeze-dried. In experiment 3, flag-1 leaf blades were fed 62 DAP
and harvested either 74 or 85 DAP. In experiment 1, shoots (except
that one used in Fig. 19) were dissected before freeze-drying; in
experiment 3 (Table 19') dissection of shoots was performed after
freeze-drying and subsequent to localizing the 14C-activity by auto-

radiography on SB-5 X-ray film (Eastman-Kodak). The amount and
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chemical form of the ]4C present in various organs was determined by
extracting the organs or, incase of the culm, 20 mg subsamples in
duplicate, in MCW as described in section 1.2.4. The aqueous frac-
tion was analyzed by ion-exchange chromatography on 1.5 ml columns
AG- 50 (H+) followed by AG-1 (formate) (Atkins and Canvin, 1971).
The AG-1 column was sequentially eluted with formic acid (6N, 10 ml)
and then HC1 (2N, 8 m1). The AG-50 column was eluted with ammonium
hydroxide (4N, 8ml). []4C]Betaine in the AG-50 eluate was identified
by co-migration with authentic unlabeled betaine using the TLE and
TLC methods described in Section 1.2.4. For experiments with Arimar
(experiment 2) that investigated translocation during developing
water stress in the NI plants, various leaves were fed either ]4C02
or [14C]betaine 33 or 41 DAP. Whole shoots were harvested 55 DAP and
freeze-dried intact. The ]4C-activity was localized in the shoots

by autoradiography using SB-5 X-ray film (Eastman Kodak).

2.3 Results and Discussion

2.3.1 1979 Pilot Field Experiment

The field study conducted in 1979 was a pilot project designed
to guide detailed planning for the second year of field experimen-

tation.

2.3.1.1 Physical and physiological parameters of the crops.

Early-season Proctor Crop: The values for the yield components

(Table 5) and the trends in dry matter accumulation, tillering habit

(Fig. 11) and leaf diffusive resistance (Fig. 12) for the Proctor
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TABLE 5. Yield, yield components, and selected growth character-
istics of the Proctor crops in 1979.

Treatment
Parameter
I : +N I :-N NI : +N NI : =N

Mature plant ht (cm) 90 85 40 35
Days to 50% anthesis 69 69 69 69
Fertile tillers/m? 393 264 79 75
Grain no./spike 26 25 12 16
Grain wt. (mg) 36 35 31 34
Grain yield (kg/ha) 3530 2270 290 410

crop in 1979 were all in accordance with the expected performance

of a normal barley crop subjected to I and NI conditions (Briggs,
1978; Legg et al., 1979). Leaf temperature on any sampling day was
not significantly different between treatments. Both tillering and
dry weight increase (Fig. 11) were sensitive to water deficit (Fig. 13;
Aspinall et al., 1964). As the season advanced, y declined steadily
in the NI crop and, by 10 days before anthesis, leaf resistance was
consistently higher than in the I crop. The water stress developed
slowly (Fig. 15C) so that changes in growth pattern occurred that
were typical for dryland crops (Fig. 11; Fig. 13). The yield of the
irrigated crop (at about 3.5 tons/ha) compared favorably to the aver-
age yield for spring barley of 1979 for the State of Michigan(about

2.9 tons/ha; R. Morrison, Agricultural Extension Office, Mason, Mi.).
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Fig. 13. Photographs of Proctor barley crops at ear emergence.

A and C: Non-irrigated crops in 1979 and 1980,
respectively

B and D: Irrigated crops in 1979 and 1980,
respectively.
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The extensive reduction in tiller number/mz, and the consequent low
yield, of the NI crop was not caused by a failure in plant establ-
lishment; it was due to rodent damage to the NI plants in the later
part of the growing season.

Above-ground dry matter accumulation, which probably reflected
leaf area development, was lower in the N-deficient crop which sug-
gested that the rate of soil-water depletion would be less than in the
N-fertilized crop.

Late-Season Crop: The growing season in Michigan for spring

barley is between March or April and June or July, but to fully exploit
the summer months for field experimentation, a trial crop of barley,
cv. Bankuti Korai, was planted in July. Bankuti Korai is an early
maturing cultivar and thus could complete its life cycle within the
remaining three months of late summer. Water potential measurements

at different stages of growth were recorded (Fig. 14) to use as a

guide for management of water-stress development in later summer
plantings fn future years.

For both early- and late-sown crops morphological differences
between the plants grown under different levels of N-fertilization
were evident--the N-deficient plants having typically a shorter
stature, fewer tillers per plant and lighter-green colored leaves

than the N-fertilized plants.

2.3.1.2 Results of chemical analyses. As y declined, the

betaine concentration in the vegetative tissue of the NI, N-fertilized
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crop increased to a maximum of 50 pymol/g dry wt at about one week
after anthesis (Fig. 15A). However, the betaine concentration in

the vegetative shoot tissue of NI, N-deficient plants remained fairly
constant at values similar to those of I plants which had consistently
high ¢ values (Fig. 15A). Such a depression of betaine accumulation
by N-deficiency was not unexpected. In the converse situation when

N-fertilization was applied to the halophytic grass Spartina alterni-

flora that grows normally in low N, high salt conditions the betaine
levels increased (Cavalieri and Huang, 1981), indicating a link
between soil-N status and betaine synthesis.

In the N-fertilized, N-I crop the betaine concentration of
the vegetative shoot tissues appeared to decline about two weeks after
anthesis. Assuming this drop in betaine level after anthesis to be
a real effect, it could have been due either to degradation or to
translocation to roots or spikes. The highest concentration of
betaine in Proctor barley shoots was observed in the (flag plus
flag-1) leaf blades (Table 6) where soil-N availability had little
effect on betaine accumulation. The betaine concentration in the
(flag plus flag-1) leaf blades of Bankuti Korai was also high--of
similar magnitude to Proctor--under NI conditions at both levels of
N-fertilization (Table 7). In contrast to whole-shoot tissue, the
betaine concentration of the spike tissue rose in both N-fertilized,
and N-deficient, NI plants (Fig. 15B).

Betaine, as a nitrogenous compound, did not appear to parti-

tion either like total-N or like dry matter (see respective harvest
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Betaine level of the whole shoot, excluding spike tissue
(A) and the developing spike (B) for each irrigation

and nitrogen treatment of Proctor barley (1979). The
bottom frame (C) indicates trendas in leaf water poten-
tial (¢) for each irrigation and nitrogen regine.
Symbols as in Fig. 11.
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TABLE 6. Betaine concentration of selected organs during the growing
season for Proctor (1979).

Betaine Concentration

Shoot Tissue
I:+N I:-N NI:+N NI:-N

—— umol/g dry wt

Spindle (leaves 5+ younger)

48 DAP 17 19 27 27
Youngest mature leaf blades

56 DAP 41 33 115 49
(Flag + flag-1) leaf blades

70 DAP 58 34 155 101
Grain at maturity 8 6 9 8
Straw® at maturity 24 17 72 26

§Straw comprises chaff + vegetative shoot.

TABLE 7. Concentration of betaine in (flag plus flag-1) leaf blades
of Bankuti Korai at 42 DAP

Treatment Betaine (umol/g dry wt)
I : +N 35
I: -N 40

NI : +N 173

NI : -N 100

LSDO'05 = 31
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indices, Table 8). The distribution of betaine at maturity suggested
that it remained in the leaves and stems of the maturing crop. It

is interesting to note that in the straw of N-fertilized, NI plants
10% of the total-N was in betaine (Table 9B).

In agreement with other reports (e.g. Halse et al., 1969) the
percentage of N in dry matter was similar in plants grown with and
without N-fertilization (Table 10). There was, however, far less
N in the N-deficient crop because it had less above-ground dry matter
accumulation than the N-fertilized crop (Fig. 11). The slightly
higher N content (as % dry weight), especially in the grain, of the
NI plants as compared to I plants is commonly observed (Day et al.,
1978) and can be explained by depressed photosynthate production
and accumulation in NI plants.

In all treatments, NOE-N (Table 11) was a small proportion
of the total-N in the shoot (cf Table 10). No consistent accumulation
of NOé-N occurred in the NI plants, although Nog is known to accumu-
late in the stems of some water stressed crops (Hanway and Englehorn,
1958).

The proportion of total-N in the form of free amino acids
(a-amino-N) in vegetative and spike tissues was somewhat higher in
NI plants (Table 9), but this effect of water stress was minor as
might be expected from laboratory data on amino acid content of
barley seedlings subjected to rapidly-induced water stress (Singh et
al.,1973;. Tully et al., 1979). Betaine-N (2.2% total-N) approached
the contribution to total N of a-amino-N (3.8% total-N) in NI,

N-fertilized plants at anthesis. This was not true in N-deficient
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TABLE 8. Harvest indices of dry weight, nitrogen and betaine of
Proctor barley at maturity (1979).

Treatment HI 8 NHI BHI
I:+N 0.25 0.5 0.1
I:-N 0.25 0.41 0.1

NI :+N 0.1 0.22 0.1

NI:-N 0.13 0.39 0.1

Grain Yield
Total above-ground dry matter

§HI,Harvest Index =

Total-N in grain
Total-N in total above-ground dry matter

NHI, nitrogen harvest index =

Betaine in grain

BHI, betaine harvest index = Betaine in total above-ground dry matter
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TABLE 9. a-Amino-N (A) and betaine-N content (B) of selected
organs of Proctor (1979 at various dates after planting

A. a-Amino-N as % Total-N

a-Amino-N
DAP Organ Treatment
I : +N : =N NI . +N NI : -N
% Total-N
63 Vegetative tissue 3.0 3.4 3.8 6.2
70 Spike 14.5 15.0 16.2 14.5
B. Betaine-N as % Total-N
Betaine -N
DAP Organ Treatment
I : +N : =N NI : +N NI : -N
% Total-N
63 Shoot (excluding
spike) 1.2 1.1 2.2 1.2
70 Spike 1.9 1.5 3.6 3.2
70 Flag + Flag-1
leaf blades 2.3 1.8 4.5 4.0
84 Spike 0.9 1.0 3.2 2.4
84 Main culm
(excluding spike) 2.6 1.2 3.7 2.2
96 Grain 0.6 0.5 0.4 0.4
96 Straw 4.5 2.7 0.0 5.3
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TABLE 10. Total-N (including NO3-N) content of selected organs
of Proctor barley (1979) at various dates after
planting.

Nitrogen Content
DAP Organ Treatment
:+N I:-N NI:+N NI:-N
% dry wt.
63 Shoot (excluding spike) .0 1.8 2.1 1.7
70 Spike .8 1.5 2.1 1.8
Flag + flag-1 leaf blades .3 3.3 4.2 3.3
84 Spike .9 1.1 2.5 1.8
Shoot (excluding spike) .0 1.7 1.3 1.2
90 Grain . 1.7 3.0 2.8
Straw .7 0.8 1.0 0.6
TABLE 11. NO3-N level in the shoot vegetative tissue of Proctor
barley (1979) at various dates after planting.
NO3-N Level
DAP Treatment
I:4N I:-N NI:+N NI:-N
% dry wt.

56 0.27 0.13 0.09 0.14

63 0.09 0.10 0.15 0.09

84 0.1 0.09 0.07 0.09
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plants where in fact, .with the exception of the (flag plus flag-1)
leaf blades, betaine-N (expressed as % total-N) in all the organs
sampled tended to be lower than in N-fertilized plants. The amino
acid-N content of the spike represented a much larger proportion of
the total-N than did betaine (Table 9).

Comparison of data for betaine in the spike at 1 week after
anthesis (70 DAP), and in the grain after harvest (96 DAP) (Table 9B)
shows that the contribution of betaine to total grain-N was far lower
than to total spike-N. This might be explained in one or more of the
following ways: (1) Betaine was metabolized by spike tissue;

(2) Betaine ceased to be translocated to the spike later in the grow-
ing season and so its relative contribution to total-N decreased as
grain protein levels rose; (3) Betaine was largely localized in awn
and/or rachis tissue.

In order to use betaine as a cumulative stress index there
must be a strong correlation between an integrated value of the
stress experienced by the plant and the betaine level of either the
whole shoot or organs thereof. The whole vegetative shoot of N-
deficient plants did not accumulate betaine. However, the spike and
youngest leaves did accumulate betaine regardless of soil-N level;
regression of betaine level in spike tissue on IS, calculated from
the weekly measurements of y (Fig. 14; see Section 2.2.4 for defini-
tion) showed a significant correlation between the two parameters
(r = 0.74*%*, N-fertilized; r = 0.79**, unfertilized). This result

encouraged further testing of the hypothesis that the betaine level
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of certain organs could be used as an index of the cumulative stress

experienced by a crop.

2.3.2.3 Conclusions from the preliminary 1979 field study.

It proved possible to simulate dryland farming conditions in Michigan
using manual rain-out shelters. The shelters did not adversely
affect the performance of the I or NI crops. Symptoms of N-deficiency
in plants grown without N-fertilization were evident. N-deficiency
severely depressed betaine accumulation in whole shoots, but only
moderately lowered betaine accumulation in the spike and youngest
leaves. In addition, it was unclear whether the lowered betaine
levels in the unfertilized NI crop was a consequence of a higher water
status, resulting from slower depletion of soil water by a thinner
stand. Betaine contributed up to 4.5% to the total-N in NI (flag

plus flag-1) leaf blades and up to 10% total-N in the straw at harvest.
Betaine appeared to remain predominantly in vegetative tissue, and

not to be massively translocated to the main sinks (grains) of the
maturing plant.

The influence of N-fertilization on betaine accumulation in
whole shoots was too great for the betaine concentration in this
tissue to be considered further for practical use as an index of
cumulative stress. The most likely organs to sample to further test
the hypothesis appeared to be the spike (possibly specifically the

awns) and the youngest mature leaves.
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2.3.2 1980 Field Experiment

2.3.2.1 Physical and physiological parameters of the crops.

Both the Proctor and Arimar barley crops developed and matured satis-
factorily (Table 12). The water-stress experienced by the NI crops
were less severe than in 1979 and thence leaf firing and tiller die-
back were less pronounced (Fig. 13).

Leaf y declined in NI periods but after rewatering rose to
values similar to those recorded in the I crop. Leaf diffusive
resistance of the NI crop was consistently higher than that of the
I crop. Leaf diffusive resistance of the RW crop increased during
stress, but fell after irrigation (see Table 13 for average values
of leaf resistance for each treatment).

Yields of Proctor were higher than in 1979 and this was due
to an increase in tiller number/mz; grain weight was similar in all
treatments in both years. This observation agrees with the report
of Gallagher et al. (1975) that the grain weight of Proctor remains
stable (29-41 mg/grain) under various environmental conditions. The
yield of the RW crop was low in comparison to the I crop. In the
RW crop, after rewatering, there was a proliferation of small tillers
which did not set grain.

In cv. Proctor, differences due to N-fertilization were dis-
cernible under all three irrigation regimes, being especially pro-
nounced in NI and RW plots. A1l N-deficient plants were character-
istically 3-8 cm shorter than the corresponding N-fertilized plants

with fewer tillers and paler green leaves.
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TABLE 12. Yield, yield components and selected growth characteris-
tics of the Proctor crop (A) and Arimar crop (B) of
1980
A. Proctor 1980
Treatment
Parameter , :
I:+N I:-N NI:+N NI:-N RW:+N RW:-N
Mature Plant
Height (cm) 90 85 50 45 50 40
Days to 50%
anthesis 62 62 62 62 62 62
Fertile tiHer/m2 562 376 261 206 330 196
Grain no./spike 24.2 19.8 15.6 15.6 18.4 14.4
Grain wt (mg) 36.6 31.2 29.3 31.2 36.3 31.3
Grain yield (kg/ha) 5000 2320 1200 1000 2210 890
B. Arimar
Treatment
Parameter 5
I:+N NI:+N RW:+N
Days to 50% anthesis 40 40 40
Fertile tiller no./m? 523 162 263
Grain no./spike 26.6 13.4 27.0
Grain wt (mg) 43.2 38.4 34.7
Grain yield (kg/h<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>