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II.

ABSTRACT

The effects of defoliation, shading and dark on the growth and
morphology of roots of Lolium perenne L. plants have been examined
using glass fronted containers and a technique developed for measur-

ing root lengths and numbers of apices.

A single defoliation caused a rapid drop in root elongation
followed by a more gradual recovery with the most severe defoliation
treatment having the greatest effect. Repeated defoliation caused
a prolonged depression of root élongation but some recovery occurred.
The most severe treatment resulted in considerable root death. With
shading, root elongation fell over the first 8 -~ 10 days and then rec-
overed to near the control level. Both defoliation and shading
caused an increase in the length per unit weight of the root systems.
Root elongation of plants placed in the dark fell rapidly to near zero,
the effect being ocomparable with that of defoliating plants to 2.5 om
or less. Defoliation of plants placed in the dark caused a more rapid
fall in elongation.

Supplying glucose or sucrose to the roots of plants defoliated
to the extent that root elongation would otherwise have ceased main-
tained elongation at up to two-thirds of the level of undefoliated
plants. Sucrose was marginally more effective than glucose with
little difference between concentrations 1-6%. Benzyladenine and
indole-acetic-acid marginally inoreased elongation in the presence
of sucrose. Dark-treated plants responded in a similar manner to
defoliated plants to sucrose. The level of soluble carbohydrates
in the roots of plants defoliated or placed in the dark was seen to
be low after root elongation ceased and recovered as root elongation
recovered. However the level at the time most roots ceased elongating
was higher than in other experiments where root elongation was near
optimum. That under these conditions the addition of sucrose or gluc-
ose maintains elongation at up to two=thirds of the control level sug-
gests that translocation of soluble carbohydrates to the root apex may
be the limiting factor. This possibility is supported by the differ-
ence in levels of soluble carbohydrates in various parts of the plant
following defoliation at two different times of the day. The tech-
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nique used to measure soluble carbohydrates was not sensitive
enough to permit analysis of the root tips and thus check the
hypothesis. Apart from the requirement for soluble carbohydrates
and the apparent associated translocation factor there is evidently
some other factor (s) 1limiting root elongation of defoliated and

dark-treated plants. The nature of this factor was not determined.
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CHAPTER 1

INTRODUCTLON

The study of the root systems of pasture plants hss lagged behind
the studies of the shoots and leaves because of the difficulties
involved. However, because of the increases in productivity and
utilisation of pastures at present occurring in New Zealand as a
result of improved management techniques and economic pressures, close
attention must be paid to all factors likely to 1imit economic pasture
production.

Besides the general functions of nutrient uptake, water uptake and
anchorage, roots of pasture plants warrant study for their roles as
sinks for photosynthate, modifiers of soil structure for future crop
rotations, and for their possible food storage capacity. There are
also in New Zealand at present three particular problems where a know-
ledge of root growth and function would be of considerable help. On
dairy farms, particularly where stocking rates are high, pasture pulling
ocours at certain times of the year. The animmls when grasing remove
the whole plant, the roots breaking off just below the soil surface.

A likely explanation lies in the seasonal production and death of roots.
Grass grub (the larva of a scarab beetle, Costelytra zealandica (White))
causes loss of pasture production, and in extreme cases pasture death,
by eating the roots of the plants. An accurate assessment of the way
in which the root systems of the various species are affected would
assist in the study of this pest. Phosphate fertiliser is an important
requirement for high pasture production, the quantity applied being
determined by the requirements of the legume component of the sward
which is a poor competitor for phosphate compared with grasses. Part
of the explanation of the differences in competitive ability may be
differences in root morphology and distribution.

A major difference batween pastures and most other kinds of vegetation
is the imposition of severe and regular defoliation on the former, either
by grazing animals or by machines in hay and silage making. The manage-
ment of this defoliation pattern is a prime factor determining pasture
production. Closely related to the defoliation pattern is mutual
shading of the plants, shading being greatest where long interwvals

ococur between defoliations.
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Because of their importanoe in pasture production, the effect of
defoliation and shading on root growth and morphology has been chosen
as the topio of this thesis.
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CHAPTER 2

nggg%&%g AND METHODS

2.1 INTRODUCTION

The diffioulty of examining roots under field oonditions is that
even supposing they can be satisfactorily separated from the soil,
there is no method except perhaps for the tetrazolium test (Goedewa-
agen, 19543 Jacques and Sohwass, 1956) of distinguishing between
living and dead roots (Troughton, 19573 Garwood, 1967). At any time
therefore the weight of roots in a given volume of soil represents the
balance between root growth and decay. The presence of dead roots ocan
be avoided by using young, vigorously growing plants (Troughton, 1956).
With young plants, then, the proportion of photosynthate that is being
used in root growth (commonly considered in the form of the balance
between the shoot and the root i.e. the shoot/root ratio) can be

measured .

The distribution of root weight aocoording to the depth below the
s80il surface and lateral distance from the base of the shoot has been
measured by a number of authors (see Troughton, 19573 1961). This
provides some indication of the potential exploitation of the soil
by the root systeme However the worth of such measurement is doubtful
when the root system is confined within a container which places a

restrioction on root growth.

Root length is a worthwhile parameter to measure since it gives
a better picture than root weight of the potential exploitation of
the soil by the root system. This point is discussed by Wiersum (1961).
For example, other things being equal a plant with a greater length of
roots would be expected to have a greater oapaoity to utilise the min-
.erals and water in a soil volume than a plant with a lesser length of
roots. It is oonoeivable that two such plants oould have the same
root weight (i.e. one having thinner roots than the other) and hence
measurement of root length would help explain what might otherwise appear
to be a major anomaly. Pavlychenko (1937; 1942) measured root length
directly. This work emphasies just how extensive the root systems of
even comparatively small plants are and how much they may be affected
by environmental factors. The possible importance of measuring root
length as well as dry weight is also raised by Krassovsky
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(1926) and Williams (1962). Williams compared the capacity of nodal
and seminal roots to support young timothy plants when growing in
nutrient solution. He cbserved on analysing the plants for mineral
nutrients that the seminal roots were several times more active on
a dry weight basis. Krassovsky obtained similar results for water
in several cereals. The greater activity of the seminal roots can
be explained by the observations of Weaver (1926), Weaver and Zink
(1945), Brouwer and Locher (1965) and Brouwer (1966) that the seminal
roots are thinner than the nodal roots and would therefore have a

greater surface area per unit weight.

May (1960), considered that measuring the number of root apices
would be worthwhile as far as activity is concerned because the region
immediately behind the root apex is most active in uptake (Wiebe and
Kramer, 19543 Kramer, 19563 Brouwer, 19653 Russell and Sanderson,1967).
Therefore changes in the number of root apices might be expected to
indicate changes in the potential activity of the root system.

In excised root sulture, elongation of individual roots has
been routinely used as a measure of response to applied chemicals.
Baldovinos (1953) measured elongation of bean radicles by marking
with indian ink and measuring distance from the ink mark to the
position of the root tip after different periods of time. Crider
(1955), Asher and Ozanne (1966) and Head (1966) have achieved the
same results by observing roots growing against glass and measuring
elongation against reference points on the glass. This work demon-
strates the sensitivity of root elongation to changes in the environ-

ment.
%

2.2 CHOICE OF EXPERIMENTAL MATERIAL
Monocotyledons, especially perennial grasses, have an advantage

over most dicotyledons as experimental material for root growth studies
in that they produce from the base of the shoot a succession of advent-
itious roots (nodal roots) of fairly uniforw size and growth rate under
glasshouse conditions. This is in contrast to the tap root and laterals
of varying sizes and growth rates which develop in typical dicotyledons.

Lolium perenne L. was chosen because it is the most important
pasture grass in New Zealand and its morphology and physiology are
well doocumented. As with other perennial grasses however this speoies



does have a small seed and thin roots oompared with cereals.

Being an outbreeding species L. perenne shows considerable
genetic variability which is reflected in the high coefficients
of variation in the single plant experiments (20-30%). Genetic
variability could have been avoided by using clonal material but
this would have introduced the problem of root senescence and death
during experiments which is unlikely to occur using young plants
grown from seed. Results from experiments in which clonal material
is used are also open to the criticism that the response of the
olone may not be typical of the response of the species to the
experimental treatments. To decrease variability,seed of air
dry weight 1.7-1.9 mg (modal 20% of sample) was used. The effect
of seed weight on plant size is described in Appendix 6. Further
selection for uniformity of plant size was made at the 20-30 tiller
stage except where experimental treatments commenced at an earlier
stage (Appendices 3,5, 6 and 7).

2.3 PARAMETERS STUDIED AND METHODS USED

Root dry weight, length, number of apices, and elongation rate
have all been measured in some experiments in this thesis. Greatest
emphasis has been placed on elongation rate since this parameter is
the most sensitive to environmental changes and it can be measured
non-destructively.

The direct measurement of root length is time consuming and
difficult in a species with fine roots such as L. perenne. Therefore
a modification of the sampling technique published by Newman (1966a)
has been used and in oconjunction with this a technique has been
developed for measuring numbers of root apices. The procedures are
detailed in Appendix 1.

The weight of root systems has been measured after washing and
drying overnight at 100°C.

Root elongation has been measured cm plants growing in glass
fronted containers (Appendix 2).

Other plants were grown in 40 om x 10 cm unglazed pipes of the
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type used in field drains, coated outside with aluminized bituminous

paint to reflect heat and reduce moisture loss. These were used in

preference to ordinary plant pots because their greater depth reduced
the mat of roots which commonly forms at the base of a pot.

Sand was used as a root medium because of the ease with which
it could be washed from the roots at harvest. Nutrient solution of
the following composition (mg/1) was used: Ca(N03)2.4320,590;
KNO3,253; MgSO4.7H20,246; KH2P04,68.0; Fe EDTA,41.73 KC1,3.153
H3303,1.43; Mnc12.4820,0.9; ZnSO4.7H20,0.11; CuSO4.5H20,0.04;
Na2M004.2320,0.01.

Each day an amount in excess of that required to restore the sand
to field capacity was applied. A test of the suitability of the
ooncentration of this nutrient solution for growing L. perenne is

presented in Appendix 3.

Seed was germinated at 20°C 1n petri dishes and planted into
sand in the unglazed pipe or else into 10 cm plastic pots for sub-
sequent transplanting into the glass fronted containers. Experiments
were performed in a glasshouse the temperature of which was controlled
within the range 10-21°C but whioh occasionally exceeded this range or
in a growth room at 22 + 1°C.  The significance of temperature fluc-
tuations on root elonga;ion are indicated in Appendix 4.

The most suitable plant size for the various experiments was
determined on the basis of two-weekly harvests of plants grown from
seed (Appendix 5) and from trial plantings in glass fronted containers
used in many of the experiments. (Appendix 7). In the glass fronted
containers, three plants each of 20-30 tillers provided the optimum
number of roots against the glass. In later experiments where the
experimental period was less than a week, four plants were used.

Elongation was measured on a random selection of primary nodal
roots (see Appendix 8) the apices of which were more than 5 cm below
the base df the shoot and 10 om above the bottom of the container.



CHAPTER 3
EFFECTS OF DEFOLIATION AND SHADING ON ROOT GROWTH

3.1 INTRODUCTION

The relationship between root growth and shoot growth may be
regarded as primarily competitive, the root being limited by the
supply of carbohydirates and other growth materials from the shoot
and the shoot being limited by water and minerals from the root
(Loomis, 19533 Humphries, 1958; Troughton, 1960). This relation-
ship may of oourse be complicated by the action of endogenous
growth substances. Obviously too, when the input of a limiting
faotor is decreased, besides the shift in relatiwve production of
shoot and root, there will be an overall deaorease in the total growth
of the plant. Brouwer (1963) points out that in the field the
effects of the roots terminates as soon as a closed cover is forwed
and photosynthesis becomes the limiting factor. Therefore root
factors are more important during early development or where
defoliation has occurred.

Effect of defoliation on root growth

The mass of data much of which is summarised by Weinmann (1948)
and Troughton (19573 1962), indicates that generally in pasture plants
grazing and cutting reduce rooting depth and both root and shoot
production, the reduction in the root being the greater. The effects
of successive defoliations are cumulative and reduced frequenocy

balances increased severity. Ceasation or severe retardation of
root elongation has been reported in a number of grasses (Parker and
Sampson, 19313 Robertson, 1933; Baker, 1957; Beard and Daniels, 1965;
Davidson and Milthorpe, 1966) and death of some roots has also been
recorded (Robertson, 1933j; Peralta, 1935; Weaver and Zink, 1946) and
by Butler et.al. (1959) in three pasture legumes. Davidson and
Milthorpe noted also an associated drop in respiration and 32? uptake.
Beard and Daniels found that the effect on root elongation was much
less severe than on weight inocrease in the root mass. Reduced root
growth following defoliation has also been recorded in apple and plum
trees (Head, 1967) and in Acer saccharinum (Richardson, 1953b). New
roots were noted to be thinner than those of undefoliated plants
(Parker and Sampson, 19303 Robertson, 19333 Biswell and Weaver, 1933;
Peralta, 19353 Beard and Daniels, 1965).
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Differences between species in response to defoliation have
been recorded. These are considered to be related to plant habit,
the amount of shoot remaining for supplying stored food or for
photosynthesis being the important factor (Harrison and Hodgson,1939;

Lowvorn, 19453 Julander, 1945; Weinmann, 1948). Nitrogen fertilizer
enhances the inhibiting effect of defoliation by reason of the reduction
of carbohydrate reserves in the formation of extra protein (Harrisonm,
19343 Johnson and Dexter, 19393 Haynes, 1943).

Consistent with the idea that the relationship between the
shoot and the root is oonstant for a given set of environmental
conditions (Troughton, 19603 Brouwer, 1963), Ennik (1966) showed
that in L.perenne and Trifolium repemsL. defoliated plants recovercd
to a constant shoot/root ratio. This is also implicit in the results
of Mitohell (1954) where the differences in rates of growth of shoot
and root decreased as plants of Lolium species recovered from defol-
iation.

Effect of Light Intensity

Consistent with the concept of a balance between shoot and root
is the increase in shoot/root ratio on reducing light intensity.
The results of a number of experiments and observations on pasture
plants are summarized by Troughton (1957). Similar results have
been recorded more recently by Troughton (1960), Lebedev (1963),
Evans et al (1964), Asher and Ogzanne (1966). Kozloweki ($94%)
recorded an incresse in the shoot/root ratio in Quercus and Pimus
as a result of shading. Kramer and Decker(1944) concluded that
loblolly pine seedlings failed to establish in shade because they
did not produce enough carbohydrates to grow sufficient roots to
absorb enough water during drought. Asher and Oganne (log.cit)
found that shade reduced the rate of seedling root growth in all
pssture species they examined, the degree of reduction being related
to the degree of shading. Richardson (1953a) found in short term
experiments that Acer saccarinum root growth exhibited a rapid drop
on reducing light intensity from 5000 to 200 lux and a rise on
returning to 5000 lux. In a later paper (Richardson, 1953b) the
initial drop in elongation on reducing the light intensity was
followed by a partial recovery. Wassink and Riochardson (1951)
found differences between species in response to reduced light
intensity.
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They associated these differences with differences in natural habitat,
the species which grew naturally in shade being less affected by red-
uced 14on¢ intensity.

Butler et al (1959) found that reducing the light intensity by
75% resulted in the death of some roots in three pasture legumes. In
contrast to the effect of defoliation in these three species there was
1little subsequent new root growth.

Soper (1957) examined in several pasture species the effect of
reduced light intensity accompanied by supra-optimal temperature.
Roots of plants grown under the adverse conditions were thin and
wavy while those in high 1ight at a lower temperature were thick,
straight, glossy and white. The change in existing roots was rapid.
The thin roots had a lesser number of smaller cells contributing to
the reduced diameter. She considered that under low 1light and high
temperature the cortex was short lived« The change was considered
to be due to a decrease in carbohydrate supply.

3.2 EFFECT OF A SINGLE DEFOLIATION

Methods

The experiment consisted of six :eplicatos of four treatments.
In one treatment group the plants were defoliated to 2.5 om above
the base of the shoot, in the second group to 5.0 cm above the base
and in the third group to 7.5 om above the bases The fourth group
was left undefoliated as a control.

200 seeds were germinated in petri dishes and 140 were planted
4 per pot into 12 om plastic pots of sand when the ooleoptiles were
approximately 1 om longe The early and late germinating seeds were
discarded. When the plants had reached the 20-30 tiller stage, all
were sorted according to size and those from the middle of the range
planted three per container into 24 glass fronted containers. The
containers were arranged in a row along the front of the glasshouse
benoh all facing south. Six days after transplanting the positions
of 20 root apices per container were marked on the glass with a fibre
tip pen and the elongation for the following 24 hours recorded. The
marks on the glass were then removed ¥ith a oloth moistened with ace-
tone and the procedure repeated. Plants were then defoliated and root
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elongation on all containers measured each day until harvest.
The treatments were harvested separately when the elongation rate
had recovered to the control level, the controls being harvested
at the sames time as the last defoliated group. At harvest the
plants were washed free of sand and the shoots and roots weighed
separately after drying at 100°¢c overnight. The shoot/root ratios

were caloulated.

Resul ts

The mean daily elongation rates are presented in Fig. 1.
The results are presented as percentages of the growth of the
controls for the particular day because the growth of all plants
fluctuated from day to day owing to fluctuations in environmentél
oonditions, particularly temperature (see Appendix 4). In all
defoliation treatments elongation dropped sharply on day 1 after
defoliation with lesser reductions on days 2 and 3. The reduction
in elongation was greatest in the 2.5 cm defoliation treatment and ‘
least in the 7.5 cm treatment. Subsequent to day 3 following defol- |
iation all plants recovered steadily to slightly above the controls,
the least severe defoliation treatment exhibiting the most rapid ‘
recovery. There were significant differences at the 5% level between |
all treatments except 7.5 cm defoliation and control from days 8 to 11. ‘
No standard errors could be presented in the figure because of the
transformation of the data.

In the 2.5 om treatment most of the roots ceased elongating
altogether on day 3 but a few continued to grow at rates up to 30%
of the control mean. In a preliminary experiment it was noted that
as a result of defoliation the apices of some roots which ceased to
elongate turned brown and showed no further activity. These roots
were presumed to have died. In the main experiment a record was
kept over the first 8 days of the state of individual roots. In
the 2.5 ocm treatment, two root apices turned brown and were presumed
dead. The figures for these two roots were excluded from the results.

The shoot weights, root ¥gights and shoot/root ratios of the
plants at harvest are presented in Table I. The 4 groups did not
differ significantly in shoot/root ratio although varying amounts of
shoot had been removed. The three defoliation treatments did not



nor
!

160

90

80r

60}

I~
o

Root Growth ( ‘:/2 Control Plants)
o

20 = //- -75¢m
” + +50cm
101 / . e2:5¢m
L]
o\\ /
U 1 it 1 1 1 1 L e |
0 2 4 6 6 10 12 14 16
Days

Fig. 1 - Effect of a single defoliation to three different

levels on root elongation. Results expressed as
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Table 1 - Effect of a single defoliation on plants harvested when
root growth had recovered to control plant level

Shoot weight Root weight Shoot/root Days to

Treatment (g) (g) ratio harvest
2.5 om 5.78 2+29 2.52 17
5-0 cm 5-56 2.31 2043 16
7'5 cm 6.02 2048 2.44 1
Control 14,71 5.91 2.56 17
S.E.+ 0.30 0.27 0.088 -
D.05 0.64 0.59 0.19 -
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~

differ signifidantly from one another in root or shoot weights
however all were less than half the values for the controls. Note
that the 7.5 cm treatment was harvested several days earler than the
2.5 cm and 5.0 cm treatments.

3.3 EFFECT OF REPEATED DEFOLIATION

Experiment 1 - Plants grown in glass fronted containers.

Methods

The experimental layout and procedure were the same as for the
investigation of the effect of a single defoliation except that the
plants were defoliated every second day instead of once only. The
experiment was terminated 14 days after the initial defoliation and
10 nodal roots were removed from each container. These roots were
washed and a 5 cm length was taken from immediately behind the apex
of each roote These pieces were dried overnight at 100°C and weighed.
The length per unit weight of nodal root was calculated for each con-

tainer.

Resul ts

The results are pa-es'ented in Fig. 2. As in the single defol-
iation experiment a record was kept of the growth of individual
roots and the figures for any which died were excluded from the
results. Elongation fell steeply on the first day after defol-
iation and reached a minimom on day 3. Thereafter there was an
indication of recovery with time in all three defoliation treatments.
In the 2.5 cm treatment an average of 60% (40-87%) of the roots died
and in the 5.0 cm treatment 45% (25-68%) died. No deaths occurred in
the other two treatments. Depression of root elongation was most
severe in the 2.5 om defoliation treatment and least in the 7.5 om
treatment. Differences between treatments were significant at the
5% level or almost so on all days except on days 9-11 between 7.5 cm
defoliation and control, on days 13 and 14 between 5.0 cm and 7.5 cm
defoliations and on day 8 between 2.5 cm and 5.0 cz. defoliations.

The length per unit weight of nodal root for each of the treat-
ments is presented in Table 2. The values for the 2.5 cm. and 5.0
om treatments are significantly greater than that of the controls.
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Table 2 ~ Effeot of repeated defoliation on root morphology

Experiment 2 Experiment 1
Flantsi 2ol ‘pires Plants in ocontainers
All roots Primary nodal
below 7.5 om root. Length Primary nodal root
Preatment p‘: u:it length per unit
ol n Length per| No. of Z‘ €h ) ( )
unit apices w/ - weight rxm/ g
weight per
(om/mg) unit
length
(oa)
2.5 om 49.5 1.13 6.20 10.92
5.0 oo 43'9 1.15 4087 7058
T¢5 om 47-5 1.18 3.99 4.55
Control 3819 1.08 2.44 3012
S.E. j‘_ 2.62 0007 0030 1003
D.05 537 0.14 0.62 2.19
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Experiment 2 - Plants grown in clay pipes.

Msthods

The measurement of possible changes in root morphology caused
by defoliation was not considered possible in the container-grown
plants because the amount of new root growth in the defoliated
plants would have been small compared with the amount present at
the start of treatment and it was doubtful if this new root could
be distinguished from the old. Therefore to assess the effect of
repeated defoliation on root morphology 40 plants at the 20-30
tiller stage with the roots and shoots trimmed off to 7.5 cm from
the base were planted singly into clay pipes. The experiment
consisted of 10 replicates. One plant at random in each repliocate
had the shoot defoliated at 2.5 cm, 5.0 cm or 7.5 cm twice a week.
The interval between successive defoliations was greater than in
the previous experiment in order to ensure that sufficient new root
grew within a reasonable time for sampling. The fourth group was
allowed to grow on as a control. Several extra plants were treated
in the same way and defoliated to 2.5 om. One of these plants was
harvested each week to ascertain the amount of new root below 7.5 cm
from the base of the shoot. After 4 weeks by which time the amount
of new root below 7.5 cm from the base of the shoot was considered
sufficient for sampling, all plants from the experiment proper were
harvested. Root length and apex numbers were estimated as detailed
in Appendix 1. The dry weight of ten 5 cm lengths of primary nodal
root from each plant was also measured in order to compare this ex-
periment with the one in the glass fronted containers.

Resul ts

The results are presented in Table 2 together with the length
per unit weight of primary nodal root from Experiment 1. The length
per unit dry weight of all root below 7.5 cm was greater in two of
the three defoliation treatments than in the controls and was also
greater in the 2.5 om treatment than in the 5.0 cm treatment. The
differences between these two treatments may not be important taking
into account the figure for the 7.5 om treatment. The number of
apices per unit length of root in the defoliated treatments was not
significantly different from the controls. 1In both experiments the
length per unit weight of primary nodal root was increased by increasing
severity of defoliation. The effect was greater in the case of the
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experiment in the glass fronted containers where the plants were
defoliated more fregquently.

3.4 EFFECT OF SHADING

Gxperiment 1 —~ Plants grown in glass fronted containers.

Methods

The effect of shading was examined using screens consisting
of one or more layers of two different grades of white paper giving
light transmissions of 60, 40, and 20%. These screens came down
15 cm below the bases of the plants on all sides and were vented
at the corners to allow air circulation without allowing a signif-
icant amount of 1ight to penetrate. Twenty four containers were
planted and set out as described for the defoliation experiments
and the shade screens placed over the aprropriate containers.
The experiment consisted of 6 replicates, one treatment being an
unshaded control. Root elongation was recorded each day, the
experiment being terminated when the trends in elongation had become
evident. The dry weights of ten Scm lengths of primary nodal root
harvested from each container at the conclusion were recorded and
‘the length per unit weight calculated.
Resul ts

The results are presented in Figs 3. In all three shading
treatments rcot elongation fell steadily, reaching a minimum 8 ~ 10
days after shading commenced. Elongation increased from day 10
to day 14 and then in the 20% and 60% treatments more slowly till
the terwmination of the experiment. There was no trend in the 40%
treatment from day 14 onwards. The 20% light treatment produced
the greatest reduction in elongation. There was no consistent
difference between the 40% and 60% treatments until after day 15.
No root death ooourred and a few roots only in the 204 treatment
stopped elongating and then not for more than two days. The
differences between the 20% treatment and the control on days 2 to
18 and between the 404 and 60%4 treatments and the control on days
7 to 13 were significant at the 5% level.
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Experimont 2 - Flants grown in clay pipes

Methods

This experiment oonsisted of ten replicates using the same
shade screens. As in the defoliation experiment in the clay pipes,
the shoots and roots were trimmed to 7.5 om from the base of the
shoot at transplanting. Several extra plants treated in the same
manner were subjected to the heaviest shading treatment and one
harvested each week to determine the growth of new root. All
plants from the experiment proper were harvested together after
4 weeks. Root length per unit weight and apices per unit length
were determined on the new growth below 7.5 om from the base of the
shoot. The weight of ten 5 cm lengths of primary nodal root per
pipe were determined for comparison with the experiment in glass
fronted containers.

Resul ts

The results are presented in Table 3 together with the
length per unit weight of primary nodal root from experiment 1.
Length per unit weight of all root below 7.5 om from the base of
the shoot and number of apices per unit length were significantly
greater in the 204 1ight treatment than in the controls. 1In
experiment 2 the length of primary nodal root per unit weight was
significantly greater in all shade treatments than in the controls
and was significantly greater in the 204 treatment than in the 40%
and 604 treatments. In experiment 1 the 20% and 40% treatments
were significantly different from the 60% treatment and the controls.

3.5 DISCUSSION

The most widely reported effects of defoliation and shading
are a reduction in total root weight and rooting depth. Root
weights were reduced in the present study as a result of single
defoliation (Table 1) but mo information was obtained on the second
point as in all treatments root growth cocurred down to the bottom

of the containers.

In Appendix 2 elongation rate of roots was shown to increase
with increasing root length. 1In the defoliation and shading
experiments the longest roots were seen to be the least affected



Table 3 - Effect of shading on root morphology

Experiment 2

Experiment 1
Plants in pipes
Plants in
All roots Primary nodal containers
below 7.5 om root. Length
per unit Primary nodal
Treatment Length per | No. of | weight
unit apices (om/bg) root length per
weight per unit weight
(oz/zg) tlmitth (on/ug)
(o)
604 1ight 39.1 1.38 3.49 3.29
40% 1ight 42.5 1.38 3.63 3.79
204 1ight 45.6 1.57 4,60 4.56
Control 40.7 1.37 2.49 3.20
S.E. + 1.93 0.069 0.21 0.19
D.05 3.95 0.14 0.43 0.41
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by the treatments. These observations support the econtention of
Jacques (1937) that new roots arise from the bases of young tillers.
The shortest roots in general being the youngest would be assoc-
iated with young tillers which were not well established and there-
fore lacking in food reserves. These roots would have a poorer
focd supply which would be more sensitive to any factor affecting
photosynthesis.

Troughton (1960) and Brouwer (1963) considered that under any
set of environmantal conditions there was a balance between root
and shoot. Brouwer (loc.cit.) amd Ennik (1966) also believed that
in the case of defoliation there is a return to an optimum shoot/
root ratio. Ennik (loc.cit.) with perennial ryegrass and white
clover found no increase in root weight following defoliatiom until
the shoot/root ratio recovered to the level prior to defoliation.
In the present axperiment plants were harvested when the elongatiom
rate of roots hed recovered to the control level. At this time
the shoot/root ratios were not signifiocantly different from the
controls. The significanoce of root weight in such a situation
is unoertain. In the heaviest defoliation treatmant at least,
some root death ocourred and in other treatments as well there may
have been depletion of reserve substances. On the other hand there
was nevw growth at least of the primary nodal roots. In contrast
to the findings of Ennik (loc.cit.), in the present axperiments
the root weights of the 7.5 cm plants were significantly greater
than those of plants harvested at the start of the experiment
(1.80 + 0.14 g).

In the plants repeatedly defoliated to 2.5 em the reduction
in root diameter was similar to that illustrated by Soper (1957)
as a result of shading and high temperature. In other cases
there was an increase in length per unit weight compared with the
control although the decrease in diameter was not obwious. The
figures given for length per unit weight of all root below 7.5 em
(Table 2) may mean that the whole root system was affected or may
be a reflection of the change in the primary nodal roots omly.
The primary nodal roots comprise a large proportion of the total
weight but only a small proportion of total length. Such a decrease
in thickness or inocrease in length per unit dry weight is consistent
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with the idea that the treatments applied would reiuce the carbo-

hydrate supply. Soper (loc.cit.) found that the decrease in
diameter was due to decreases in both cell size and cell number.

Root death as observed in the case of repeated defoliation
is most important in a pasture grass from the angle of photosynthate
wasted in a situation where only that harvested from the shoot is
important. Where the distribution of living root is not altered
the death of sowme roots would not necessarily be detrimental to
future growth of the plant since this would mean that the shoot
needed to supply photosynthate to a lesser amount of root tissue.
In the case of defoliation the size of the shoot would be reduced
so the need for water and mineral nutrients would decrease. A
decrease in rooting depth would be much more serious as this would
reduce the volume of soil the plant could utilize. Oswalt,
Bertrand, and Teel (1959) found that the defoliation of cocksfoot
and bromus plants caused the cessation of uptake of 32? from 6 in.
and 10 in. below ground level. They considered that this was due
to root death and that uptake only recommenoed when new nodal roots
grew down to the fertilizer level - a time interval of 19 and 30
days respectively. Davidson and Milthorpe (1966) with young
cocksfoot plants found uptake of 32? auch reduced at about the
time root growth ceased and uptake had not recovered at all three
days after growth recommenced. No root death was reported in
this study.

With repeated defoliation to 2.5 cm there was initially death
of many roots present at the start of the experiment. There was
no apparent replacement of dead roots so the number visible against
the glass remained at a low level to the end of the experiment.
There was however a suggestion of a recovery of root elongation
with time. 1In plants defoliated to 2.5 om all lamina was removed
but new leaves were produced which had their laminae horizontal
below the defoliation level. This would mean that the effective
photosynthetic area of the plant would increase with time even under
repeated defoliation. Jaocques (1937) reported a reduced number of
roots per tiller with defoliation. If this were the case in the
present experiment an increase in mean growth rate could be expected
on the grounds that each root was receiving photosynthate from an
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increasing number of tillers. Although there was no such marked
drop in the shaded plants, the same explanation wmight apply. The
peak on day 10 in Fig 2 is probably due to the occurrence of three
successive sunny days in a period of cloudy weather. This would
have the double effect of raising photosynthesis in the defoliated
plants and because of high transpiration, causing a temporary water
deficit in the control plants.

Naxiemm depression of root growth due to defoliation occurred
on the third day with most of the effect occurring on the first
day. This corresponds well with the resul ts of Davidson and
Milthorpe (1966) working with oooksfoot. With shading however
there was a steady decrease in root growth to the 8th or 10th day.
In both situations severity of treatment had only a small effect
on the pattern of root growth inhibition. Both treatments would
decrease the synthesis of carbohydrates. The more rapid drop in
the defoliated plants indicates that the leaf may be an important
storage organ or else it synthesises some other substances required
for root growthe A third possibility is that reduced transpir-
ation suction in defoliated plants causes a physiological response
in the roots.

The &ffect of defoliation and shading on elongation of primary
nodal roots may be different to the effect on higher order roots
which oonstitute the bulk of root length . It was observed how-
ever that where a primary root apex was removed the laterals
increased in thickness and rate of elongation. This suggests
that the primary apex is dominant in utilizing the carbohydrate
supply from the shoot so if the primary apex is deprived the
laterals are likely to be also so that a treatment such as defol-
iation or shading would be expected to affect laterals in the same
aanner as it would the primary apex.

The rapidity with whioh plants such as L. perenne recover
from defoliation is extremely important in pasture production.
From this angle the immediate response to defoliation in terms
of root death and inhibition of function may be less serious than
the long term effects. A single severe defoliation at a critical
period of the year for example may reduce rooting depth sufficiently
to affect production over a considerable period especially during
summer when there is a moisture deficit in the upper layers of the
soil.
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CHAPTER 4

OF DEFOLIATION AND SHADING — LITERATURE

4.1 INTRODUCTION

It is clear that root growth is dependent on photosynthesis
in the shoot in the long term and that any faotor whiech causes a
reduction in photosynthesis must sooner or later have an effect
on root growth but there is some doudbt as to the short term
mechanism whereby root growth is affected. The two most important
points are the extent to which storage products substitute for
photosynthesis and the possibility that either some other substances
such as plant growth regulators may in some circumstances limit
growth when photosynthate is adequate or in the presaence of sub-
optimal photosynthate limit growth more than it would be limited
by sub-optimal photosynthate alone.

As with other aspects of root development, the greater part
of the investigation of the impartance of photosynthesis on root
growth has been carried out on agricultural plants.

4.2 CARBOHYDRATE LEVELS IN ROOTS
Sullivan and Sprague (1943) found that in Lolium perenne a

dearease in water soluble carbohydrates in the roots ocourred
following partial defoliation. If the plants remained in the
light the water soluble carbohydrates increased again but if the
plants were placed in the dark, the reserves continued to decline.
They detected no change in the levels of cellulose, hydrolysable
pentosans, or lignin, indicating that these substances did not act
as reserves. Decreases in the soludble carbohydrates in roots
following defoliation have also been reported hy Weirmann (1948),
Sprague and Sullivan (1950), Sullivan and Sprague (1953), and
Alberda (1957, 1960).

The observed fall in ocarbohydrate levels in the roots following
defoliation led to the assumption that these reserves were trans-
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located to the shoot where they were used in regrowth (Weinmann,
1948). The use of root reserves in shoot growth in grasses is
relevant to the theme of this thesis because if used in this way
they are not available for root growth. However May and Davidson
(1958) suggested that much of the observed decrease in root
reserves could be accounted for by root respiration. Marshall
and Sagar (1965) then showed by the use of 14(.702 that carbohydrate
which had been in the roots for a few hours was not available for
regrowth of the shoot. Davidson and Milthorpe (1966) found that
with young cooksfoot plants the reduction in soluble carbohydrates
in the roots in the first two days after defoliation was insuff-
icient to account for all respiration and new growth of the roots.
There must therefore have been appreciable movement of reserves
from the shoot and / or the utilization of other substances as an
energy souroe. The increase in nitrate in the plants during this
time (Sullivan and Sprague, 19433 Alberda, 1960) may indicate that
protein was utilized as an energy source (Steward etsal.,1958).

It appeare that in some species not all the soluble carbo-
hydrates in the roots are utilized before growth ceases.
Davidson and Milthorpe (1966) found that in cocksfoot the level
had fallen from 1.7% to 1.04 by the time root jrowth ceased.

Shoot carbohydrate reserves are also implicated in root
growth. Davidson and Milthorpe (1965) reported that when shoot
carbohydrate reserves were high, root growth was not as severely
restricted by defoliation as when they were low. Brouwer (1966)
also found this to be the case in Zea mays. Asher and Oganne (1966)
reached a similar conolusion with subterranean clover after obser-
ving the depressive effect of removing one cotyledon. Reserves in
the shoot may not be as readily available for root growth as for
shoot growth however as in Chapter 3 growth of most roots ceased
in the most severely defoliated plants whereas leaf growth appeared
to be continuous. Mitohell (1954) in explaining the effect of
light intensity on the distributihom of growth between root and
shoot suggested that when a substance neoessary for growth is in
short supply the greater proportion of it will be used by the
meristems nearest to the source of supply. In grasses the
meristematio zones in the leaves are at the base and in the
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vegetative state the shoot meristems are at the base of the shoot
wheress many of the root apices are at a distance of 10 cm or wmore
from the base of the shoot. Material stored in the shoot would
therefore be closer to the shoot and leaf meristems. Sagar and
Marehall (1967) found that in Lolium multiflorum there was no
translocation to the roots for several days subsequent to the
first 24 hours following defoliation.

Wassink and Richardson (1951) found that in Quercus borealis
the iritial drop in root growth on reducing the light intensity at
the shoot was followed by a partial recovery which could only be
explained by the plant ad justing to the utilization of stored
oarbohydrate. Richardson (1953b) showed this storage to be in
the roots themselves as changes in shoot temperature which would
be expected to affect translocation of any material stored in the
shoot did not affect root growth. Jones (1944) also showed that
root growth in Acer pseudoplatanus continued after leaf fall and
so the energy must have been obtained from storage products.

The rapid respomse of root growth of several species to factors
affecting photosynthesis however emphasises the importance of
current photosynthate at least in eome species (Wassink and Rich-
ardson, 1951; Davidson and Milthorpe, 19663 Eliasson, 1968).

Plsut and Reinhold (1969) showed that regardless of previous treat-
ment, 140 was translocated more readily when the plants were in
light and an atmosphere containing 002. They suggested that the
explanation was the ATP loading of the phloem.

4.3 IMPORTANCE OF SUBSTANCES OTHER THAN CARBOHYDRATES

The reports of reduced carbohydrate levels following defol-
iation or shading suggest that lack of a sufficient energy source
is the most usual factor limiting root growth under these cirocum-
stances. However in some instances experimental evidence implicates

other substances.

Richardson (1953b) having shom that the reserves utilized
for root growth when the light level was reduced were in the roots,
demonstrated by ringing the stem to prevent upward translocation
that transfer of reserves from the root to the shoot of defoliated
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plants was not the cause of reduced root growth. He considered
that because the temperature of the shoot had no effect the factor
was hormonal. This same author (Richardson, 1958) substantiated
this postulate by demonstrating that defoliation inhibition of
root elongation was similar in plants grown at 250 lux to that of
plants grown at 4000 lux where produotion of photosynthate was
presumably much greater. This is in contrast to the work of Brouwer
(1966) who showed that in Zea mays plants with a high carbohydrate
reserve took longer to show inhibition of root growth following
defoliation than those whose carbohydrate status had been reduced
by shading. Contrary also to his later work, Richardson (1953a)
demonstrated the apparent importance of photosynthesis in Acer
saocharinum by surrounding the shoot in an atmosphere devoid of
CO,. The results were much the same as those obtained when the

2
light intensity was reduced.

Richardson (1953b) found that in Acer saccharinum root growth
of defoliated plants recommenced when new leaves developed. This
stimulus could also be supplied by non-dormant buds. Riohardson
(1958) found that roots of plants growing in hums did not react
as markedly to defoliation due supposedly to the hums supplying
some growth stimnlus normally produced by the leaves. He specul-
ated that the stimulus might be from vitamins of the B group since
several workers had demonstrated the presence of these in the soil
and they had been demonstrated as a requisite for growth of excised

roots of a number of species.
4.4 EXCISED ROOT STUDIES

As ocan be seen from the previocus sections, the information
available is weagre and fragmentary. In the findinge discussed,
the only part of the plant remocved has been the leaves or leaves
plus some shoot tissue. The shoot apices and most of the shoot
tissue have remained. The physiology and chemical requirements
of root growth have been extensively studied in excised root culture.
The difficulties that have been encountered in attempts to grow
excised roots and the varying nutrient requiremsnts of the compar-
atively small number of species which have been sucocessfully
oul tured emphasise the complexity of the whole subject of the extent
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to which the roots depend on the shoot for the various classes of
organic compounds necessary for metabolism and growth (Butcher and
Street, 19643 Torrey, 19653 Ferguson, 19673 Street, 1969). 1In
particular there has been diffioulty in growing monocotyledon roots.
Ferguson (loc.cit.) demonstrated that even withinm a single species
there may be differences in the chemical requirements for growth.
There does not appear to be any record of the successful culture

of roots of Lolium.

In wheat the early work suggested that low intensity light was
necessary for satisfactory growth (Street etsal.1961). Later,
autoclaved tryptophsne was shown to substitute for this requirement
and that auxin was the substanoes involved (Sutton et.al.,1961;
Carter and Street, 1963). Butcher and Street (1964) suggested
that in the entire plant, the roots deperd on the photochemical
synthesis of auxin in the leaves for their supply. However it
must be emphasised that in many species successfully oultured,
axtarnal auxim is not required.

The oomplexities of the auxin requirements of roots are
disoussed by Street (1969). He obtained from root extraots
several substances which showed activity in auxin bioassays.
Some of these substances were indoles and some were not.

The situation regarding gibberellins and oytokinins is even
less well understood. The most striking effects of gibberellins
are on shoot growth (Morgan, 1968) but responses to smaller concen-—
trations have been recorded in roots (Manos, 1961). The effeot
of cytokinins on root growth has also been reported (Srivastava,
1967). There is evidence that gibberellins (Holm and Kay,1969)
and oytokinins (Letham, 1967; Sitton, Itai and Kende, 19673 ¥ullinms,
1967) are produced in the root system.



23.
CHAPTER 5

B anaiCAR T8 DEIOLIATD

5.1 INTRODUCTION

It was not considered possible to grow plants of the size
used in previous experiments in sterile oulture in order to test
responses to energy sources so any such experiments attempted had
to be as brief as possible to avoid a massive build up of micro-
organisms as would be inevitable under such circumstances. In
preliminary trials (aeo Appendix 9) no such build up was observed
until the fifth day from the start of the sugar treatment so a
three day experimental period was adopted as standarde The short
experimental time meant that only root elongation could be measured.
No attempt was made to prevent infection by microorganisms of the
sand used which would have had a relatively low concentration, being
from a recent river deposit. The decline in elongation over the
three days which occurred in some experiments where sugar was applied
to the roots may have been caused by microorganisms. On the other
hand, such a decline is secn to be typical of plants which have been
defoliated or shaded (see Chapter 3). In the single experiment
where the response to sugar of undefoliated plants was examined
(fig. 6) the sugar treatments did not differ significantly from
the controls on day 2 or day 3.

He2 EFFECT OF GLUCOSE

According to Butcher and Street (1964) glucose as an energy
source for the growth of monocotyledon roots is equal or superior
to sucrose, which is the acceptable source for dicotyledons.
Ferguson (1967) reported that the Hilgendorf oultivar of wheat
would only utilize gluoose as an energy source although sucrose
was released into the medium. Beoause of the above information,
the first experiments were performed using glucose.

Experiment 1 - Application to the Root Apices

Confining of the glucose to the vicinity of the root apices
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whose elongation was to be measured was attempted in order to
reduce the build up of mioroorganisms. £1lthough there was an
apprarent response in root elongation in defoliated plants, the
high variation between individual roots, the time required, and
the difficul ty experienced in applying the glucose to the root
apices resulted in this technique being abandoned. An aocount
of this experiment appears in Appendix 4¢,

Experiment 2 — Application to the Whole Root Mass

Glucose at the approrriate concentration was added to the
inorganic nutrient solution being used. The experiment consis-
ted of six replicates. Plants were established in glass fronted
containers as described in Chaper 2. ‘Three glucose concentrations
widely mentioned in excised root studies (0.5, 1.0, and 2.0 per cent
w/v) were used. The appropriate quantity of glucose was dissolved
in the inorganic nutrient solution immediately before application
to the plants. Fresh solutions were made up:zeach day. On the
first morning the plants were defoliated to 2.5 cm at 8 am and
1 1litre of the appropriate solution added to each container. This
was sufficient to flush all previous solution from the container.
On the second and third mormings 500ml of solution was applied to
each container. Root elongation was measured as freviously deso-
rived. 1In a fourth group of containers, the plants were defoliated
to the same level but received inorganic nutrient solution only.
The results are presented in Fig. 4. 1In all three glucose treat-
ments the elongation on each of the three days was significantly
greater than that of the controls (p <.05).

The relatively small differences between the three glucose
levels indicates that concentrations greater than 2% would nmot
have given a significantly greater elongation. An undefoliated
control was not included in this experimeat because glasshouse
space available at the time was only suffioient for 24 containers.
Therefore the extent to which glucose supplied to the roots was
replacing the photosynthetio fimction of the leaf laminae and
sheaths could not be accurately assessed. However the mean elong-
ation for all containers for the 24 hours immediately prior to
defoliation was 6.1 cm and'to the extent that temperature deterwines
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elongation (see Appendix 4) the figure would have beon less than
this as the temperature fell by 3°C over the four days. The
elongation rates for the glucose treatments were therefore approx-
imately two-thirds of the probable rate for undefoliated plants.

53 COMPARISON OF GLUCOSE AND SUCROSE AS ENERGY SOURCES

Although gluocose was thought to be the preferred source of
energy in monocotyledons, because of the variation between the rel-
atively few species reported on in the literature and the complete
lack of relevant information on the genus Lolium, glucose and suo-
rose were ocompared. The experimental layout and procedure were
the same as in the second gluoose experiment. The concentration
tested was 2%.

The results are presented in Fig. 5a. Sucrose gave a greater
mean elongation than glucose. The difference was significant at
the five percent level for the first day and for the three days com-
bined. Because the results appeared contrary to the reports in the
literature, the experiment was repeated. The results of this sec-
ond experiment are presented im Fig. 5b. On the second and third
days the percentage difference between the sucrose and glucose treat-
ments was greater than in the first experiment. However neither for
the individual days, nor for the three days oombined, were the dif-
ferences significant at the five per cent level.

Clearly the elongation of roots was lower in the second ex-
periment than in the first. This is unlikely to have been the
result of environmental factors as the elongation of undefoliated
plants not supplied with sucrose, included in the experiments,
(results not presented in the figures) was 10 mm and 12 mm respect-
ively for the first and second experiments. In the glucose concen-
trations experiment (section 5.2 Experiment 2) the actual elongation
of the 2% treatment was intermediate between those of the two glucose
~sucrose experiments but since the probable level of undefoliated
plants was much lower than in these latter experiments (6 mm ocompared
with 10 mm and 12 mz) the comparative response to glucose appears to
be much greater. The differences between
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undefoliated plants can be explained by differences in growing
conditions during the experiments. The varyimg response to 2%
glucose could also have been caused by differences in growing
oconditions. The effect of various concentrations of glucose was
examined in June and the glucose-sucrose comparisons were made in
August and October. Plants grown in the glasshouse during the
winter months were noticeably more prostrate and shorter in the
leaf sheath than those grown in the spring and summer so that
defoliation to 2.5 om above the base would leave much more leaf
blade tissue on winter-grown plants. Therefore the differences
between experiments could have been caused by differemnces in the
ocontribution of photesynthesis or growth substances from the shoot
to root elongation. There may also have been differences in the
levels of reserves in the plants.

5.4 OPTINMUM SUCROSE LEVEL

In the preceding experiments in which a sugar was supplied
in the nutrient solution, it was observed that the roots which

had grown between the expanded aluminium sheet and the glass for

some distance appeared to respond less to sugar application than
those which had more recently emerged from the sand through the
aluminium sheet. As previously mentiomed, the aluminium was

coated with bituminous paint which is hydrophobic and may have

aoted as a barrier to water movement. 1In additiom, the normal
diurnal temperature fluctuations resulted in moisture from within
the sand in the contalner condensing against the glass. These

two factors in ocombination are likely to have resulted in a lower
concentration of sugar in contact with the roots growing against
the glass than that applied to the sand im the comtainer. There—
fore with the exception of two experiments in the following ochapter,
all experiments from this point onwards where sugar was applied
were conducted in containers without the expanded aluminium sheet.
To oompensate for the greater tendenocy of the roots to grow back
into the sand, the angle of the glass was increased from 12 degrees
to 20 degrees by placing a block of wood under the back edge of each
oontainer base. Flacing of the root masses: of three plants directly
against the glass gave an undesirably high oconcentration of roots
meking measurement of elongation of individual roots difficult.
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This problem was overcome by transplanting the entire contents of
a four inch plastic pot, used to raise the plants, into the con-
tainer. This did not have any detectable effect on variation
between containers in root elongation.

Experiment 1 - Comparison of Two and Four Per Cent Sucrose

The aim of this experiment was to determine if increasing the
concentration to above 2% would increase elongation and if there was
a response in undefoliated plants comparable with that in plants
defoliated to 2.5 cm. The experimental procedure was the same as
outlined for the previous sugar experiments with the exception of
the changed planting procedure outlined above. There were six
replicates. Because of the increased glasshouse space available
at the time, five treatments were possibles The treatments weres:

defoliated to 2.5 ecm. 2% sucrose applied
defoliated to 2.5 cm. 4% sucrose applied
undefoliated. 2% sucrose applied

undefoliated. 4% sucrose applied

undefoliated. Inorganic nutrients only applied

The results are presented in Fig.6. All five treatments were
analysed together; however lines representing the separate standard
errors for the undefoliated and defoliated treatments are included
in the figure to facilitate comparison of sucrose levels. The only
significant difference between sucrose levels was in the undefoliated
plants on day 1, the 2% treatment being higher than the 4% treatment
and control treatment (p <.05). On all three days the undefoliated
treatments had a significantly higher elongation than the defoliated
treatments (p <.01). In the defoliated plants, elongation increased
from day 1 to day 2 whereas in the undefoliated plants the level
decreased or did not changs.

In the undefoliated plants, sucrose initially increased elong-
ation but subsequently decreased it by comparison with the controls
8o that elongation over the three days was the same in all ‘three
treatments. A possible explanation is that some other factor became
limiting over the three day period, the supply of this factor being
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depleted by the additional growth on the first day in the sucrose
treatments. A significant osmotic effect on growth appears un-
likely since at both sucrose levels the elongation was initially
higher than the controls. The increase in elongation in defol-
iated plants fromday1to day 2 is in contrast to the decrease in

the undefoliated sucrose treztments. No explanation of this
difference is offersd. The drop from day 2 to day 3 in the sucrose
treatments is of the same order as that in the contirol treatment

80 is assumed to be due to envirommental conditions. No compar-
able rise from day 1 to day 2 ococurred in the two previous exper-
iments where sucrose was supplied (Figs. S5a & 5b), however, these
experiments were conducted during winter and early spring when
texmperatures and light levels would have been lower than in Deoc-
ember when the present experiment was conducted. These differences
are reflected in the different elongation rates of the three expar-
iments. As in the previous experiments, sugar applied to the roots
was not a complete substitute for the presence of the leaves in
promoting root elongation. Although there was no evidence of an
osmotic effect on the root elongetion of undefoliated plants, in

the glucose concentration experiment and in subsequent experiments
in which one treatment consisted of defoliated plants which were not
supplied with sugar a phenomenon occurred which may have indicated
an osmotic effect. Where sugar was absent, drops of water formed
overnight on the cut ends of the leaves but not where sugar was
applied: 1In view of this observation and the certainty of a build
up of microorganisms around the roots, the loweat possible sugar
concentration consistent with a reasonable level of root growth
should be used.

Experiment 2 — Comparison of Four Sucrose Concentrations

This experiment was conducted to determine the lowest sucrose
concentration which would give optimm or near optimuzm elongation
in roots of plants defoliated to 2.5 om. The concantrations tested
were 1%, 2%, 4%, and 6%. The experimental procedure was the same

a8 in the previous experiments.

The resul ts are presented in Fig. 7. The 1% treatment gave
a signifiocantly greater elongation tham the 6% treatment on day 1
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with the 24 and 4% treatments giving intermediate values. However,
over the three days, the elongation in all four treatments was the

8ame.

The elongation of the plants used on the day prior to defolia-
tion was 19 mm which was similar to that of undefoliated plants in
the previous experiment, however the elongation of the defoliated
plants was much lower. As suggested in the previous section,
differences in defoliation and growing conditions are probably

responsible.

The higher elongation of the 1% level on the first day and the
subsequent drop relative to the other treatments is similar to the
situation in undefoliated plants in the first experiment. However
in the first experiment no such phenomenon occurred in the defoliated
plants. It is therefore regarded as being of doubtful signifioance.

The possibility of an osmotic effect as already discussed
with respect to the first experiment was not recognised at the
time this second experiment was oonduoted so the following exper-
iments were conducted using 2% sucrose rather than 14 or less as
way have been advisable on the basis of this observation. The
concentration was not subsequently lowered as this would have con-

founded comparisons between experiments.

5.5 RESPONSE TO SUCROSE AT SEVERAL DEFOLIATION LEVELS

In Chapter )} it was shown that elongation was depressed to the
greatest extent by the most severe defoliation treatment. In the
previous section of this chapter it was shown that in the ocase of
plants defoliated to 2.5 om, up to approximately 70%4 of the control
plant root elongation could be maintained by applying sugar to the
roots. That there was no response in undefoliated plants indicates
that in that case the energy supply was not the limiting factor in
root growth. That the elongation level in the sontrol plants could
not be achieved in the 2.5 om defoliated plants supplied with sugar
indiocated that some other factor(s) may be supplied by the shoot.

In order to obtain further information the effects of sucrose on
plants defoliated to different levels was examined.
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Experiment 1 — Defoliation to 7.5 om or Complete Removal of Shoot

The greatest defoliation height known from previous experiments
to depress root elongation was 7.5 cms The most severe defoliation
possible is complete removal of the shoot. The effect of 2% sucrose
on root elongastion of plants defoliated to these two levels was exam-
ined. The experimental procedure was as previously described. 1In
the complete removal treatments, the roots were cut imrediately below
the junction withi:the shoot. Care was talen to ensure that the
roots were not disturbed more than was absolutely necessary.

The results are presented in Pig. 8. As in Fig. 6 although all
treatments were analysed together, separate standard error lines are
shown in the figure. The complete removal of the shoot resulted in
complete cessation of root elongation on the third day in the absence
of sucrose whereas some elongation occurred on all three days where
sucrose was suppliede. The difference was signifiocant on all three
days (p <.01). 1In the plants defoliated to 7.5 cm, there was no
response to sucrose application, both groups of plants having a
lower elongation than the undefoliated ones on all three days (p <.01).

The elongation of the plants in which the shoot had been com-
pletely removed was comparable with that of plants in previous
experiments which were defoliated to 2.5 om. The response to
sucrose in this instance was greater than the response to glucose
in Fig. 4. The level of elongation in the 7.5 om treatmsnts was
higher relasive to the undefoliated plants tham in the defoliatiom
experiments in Chapter 3.

Defoliation to 7.5 cm resulted in the removal of approximately
60% of the leaf blade tissue (eye estimate) hence photoaynthesis
would have been considerably reduced. That the addition of sucrose
produced no response indicates more clearly than previous experiments
that some other factor may be required and that sucrose alone can
only produce apmroximately 70% of the maximum growth in defoliated
plants. The possibility of an osmotio effect as mentioned in the
previous section cannot be exoluded at this stage however. The
suction pressure of the plants may have been reduced sufficiently
through the vessels in the vascular bundles being severed on defoliation
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to inhibit the uptake of water from the root medium where the osmotic
pressure had been raised by the addition of sucrose. This may have
cancelled out any potential increase in elongation due to an increased

energy supplye.

Experiment 2 - ison of Defoliation - and 15 om

In order to test the possibility of a suction pressure effect,
the response to sucrose of plants defoliated to 7.5 om was compared
with the response in plants defoliated to 15 cm above the base
which in addition had the apical 2 cm removed from all leaves shorter
than 15 cm. The veins in L. perenne leaves run parallel to each
other along the entire length of the blade except in the last 1 - 2
ca where they Join one another or cease as the blade marrows to the
apex. Removing the apical 2 om or more should have cut the vessels
in all veins in all leaves and thus should have produced a similar
effect on the suction pressure of the leaves to defoliatimg to
7.5 om« In the 15 om treatment approximately 204 (eye estimate)
of the leaf blade tissue was removed compared with approximately
60% in the 7.5 cm defoliation. The direct effect on photosynthesis
should therefore have been much less.

The results are presented in Fig. 9. In the 15 om defoliation
treatments, sucrose gave a significantly higher elongation on days
2 and 3} (p <01) and did not differ from the undefoliated control.
At the 7.5 om defoliation level also, the sucrose treatment had a
significantly greater elongation on days 2 and 3 (p <.01 and p <.05
respeotively).

Clearly the results of the 7.5 cm defoliation treatments are
different from those of the previous experiment. In the present
expariment there was also a sucrose effect at the 15 cm defoliation
level. That this was so suggests that the photosynthetic effect
is the major one. There does not appear to be an osmotic effect
since elongstion was inareased at both defoliation levels to a
similar amount by the addition of sucrose. The growth of undef-
cliated plants was higher in the first experiment due to higher
temperatures and light levels. Under these circumstances trans-
piration would have been higher so it is possible to have had an
osmotic effect there but not in this second experiment .
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Experiment 3 — Defoliatiom to Four Different Levels

In this final experiment, the effect of sucrose on plants
defoliated to 5 om, 2.5 om, 0.6 cm and in which the shoot was
completely removed was examined. The aim was to test the poss-
ibility that particular portions of the shoot might have specific
roles regarding root growth. Defoliation to 0.6 om would leave
only the stem and a large part of the meristems at the bases of
the leaves while at the 2.5 cm level all of the leaf meristems
and most of the leaf sheaths would be retained. In the 5 om
defoliation treatment all of the leaf sheaths and part of the leaf
blades would remain. The teohniques and procedure were the same
as desoribsd earlier.

The results are presented in Fig. 10. There were no signif-
icant differences between the complete removal and 0.6 cm treatments
which were both lower than the 2.5 om treatment, the trend reaching
significance level only on day 3 (p <.05).- Also the 5 cm treat-
ment showed a significant increase over the three day experimental
period and the higher elongation compared with the 2.5 om treatment
reached significance level on day 3 (p <.01).

The significant increase over the three days in the 5 om
treatment has no counterpart in other experiments where there was
frequently a decline. This increase is therefore attributed to
environmental eonditions. The difference between defoliation
treatments together with the results of the two previous experiments
suggests that the effect of the shoot on root elongation is proport-
ional to the amount of shoot tissue retained as in the case where
no sugar was added (Chapter 3). The presence of the shoot apioes
and part of the leaf meristems does not appear to have had an effect
as over the three days the plants whose shoots were oompleted removed
tended to have the greater elongation. Again, photosynthesis as
such carmot be the major factor or the plants of the 5 om treatment
would have shown a much greater elongation relative to the 2.5 cm
treatment since there is 1ittle photosynthetio tissue in the leaf
sheaths. It appears that some additional substance (s) necessary
for root growth supplied by the shoot is synthesises and /or stored
in the leaf sheaths and blades. There is no evidence that it is a
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substance produced in the meristematio tissue.

5.6 DISCUSSION

The difference in the apparent facility with which glucose
and sucrose can be used as energy souroes by L. perenne roots
is of minor importance to the investigation of the mechanism
of root growth inhibition by defoliationm. The important feature
is that applied sugar, presumably aocting as an energy source, ocan
maintain elongation at a high proportion of the rate in undefol-
iated plants under a defolistion regime where growth would otherwise
oease. The apparent superiority of sucrose as an energy source
in a monocotyledon appears contrary to the literature on excised
roots. This is not necessarily significant however as the use
of sucrose may depand on some other substanoe a proportion of which
at least is supplied by the shoot.

Variation between experiments in root elongation and response
to applied treatments caused by differing environmantal conditions
is a major drawback when conducting a series of experiments since
it complicates comparisons between experiments. Unfortunately,
controlled climate facilities were not available to the author.
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CHAPTER 6

EFFECT OF GROWTH SUBSTANCES

6.1 PRELIMINARY EXPERIMEST

This was deeigned to test some likely oombinations of growth
substances in association with 2% sucrose. It was assumed that
the energy source was the prime requirement of the roots of def-
oliated plants and that growth substances would be most likely
to exhidbit an effect in conjumotion with an energy source. From
the literature it appeared that of the three major classes of growth
substances, auxin was the one most likely to be involved (Butoher
and Street, 1964), as gibberellic acid has been widely recorded
as inhibiting root growth (Brian, 1959) and gibberellins and
cytokinins appear to be synthesised in the roots (Letham, 19673
Mullins, 19673 Sitton, Itai, and Kende, 1967; Carr and Reid,1969;
Holm and Kay, 1969). Accordingly, the effects of various con-
centrations of indole acetic acid (IAA) were measured on seminal
root growth of L. perenne seedlings. This test is detailed in

The concentration tested on defoliated plants was 10-4ppm,
this being lower than the lowest concentration whioh did not
inhibit seminal root elongation. Gibdberellic acid (GA) was
tested st 10 M (3.3 prm) this being the highest concentration
which did not inhibit root growth in Pisum sativum (Manos, 1961).
Benzyladenine (BA) was used at a concentration of 0.20 mg/1
(2 x 10.11)]-) which was the concentration found bty Skoog and
Miller (1957) to pramote root growth in tobacco callus tissue.

The organic constituents of White's medium (White, 1943) were

also included in some treatments. These ingredients were glyocine,
3.0 mg/1; thiamine, 0.1 ug/1; pyridoxine, 0.1 mg/1; and nicotinic
acid, 0.5 mg/1. Since an initial search of the literature had
failed to reveal any instances where gibberellic acid enhanced
root growth and L. perenne seedlings had failed to show a positive
response to any of the indole acetic acid zoncentrations tested,
the preliminary experiment was primarily a test of the effeots

of benszyladenine. The experimental layout and procedure were
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the same as detailed previously. This experiment was perforwmed
immediately after the glucose-sucrose comparisons (Section 5.3)
using containers with the expanded aluminium against the glass.
The growth substances were dissolved in sufficient water to give
working solutions of the required concentrations when added to
the inorganic nutrient solution at the rate of 10ml/1. Where
necessary, additional water was added to the inorganic nutrient

solution so that all treatments received solution of the same
concentration. The treatments were as follows:

Control

BA only

BA, IAA and White's nutrients

BA, IAA, GA, and White's nutrients
IAA, GA, and White's nutrients

The results are presented in Fig. 11. Benzyladenine alone
gave an increase in root elongation on days 2 and 3 (p <.01).
There was also a trend for the treatment which hed all factors
except gibberellic acid to have a greater elongation on days 2
and 3, however this difference failed to reach significance level.

The elongation of the roots of the plants in this experiment
during the two days prior to defoliation and treatment was approx-
imately 14 mm per day. The elongation of all plants during the
experimental period was lower relative to the probable level of
undefoliated plants than in most of the experiments previously
describeds This mst be kept in mimnd when considering the apparent
response to benzyladenine. That the response increased with time
indicates that the supply of cytokinin in the plants was not the
limi ting factor initimlly. Apparently the effect of bengyladenine
was partly inhibited by indole acetic acid and White's nutrients
and completely inhibited by these together with gibberellic acid.

6.2 EFFECT OF BENZYLADENINE WITHOUT SUCROSE

Having indiocated that the roots of defoliated plants responded
to, 0.2 pmm bengyladenine in the presence of sucrose in the nutrient
solution, this same concentration was tested in the absence of sucrose.
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The results of this experiment are presented in Fig. 12.

On no day did the benzyladenine-treated plants differ from
the oontrols which were defoliated to the same level. From this
experiment it was concluded that benzyladenine acts only in the
presence of an energy source. This is consistent with the liter-
ature on cytokinins which are shown to act primarily through prom-
oting cell division which is an energy requiring process (Letham,
1967).

6.3 OPTIMUM BENZYLADENINE CONCENTRATION

At this point in the series of experiments, the change was
made to growing plants in containers without the expanded aluminium
sheets. Several experiments were conducted using the modified
technique. Two per cent sucrose was applied in all experiments.

Experiment 1. 1 ppm, 10 'ppm, 10 %ppm, and 10~>ppm.
This group of concentrations spans that used in the preliminary

experiment. The experimental procedure and layout were the same
as those detailed previously. The results are presented in App-
endix 12 Tabdble 1.

At the highest rates there was a depression of root elongation
on days 2 and 3 (p <.05). At the two lowest rates there was an
increase on day 3 (p <.05).

iment 2. t of Experiment 1.
Although it was suspected at this stage that the presence of

the axpanded aluminium sheets in the earlier experiments may have
reduced the concentration of the substances under study in contact
with the roots whose elongation was being measured and that the
difference in results between experiment 1 and the prelimimary
experiment may have been caused by this factor, the eaxperiment

was repeated. The results of this repeat experiment are presented
in Appendix 12 Table 2.

Only the highest concentration resulted in inhibition on days
2 and 3 (p<:05). There was no increase in elongation at the lower
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concentrations on day 3.

Experiment 3. Several Concentrations without Expanded Aluminium
Sheets.

Elongation levels were approximately the same in Experiments
1 and 2 as in the preliminary experiment so it appears probable
that the difference in results was due to the effect of the expanded
aluminium sheets. To determine if the presence of the aluminium
sheets had an effect, three concentrations spanning that used in
the preliminary experiment were used. These were: 2ppm,
2110-1ppn, and 2110-2ppm. As well as a ‘sucrose only' treatmant
there was an undefoliated control with which the growth of the
defoliated plants coull be compared.

The results are presented in Appendix 12 Table 3. All three
bengyladenine levels tended to increase elongation compared with
the ‘sucrose only' treatment on days 2 and 3, with the 2110.2ppn
treatment giving the greatest response (p <.05 on day 2). The
results of this experiment therefore confirm that of the preliminary
experiment that root elongation of defoliated plants is enhanced by
benzyladenine in the presence of sucrose. Also the effect of the

expanded aluminium is confirwed.

Experiment 4. Concentrations 1ppm, 10 2ppm, 10 4ppm, and 10~%ppm.

In this experiment and in experiment 5 no aluminium sheets
were used. The aim of these two experiments was to determine the
optimmm concentration in the presence of 2% sucrose. The exper-

imental layout and procedure were the same as desaribed previously.

The results of experiment 4 are presented in Appendix 12 Table
4. As in experiments 1 and 2, 1 ppm depressed elongation (p <.05
on day 1); however the two lowest concentrations increased 1t
(p <.05 for 10-6ppn on day 3). 10'6ppm appeared to be the most
suitable concentration of those tested.

t 5. Conoentrations 10 2ppm, 10"4pom, 10%pom and 10-8prm.

The results of this experiment are presented in Fig. 13. As

in experiment 4 the trend was fdr the 10'6ppm treatment to give a
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higher elongation than the control with a slight indication of a
response from the 10-4ppm conoentration. The 10°8ppn conceantrat-
ion while giving a higher level on day 1 fell to below the control
level on day 2. In this instance the differences were not signif-
icant.

From these last two experiments it would appear that 10-6ppn
was the optimum conocentration of benzyladenine for the promotion
of elongation in the presence of 24 suarcee. Howevar the increase
attributable to benszyladenine was small compared to the depression
in all treatments relative to the elongation of the plants on the
two days prior to defoliation in these experiments (11 mm and 15
mm respectively). Henoe it appears that aytokinin is of minor
importance in limiting the elongation of roots of defoliated plants.

6.4 EFFECT OF ACID

Although gibberellic acid has been reocorded as inhibiting root
growth (Brian, 1959) and in the preliminary experiment its presence
appeared to partly counter the promotive effect of benszyladenine
the possibility of promotion by low concentrations was investigated.

Experiment 1. 10 10~ pom, 10"3ppm and 10" 2ppm.
The highest concentration used was within the range reported
by Brian (1959) to enhanoe shoot growth. The other three concen-

trations were lower than that used in the preliminary experiment.

The results are presented in Appendix 13 Table 1. The three
highest oonoentrations tended to depress root elongation although
none of the differences were significant. At 10ppm and 10-1 pm
shoot growth appeared to be enhanced al though no measurements were

made.

Experiment 2. 10 >ppm, 10~2ppm, 10”'ppm, and 10~ pmm.

In this axperiment the range of concentrations was extended
downwards. The results are presented in Fig. 14. The three
highest ooncentrations tended to inarease elongation on days 2
and 3. However, the results were not significant. Also the
lowest concentration depressed elongation on day 1 (p <.05).
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The possibility that gibberellic acid at low concentrations
may enhance root elongation im defoliated plants appsars doubtful
on the basis of these two experiments. The diffarences between
the two experiments in response to the 10—3pm and 1072 pPm concen-
trations if it is real can be explained by differences in the
environmental conditions. 1In particular, these resulted in a
difference of 4 mn per day in aversge root elongation in plants in
the two experiments on the two days prior to defoliation: (14 wmm
and 18 per day respectively in experiments 1 and 2). That
the significant depression of elongation on day 1 by 10'9ppn is
a real effect is highly unlikely in view of the tremd towards
enhancement by higher ooncentrations in the same axpariment.

This also inoreases# the doubt as to the possibility of enhancamant
by the higher conoentrations.

6.5 EFFECT OP INDOLE ACETIC ACID

It was established previously (Appendix 11) that indole acetic
acid at greater than 10—2pm inhibited root elongation in intaect
L. perenne seedlings. In this experiment the range of concentr-
ations used covered the range seen to have had no effect on the
seedlings. The oconocentraticms were 10 2ppm, 10 %ppm, 10¥ppm,

and 10_8ppm. The standard experimental procedure was used.

The results sre presented in Fig. 15. IAA at 10 %pmm tended
to inorease elongation over the first two days but depressed elong-
ation on day 3. On no day was the difference significant.

This initial boost to elongation followed by a depression is
similar to the pattern in two of the sucrose experiments in Chapter
5« The explanation advanced there was that the initial increased
elongation caused a more rapid depletion of some other factor which
then limited growth. The pattern is different from that of the
bensyladenine and gibberellic acid responses. With these substances
the elongation increased relative to the control over the three day
period of the experiment indicating that the supply diminished over
the three days in the control plants.
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6.6 COMBINATIONS OF BENZYLADENINE AND OTHER SUBSTANCES

To finish the series of experiments on growth substances,
the apparent optimm concentration of benzyladenine was tested
with the apparent optimmm concentrations of gibberellic acid and
indole acetic acid, and with White's nutrients. The concentrations
were benzyladenine, 10-6ppn; indole acetic acid 10'4ppm and gibber-
ellic acid 10°5ppm. The White's nutrients were used at the con-
centrations already detailed in section 6.1. The treatments weres

BA only

BA +IAA

BA +GA

BA +White's nutrients

BA +TAA +White's nutrients

The experimental layout and procedure were the same as in the
previous experiments. No aluminium sheets were used.

The results are presented in Fig.16. IAA + White's nutrients
appeared to 1ift elongation on the second day compared with benzyl-
adenine alone. On the first day White's nutrients reduced elong-
ation. Neither result was significant.

6.7 DISCUSSION

Of the growth substanoces tested only benzyladenine produced
a8 clear response. This indioates that cytokinin or aytokinin
precursor from the shoot may be necessary for root elongation even
though cytokinins have been recorded as emanating from roots.
However since there was no response when no sucrose was applied it
may merely be acting in the utiligzation of the applied sucrose.

As discussed by Street (1969) the effect of bengyladenine
appears to be antagonized by indole acetic acid and gibberellioc
acid in the preliminary experiment. This is not evident in the
final experiment where there were no clear trands.

As in the previous chapter, there appears to be large differences
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between experiments which can be attribtitad to environmental fao-
tors. The presence or absence of the aluminium sheets has added
to the differences in this instance.

Of the four organic constituents of White's nutrient, glycine
is a nitrogen source Qnd the other three are B vitamins. Because
of the complexity of the requirements of roots for these substances
(Butcher and Street, 1964) no further investigation of their effects
was carried out other than their inclusion with bengyladenine in one
treatment in the final experiment. Such an investigation was deecmed
to be outside the bounds of this study.

Only one cytokinin, one auxin, and one gibberellic acid prep-
aration have been tested in the presence of one sucrose concentr-
ation at one defoliation level. This only constitutes a super-
ficial investigation of the importance of growth substances and no
firm conclusions can be drawh. In view of the variations between
experiments which are attributed to differing environmental oon-
ditions it is doubtful if this line of investigation is worth
pursuing further in the absence of ocontrolled climate facilities.
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CHAPTER ]

ﬂ‘l‘ﬂ E ‘H-IE DARK

7.1 INTRODUCTION

A oomparieon of Figs. 2 and 3} indicates that the response
of plants to heavy shading was not as great as the respomse to
defoliation. Furthermore the maximum response was not achieved
for several days. Since it was considered inadvisable to con-
tinue sugar feeding axperiments for more than three days because’
of the likely bulld-up of microorganisms, shading experiments
investigating the effects of eugar and growth substances were
not considered worth while. Instead, total exclusion of light,
which was believed likely to produce a larger and more rapid
response, was investigated.

All experiments in this section were carried out in a room
with a temperature of 22 4 1°c. A 1ight bank of six 5ft Philips
type TLF80w/55 flucrescent tubes provided a 1ight level of 1200 fc
at plant height. A 12 hour photoperiod was used throughout. Dark
treatment plants were placed under a frame covered with several
layers of black cloth.

In experiments in this chapter which included a light treat-
ment a randomized block design as used elsewhere in this study
was not possible. The analysis of the results has been altered
accordingly.

T.2 GROWTH AT CONS TURE

If photosynthate translocated direct to the roct apices is
more important than stored material for root growth, diurmal fluc-
tuations are likely to occur in roots grown at a constant temper-
ature. To test this possibility, containers were set up under
the 1ight bank for a seven day pre—experimental period and then
root elongation was wmeasured every 4 hours for 48 hours. 1In
order to increase the accuracy of measurement, the mark on the
glass over the root apex was made approximately 1 mx behind the
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apex and the distance from the edge of this mark measured using

a 16x stereomicroscope with a gratioule in one eyspiece. From
these readings the average elongation for each 4 hour period was
calculated. Because of the time taken to make the messurements,
4 was the maximum number of containers it was deemed practical to
measure. The individual root was taken as the experimental unit.
Twenty roots were marked in each container and the results from
any which could not be observed for the full 48 hours ignored.

The experiment was repeated using a second group of plants.

The results are presented in Fig. 17. In the first experiment
root elongation fell throughout the 48 hours, most of the decrease
ocurring during the dark periods. In the second experiment root
elongation fluctuated with no clear trend evident.

The first experiment was performed in December when light
levels, and hence presumably the quantity of photosynthetic products,
when the plants were growing in the glasshouse prior to transfer to
the growth room would have been higher than in the seoond experiment
in April. ©Possibly in the first experiment seven days pre-treat-
ment at the higher temperature and lower light level was not suff-
icient and during the 48 hour experimental period the supply of
some substance stored during growth in the glasshouse prior to
transferring to the growth room was depleted. None of the fluc-
tuations in the second experiment was significant. They are
believed to have been the result of difficulties experienced in
focusing the reference mark on the glass and the root tip at the
same time together with the gratioule. From the seoond experiment
it appears that there is no regular diurmal fluotuation in elong-
ation when the roots are growing at a steady daily rate. To avoid
the possibility of a decline im root elongation such as occurred
in the first experiment affecting results, the pre-treatment period
was increaeed to 10 daya and experiments designed as far as possible
so as to avoid any drop during the dark period.

7.3 EFFECT OF DARK AND RETURN TO LIGHT

Having asoertained that at a steady daily elongation rate
there was no consistent difference in growth between light and
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dark periods at a constant temperature, the effect of total

darkness was tested.

Experiment 1. Three Days Dark.
Six containers were used. They were placed in the growth

room for 10 days in a 12 hour photoperiod and the 1ights were then
switched offs Root elongation was measured by the standard method
for each 24 hours commencing at 8 am (start of the light period).
After three days of dark the lights were switched on again and
elongation measured for a further five days.

The results are presented in Fig. 18. Growth during the
first day of darkmess fell to one-eighth of the level of the
previous day and on the second day fell almost to zero. After
the 1ights were switohed on again, growth rose after two days to
a steady level slightly below the level prior to switohing off the

lights.

Experiment 2. One Day Dark.
A second experiment was performed during which elongation

was measured every 12 hours during the depression and recovery
periode In this instance the 1ights were switohed on again after
24 hours by which time elongation had dropped to a very low level.

The results of this experiment are shown together with those
of the first experiment in Fig. 18. Recovery was slow during the
first 12 hours (light period) but more rapid during the following
dark period. Subsequently, elongation rose steadily to the level
of the 12 hours prior to the imposition of the dark treatment.

The initial recovery was more rapid in experiment 2. This
zay be related to the shorter period of dark treatmant. Reocovery
was slower in the following 48 hours howeger.

These experiments show that although in the previous exper-
iment elongation did not vary from light to dark, continued dark
caused a rapid drop im root elongation, most of this effect oocur-
ring in the first 24 hours. That initial recovery was faster in
expsriment 2 in whioh the period of dark was shorter (one day
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oompared with three days) indicates that a substance used in
respiration as well as growth may have been involved, i.e. the
supply was depleted beyoné the level at which root elongation

ceased .

1.4 TIME COURSE OF ROOT GROWTH DEPRESSION

The aim of this experiment was to examine the rapidity with
which root elongation fell following defoliation and placing in
the dark. The measurement of root elongation using a stereo-
microscope as in the four-hour experiments (Fig. 17) was rejected
because of the difficulty and time involved. Instead measurements
were made by the usual method but to the nearest 0.25 mm. The
three treatments each of which consisted of six oontainers were:

Undefoliated in dark

Defoliated in dark

Defoliated in light

It was not possible to place more than 12 containers under

the 1ight bank s0 no pre-treatment period in the growth room was
possible. Considering the speed with which elongation fell in
the previous two experiments, this laok of pre-treatment which
would have served primarily to deplete reserves, is not likely
to have markedly affected the results. The probable effect would
have been to increase the total amount of growth following treat-
ment. The experiment was conducted in June. Plants were shifted
into the growth room at 5 pm (dusk) and root elongation measured
from then to 5 am, every two hours thereafter until elongation
ceased, and for the following 12 hours. Two groups of plants
were defoliated to 2.5 cm at 5 am« One of these groups and the
undefoliated plants were placed under the light-proof covers.
The second defoliated group was placed under the lights which

were set to operate from 5 am to 5 pam.

The results are presented in Fig, 19. In the undefolisted
plants there was a slight rise in elongation rate recorded at
9 am but then a drop to zero in the two hour period ending at
T m. Over the following 12 hours there was a small amount
of growth suggesting that in the dark some periodicity of growth
ocourred . The increase from the 7 am reading to the 9 am reading
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is similar to the fluctuations in experiment 2, Fig. 17. As in
that experiment, this difference did not reach significance level.
There was no difference between the two defoliation treatments.
In both, growth fell from the initial rate to the 9 am reading.
Elongation in both treatments was less than in the undefoliated
plants from the 9 am reading to the 5 pm reading. Growth after
7 pm was also less than in the undefoliated plants.

The results of this experiment indicate that elongation falls
rapidly after approximately 16 hours of dark and that defoliation
accelerates this decline but not the time at which the onset occurs.
Light did not appear to have any effect on elongation in defoliated
plants.

The rapid drop in elongation after a period of 16 hours in
the dark at a constant temperature suggests that some substance(s)
necessary for elongation, produced in the presence of light, is
depleted to a critical level. That defoliation produced an add-
itional effect suggests that at least part of the supply of this
substance is stored in the shoot: It seems reasonable on the
assumption that the factor concermed is produced in the shoot in
the presence of 1ight, that 1ight would have 1little effect in the
first 12 hours after defoliation because 1little shoot tissue would
be present. When root growth was boing} reoorded on the plants
under tke light-proof covers, the shoots of the plants would have
received some illumination. This was kept to a minimum by using
a portable lamp directed downwards on to the glass face of the
containers and was less than 1 fc (the lowest level which could
be recorded on the meter used).

7.5 EFFECT OF SUCROSE IN DA

Having established that dark causes virtually complete cess-
ation of root elomgation, comparable to the effects of defoliation
to 2.5 om or less, the response &f dark-treated plants to the ad-
dition of 2§ sucrose was investigated. The expariment consisted
of six replicates. The plants were moved from the glasshouse to
the growth room at 6 pm (dusk). One group was placed under the
1ight bank and received 12 hours light per day. The other two
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groups were placed under the light-proof covers. One group of
plants kept in the dark was supplied with 2% sucrose in the nut-

rient solution.

The results are presented in Fig. 20 On day 1 the dark-
plus-sucrose plants had a mean elongation only slightly lower than
the plants under the light bank. However, elongation on days 2
and 3 fell steeply while in plants under the light bank, the fall
was not as great. The dark-minus-sucrose plants exhibited a sharp
reduction in elongation on day 1 comparable with that exhibited by
the plants in Fig. 18. Elongation then fell to sero on day 3.

The response to sucrose in this experiment decreased with
time. This again suggests that sucrose is not the anly faotor
involved. That elongation is only slightly less in the dark-
plus-sucrose treatment than in the 1light treatment on day 1 indicates
that the roots are taking up sucrose in adequate quantities froa
the nutrient solution. However it is possible that a bulld-fip of
sucrose to above the optimum level may have occurred over the three
days. The fall in elongation in the light treatment plants from
day 1 to day 2 indioates that a pre-treatment period in the growth
room would have been desirable. This was not possible for the

reason previously stated.

7.6 EFFECT OF DEFOLIATION ON DARK-PLUS-SUCROSE-TREATED PLANTS

In Fig. 19 defoliation was shown to decrease the subsequent
elongation of the roots of plants grown at constant temperature in
the dark. It was postulated that part of the supply of the faotor(s)
necessary for root elongation was stored in the shoot. The results
presented in Fig. 20 indicate that besides an energy source, some
other factor is required. Further information on the source and
nature of this substance was sought by examining the effect of
defoliation to 2.5 om and completely removing the shoot on root
elongation in the dark. As previously, the experiment consisted
of six replicates. Plants were transferred from the glaasshouse
to the growth room at 6 pm and elongation measured from 8 am the
following morning. Other details of the experimental procedure
are as previously describded.
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The results are presented in Fig. 21. Plantes defoliated to
2.5 om had a signifioantly lower elongation rate on all three days
than the undefoliated plants. Where the whole shoot was removed
elongation was the same as in the undefoliated plants on day 1 and
was thus significantly greater (p <.01) than the 2.5 om defoliation
treatment as it was also on day 2. In all three treatments elong-
ation fell over the three days.

The results of this experiment indicate that the factor(n)
required by the root and contributed by the shoot, other than an
energy source, is stored mainly in the leaves. No stem tissue
and 1little or no meristematio tissue from the leaves would have
been removed by defoliating to 2.5 cm yet this tissue apparently
had a negative effect on root elangation. There are two possible
explanations for this. The first is that the shoot tissue remain-
ing produced some substance which imhibited root elongation amd the
second is that part of the suarose absorbed by the roots was trans-
located to the shoot possibly together with substances stored or
synthesised in the roots. The results of this experiment are
contrary to those where the same defoliation treatments were ap—
plied to plants growing in the glasslhouse in full 1ight (Fig.10).
In that case complete removal of the shoot considerably depreesed
root elongation by oomparison with defoliation to 2.5 cm. This
suggests that the postulatad substance was synthesised or stored
to a significant extent in the tissue remaining after defoliation
to 2.5 cm.

T.7 EFFECT OF LOW INTENSITY LIGHT

Although 2% sucrose promoted elongation in dark-treated plants
this elongation was below the level of plants grown in the 1light.
This situation was similar to that in defoliated plants. No major
response was obtained to the application of representative growth
substances in the ocase of defoliation. KNon-photosynthetic res-
ponses to low light levels, similar to respomses to growth reg-
ulators, have been reported by Street (1953), Hillman (1957),

Powel and Grifrith (1960), Burstrom (1961) and Lockhart (1961).
Accordingly the effect of low intensity light was investigated
in the growth room.
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Experiment 1. Comparison of 150 fc _and Dark

The 1ight bank in the growth room was raised as far as
possible above the bench and all tubes but one discomnected.
As a result, a 1light intensity of 150 fc at plant height was
obtained. This level is higher than those used by the authors
mentioned above so should be capable of producing any low-level
responses observed by them. The elongation at this light level
with a 12 hour photoperiod was compared with elongation in the
dark. Both groups of plants received 2% suorose. There were
six containers per treatment. Plants were given ten days pre-
treatment under the full 1light bank (1200 fo).

The results are presented in Fig. 22. The low intensity
light produced a greater root elongation, the difference being
significant on days 2 and 3 (p <0.01).

Experiment 2. Comparison of 1200 fe, 150 fc and Dark

Having demonstrated that the low light produced a signif-
icant increase in elongation over dark in the presence of 2%
sucrose, the effects of low light, full 1ight and dark were
compared. The light bank was lowered to its formar position
and the tubes recomnected. A single flourescent tube of the
same make and type was set up above another bench in the growth
room 80 as to give a light intensity of 150 fc at plant height.
No pre-treatment period in the growth room was possible. Two
per cent suorose was supplied to all treatments.

The results are presented in Fig. 23. It appears that
150 fc of 1light for 12 hours per day although increasing elong~
ation compared with the dark treatment was still not suffioient
to maintain the elongation level obtained at higher 1light levels.
The increase in elongation in 150 fo compared with the dark
treatment was uniform over the two expariments although the
actual levels were higher and decreased by 4 mm over the three

days in experiment 2.

iment 3. ison of 150 fo and dark in the absence of
Suero

The photosynthetic effect of 150 fo 1light level was examined
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next by comparing the root elongation of plants grown in the dark and
at 150 fc in the absence of sucrose. In order to compare this ex-
periment with the previous one, plants were not given a pre-treatment
period in the growth room. The plants were placed in the growth
roow at 5 pm and the elongation measured from then to 5 am, every
two hours to 5 pm and for the three following 12-hour periods.

The results are presented in Fig. 24. The elongation of the
dark-treated plants fell steadily to near zero at 5 pm on the first
day of treatment. The rate in plants growing at 150 fc 1light fell
during the first day at a lesser rate and then remained steady for
the final 36 hours. This final rate was approximately 4 mm per
day which is the same as the difference between dark and 150 fo
treatments in Figs. 22 and 23 in which sucrose was added.

7.8 DISCUSSION

The rapid drop in elongation in plants retained in the dark
is similar to that in plants defoliated to 2.5 cm or less and 1is
in contrast to the steady drop over several days in shaded plants.
This indicates that the mechanism may be different in the two oases.
Reduced root growth under low 1ight is the logical means whereby
the shoot/root ratio is adapted to the changed growing conditions
s8ince the alternative, increased shoot,growth,is unlikely under
these conditions and is probably brought about by a steady decline
in carbohydrates and perhaps other substances in the plants. The
rapid drop on placing in the dark appears more likely to be due to
the action of some specific factor than to the depletion of carbo-

hydrates.

The reduction in root elongation to an apparently steady, low
level in plants growing under 150 fo 1light without sucrose is int-
eresting. The most obvious assumption is that the plants synth-
esised the critical factor whatever its nature at a reduced level.
It appears that even at this low level, the elongation was main-
tained at the apparently steady level during the dark period.

That there occurred 4 mm per day elongation attributable to 150
fc 1light both in the presence and absence of sucrose suggest that
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the factor involved is not an energy source al though this 1light
level would provide an appreciable proportion of the maintenance
requirements of the plants, this species having a compensation
point of approximately 300 fo (D. Wilson, pers.coms.). That
defoliation caused a more rapid drop in elongation than merely
placing in the dark indicates that the postulated factor is stored

in the shoot.

In the heaviest shade treatment described in chapter 3 the
light level was approximately 1500 fc at mid day in full sunlight
so the average level would have been rather less than that under
the light bank in the growth room. In contrast to shade treat-
ments in chapter 3 root elongation under the light bank was steady
for several days at a higher level than occurred in most experiments
in the glasshouse where the mean temperature would on all occassions
have been lower. However after a few days the root elongation was
noted to fall.
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CHAPTER 8

8.1 INTRODUCTION

In chapters 5 and 7 it was demonstrated that depression of
root elongation following defoliation or placing in the dark could
be partly countered by supplying 2% sucrose in the nutrient sol-
ution, This is consistent with reports in the literature that
the levels of soluble carbohydrates in the roots fall following
defoliation and shading. Measurements of soluble carbohydrates
reported in this chapter have been made to deterwmine (1) the axtent
to which the levels fall following defoliation and placing in the
dark (2) the rate of recovery (3) whether there is a aritioal level
for root elongation and (4) the mobility of carbohydrates within
the plant.

8.2 EFFECT OF A SINGLE DEFOLIATION

iment 1. Solu bohydrate Levels low a Single
Defoliation.

Reduction in soluble carbohydrate levels in the roots of
defoliated plants has been reported by a number of authors and
recovery following defoliation was associated with increasing
oarbohydrate levels by Sullivan and Sprague (1943). Accordingly
the following experiment was set up to mesasure the relationship
between root elongation rate and soluble carbohydrate levels.

The experiment oonsisted of six replicates and four treatments.

In three treatments, plants were defoliated to 2.5 ecm« Root elong-
ation was measured each day on all containers. After two days from
the commencement of tfeatment, by which time the daily elongation
had dropped below 1 mm in the defoliated plante, one of the defol-
iation treatments was harvested. The second and third defoliation
treatments were harvested when elongation had recovered to approx-
imately one-third and two-thirds respectively of the level of the
undefoliated treatment which was harvested at the same time as the
third defoliated grouwp. At harvest, the roots of all plants were
washed free of sand and freeze-dried. They were then ground in a
Cassella mill to pass through a 1 mn screen. Total soluble carbo—
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hydrates were estimated on boiling water extracts. The procedure
is described in Appendix 14.

The results are presented in Table 4, After the two days
the soluble carbohydrates had dropped to a low level. The level

increased again as root elongation recovered.

It should be realized that elongation rate and soluble
carbohydrate level cannot be related for a particular point in
time as elongation measurements were for the 24 hours prior to
the time when the plants were harvested for soluble carbohydrate
determination. However since recovery occurred over a number of
days (12 days to final harvest. See also Fig. 1) the discrepancy
is not great.

The levels of soluble carbohydrates are low in all treat-
wents compared with the results of some other workers. Sullivan
and Sprague (1943) for example recorded that following intensive
defoliation, levels fell from 5.0%4 to 3.58. Weinmann (1943)
reocorded levels of 3 to 5% depending on frequency of defoliation.
The low carbohydrate levels in the present experiment are probably
due to the high nitrogen status of the plants (Nowakowaki, 1969).

Sullivan and Sprague (loc.cit.) reported that partial def-
oliation of L. perenne resulted in a rapid decrease in water soluble
oarbohydrates for 11 days. The level remained oonstant for another
10 days and then increased. Sprague and Sullivan (1950) obtained
similar results with Dactylis glomerata. Presumably in the present
axperiment envirvnmental conditions were conducive to a more rapid

reocovery.

Experiment 2. Soluble Carbohydrate lLevel when Root Elongation
Leased.

The root elongation figures presented in this chapter and
elsewhere in this thesis are the means of up to 20 roots per con-
tainer. In containers where plants were defoliated to 2.5 om or
less, most of the roots ceased elongating after the first day but
a few continued to elongate at a low rate. The carbohydrate level
in Table 4 colummn 2 represents the situation in the roots some time



Table 4 - Level of soluble carbohydrates and elongation of roots
of plants harvested at different times after

defoliation
Control Defoliated

Days to harvest 12 2 5 12
Elongation for 24 hours
prior to harvest 100 0 35 65
(% of control)
Soluble carbohydrates 0,91 0.24 0.45 0.79
(% freeze dried wt.) +£0,11 +0.03| +£0.05 |+0.15
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after most root elongation had ceased and because of respiration
losses was probably a figure much lower than that at the time
elongation oeased in the ma jority of roots. The fall in root
elongation occurred mainly in the first 12 hours (see Fig. 19).
Most of the roots measured in that instance had ceased growth
coupletely within that time. Use was made of this information
to measure soluble oarbohyirate levels near the time when elong-

ation ceased in most roots.

The plants in six containers in the glasshouse were defol-
jated to 2.5 om at 8 am. The positions of 20 root apices per
container were then marked and these apices were inspected every
two hours for elongation using a 16x steromicroscope and re-marked
if still growing. When the growth of most roots had ceased (4 pm)
the plants were harvested and the soluble carbohydrate levels
determined as desoribed for the previous experiment.

The mean level for the six containers was 2.0 -+ 0.20%

i.e. there was a higher percentage of soluble carbohydrate present
at about the time most roots ceased elongating than in all treat-
ments in the previous experiment (Table 4). This suggests that
although changes in soluble carbohydrates may acoampany reduction
and cessation of root elongation induced by defoliatiomn, these
changes are not necessarily the determinant. That under such
conditions, in which soluble carbochydrates would not be expected
to be limiting growth, the application of sucrose increased elong-
ation (Chapter 5) suggests that the defoliation may cause some
kind of translocation blockage and hence restrict the soluble carbo-
hydrate level at the root apex.

nt 3. st of Sucrose tion - the Nutrient
Solution.

The amount of sucrose absorbed by the roots when applied in
the nutrient solution may not have been sufficient to raise the
concentration within the roots to the level required for maximsm
growthe This was tested in the following experiment. FPlants
were grown in glass fronted containers in the glasshouse. One
treatment consisted of plants defoliated to 2.5 om and supplied
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with 2% sucrose and the second of undefoliated plants supplied
with inorganic nutrient solution only. Root elongation was
measured on all containers. After three days the roots were
harvested, washed clean of sand, rinsed and freeze dried. They
were later analysed for soluble carbohydrate.

To ensure that the results of the comparison had not been
falsified by sucrose adsorbed on the root surface the test detailed
in Appendix 15 was carried out.

The results of the analyses together with the mean elong-
ation rates of the two groups of plants are presented in Table D-.
The soluble oarbohydrate level was higher in the defoliated plants
supplied with sucrose than in the undefoliated plants yet the root
elongation was significantly lower. This shows that sucrose entry
into the roots as a whole was not limiting.

8.3 EFFECT OF DAEK |

Having dezonstrated that defoliation resulted in a large
reduction in soluble carbohydirate levels in the roots and that
these levels increased again as root elongation recovered, the
effect of dark on the soluble carbohydrate level of the roots was
investigated.

Experiment 1.  Soluble Carbohydrate Levels following Placing in
tm Darko

The experiment consisted of six replicates and four tireatments.
All plants were placed in the growth room at 5 pm (sunset). One
group (controls) was placed under the 1ight bank in a 12 hour photo-
period and the remainder under the light-proof covers. Root elong-
ation was measured on all containers. After two days by which time
elongation had ceased in most roots in the plants held im the dark,
the plants under the light bank were transferred to the glasshouse
and two of the groups held in the dark were placed under the light
bank. The fourth group was harvested. After one day under the
light bank, the seocond group of plants was harvested. The control
plants were then returned to the growth room and placed under the
l1ight bank with the remaining treatment group. The final two groups



Table 5 - Effeot of defoliation to 2.5 om plus 2% sucrose on
elongation and level of soluble carbohydrates of

roots

Elongation (mz/day) Soluble

Treatment Day 1 Day 2 Day 3 ?;rgzzi::atoa
dried wt.)

Control 19.9 15.5 15.0 1.48
Defoliation
plus
sucrose 18.6 4.8 4.9 2.48
S.E. 4 0.96 0.66 0.98 0.10
D.05 3.00 2.05 3.07 0.32
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of plan®s were harvested two days later by which time the root
elongation in the dark-treated plants had recovered to approxim-
ately two-thirds of the control plant level. This transfer of
the control plants back to the glasshouse for one day was necessary
because of the limited number of containers which could be placed
under the light bank. As a result of the variability in soluble
carbohydrate levels between replicates of the same treatment in
the two defoliation experiments, it was not considered practical
to use four replicates in this experiment and thus avoid the nec-
essity of shifting the control plants. Elongation during the
pre-treatment period of plants used for the experiment presented
in Fig. 18 was steady so the assumption was made in the present
situation that growth of the control plants during the firast two
days of the expsriment oould be used as a standard against which
to judge the recovery of elongation in the treatment groups on the
first day under the light bank. At harvest, the roots of all
plants were washed free of sand and freeze-dried. They were then
analysed for soluble carbohydrates.

The results are presented in Table 6. The soluble carbo-
hydrates fell to a low level after elongation had ceased. Af ter
only one day under the light bank, by which time elongation had
recovered to approximately 15% of the estimated control level,
the soluble carbohydrates had risen to the control level.

These results are in contrast to those of the comparable
defoliation experiment. It must be kept in mind that the elong-
ation rates shown are the totals for 24 hour periods. From Fig.
18 it can be seen that the recovery in elongation is rapid after
placing the plants under the 1ight bank. This would mean that
the rate at the time the second group of plants was harvested would
be mch higher than the msan for the 24 hours. E-ren taking this
into account, the recovery of soluble carbohydrates in dark-treated
plants is more rapid relative to recovery in elongation than for
comparable plants defoliated to 2.5 om. Note that the control
treatment levels were lower in the defoliatiorn experiment.



Table 6 - Level of soluble carbohydrates and elongation of
roots of plants harvested at different times after
plaoing in dark and returning to light.

Control Dark Treatment
Days to harvest 5 2 3 5
4 of control elong-
ation for 24 hrs. 100 0 15 T
prior to harvest
Soluble Carbohydrates 1.63 0.30 1,85 1.62
(# of freeze dried wt.) +0.09 +0.02 +0.,05 |+ 0.11
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Experiment 2. Soluble Carbohydrate Level when Elongation Ceased.

The level at the time that elongation in most roots ceased

was also examined as in the ocase of defoliation. The procedure was
the same as in that experiment. Plants were placed in the growth
room at dusk (5 pz) and were harvested at 6 pm the following day.

The soluble carbohydrate level was 2.27 -+ 0.29% which is marginally

higher than the level in the control treatment in experiment 1 where

root elongation for the 24 hours prior to harvest was 9.9 mm.

The results of these two experiments oconfirm those of the
defoliation aexperiments of the previous seotion. These are (1)
that soluble carbohydrate levels appear to be adequate at the time
when most root elongation ceases and (2) that recovery of root
elongation is paralleled by a recovery of soluble carbohydrate
levels. The presence of the whole shoot provides for a more
rapid recovery in the root system. This can be attributed to
the greater storage and photesynthetic capacity of the intact

shoots.

iment 3. Test of Sucrose Absorpti the Nutrient
Solution.

Again as in the case of defoliation, an experiment was ocon-
ducted to check that the soluble carbohydrate level in the roots
supplied with sucrose was not likely to be the limiting factor in
elongation in the dark. Twelve containers were used. Six were
placed under the light bank and the others under the light-proof
oovers. The plants in the dark were supplied with 2£ sucrose.

Root elongation was measured on all containers for three days and
the roots were then harvested and analysed for soluble carbohydrates.

The results are presented in Table 7. The soluble oarbo-
hydrate level in the dark-plus-sucrose trestment was signifioantly
higher than in the control treatment yet the root elongation was
significantly lowor. The results are similar to those in the com-
parable defoliation treatment and show that as in that case, the
soluble carbohydrate level in the roots is not likely to be the
limiting factor in elongation.



Table 7 ~ Effect of dark plus two per cent sucrose on
elongation and level of soluble carbohydrates

of roots.

Elongation (mm per day) Soluble
tz;rbohydratos
freez
Day 1 Day 2 Day 3 |'aried wt.)
Control 21.4 23.5 19.0 0.88
Dark plus
sucrose 10.3 11.9 1.1 2.20
S.E. + 1.26 0.7T1 0.85 0.13
D.05 3.92 2.22 2,26 0.42
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8.4  SOLUELE CARBOHYDRATE MOVEMENT FOLLOWING DEFOLIATION

In one dark experiment (Fig.21) translocation of sucrose
supplied to the root up into the shoot was indicated since greater
elongation occurred in plants with the shoot completely removed
than in plants defoliated to 2.5 cme There is no indication of
this occurrence in an earlier experiment carried out in the glass-
house (Pig.10). To obtain an understanding of movement of carbo-
hydrates within the plant after defoliation, the following experiment
was conducted.

The experiment consisted of six replicates and six treatments.
It was carried out in the growth room to eliminate any possible '
differences due to changes in temperature over the exparimental
period. Plants were moved into the growth room at 5 pm. The

six treatments were:

1. Harvested at 5 pm.

2. Defoliated to 2.5 om at 5 pm. Root elongation
measured 5 pm to 7 am and then harvested.

3. Shoot completely removed at 5 pme Root elongation
measured 5 pm to 7 am and then harvested.

4. Undefoliated, harvested at 5 am.

5. Defoliated to 2.5 om at 5 am. Root elongation
measured 5 am to T pm and then harvested.

6. Shoot completely removed at 5 am. Root elongation
measured 5 am to T pm and then harvested.

At harvest the plants were removed from the sontainare, washed
clean of sand, sepaerated into shoot and root where necessary, and
freeze-dried. The dried material was ground to pass through a 1 mm
screen and analysed for soluble carbohydrates. Note that the plants
of treatments2, 3}, 5, and 6 were harvested 14 hours after defoliation
beosuse it was not possible to record root elongation on treatments
2 and 3, harvest treatments 2, 3} and 4, and defoliate and mark the
root apex positions on treatments 5 and 6 all at the eame time. The
work was therefore divided between 5 am and 7 am. In order that
treatments could be compared, treatuents 5 and 6 were harvested
a similar period of time after defoliation to treatments 2 and 3.
Also because of the shortage of time root elongation was not measured
in treatments 1 and 4.
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The results are shown in Table 8. In plants defoliated to
2.5 om (treatments 2 and 5) root elongation in the following 14 hours
was significantly greater than where the shoot was completely removed
(treatments 3 and 6). Elongation was greater in the plants defol-
iated to 2.5 om at 5 pm than at 5 am but there was no difference
where the shoot was completely removed. The levels of soluble
carbohydrates in the roots were higher in treatments 2 and 5 than
in treatments 3 and 6 respectively. Although the level was higher
in treatment 2 than in treatment 5 there was no difference in the
level in the stubble. This is in contrast to the situation in the
whole shoot in plants harvested earlier (treatments 1 and 4). In
all cases the level in the shoots was mmch higher than that in the

roots.

Although there was less elongation in the roots of plants
where the shoot was completely recoved than where a 2.5 cm stubble
remained, the soluble carbohydrate level was reduced slightly.

This indicates that in this case as shown by Sagar and Marshall
(1967) movement occurred from the shoot to the root during the
first 24 hours after defoliation. Certainly there is mo indication
that carbohydrate was translocated from the root to the shoot. The
level in the roots of undefoliated plants harvested at 5 am (treat-
ment 4) was also much highar than that of either group of defoliated
plants harvested at T am as would have been the elongatiomn, Jjudging
from previous experiments. That the level in the stubble did not
fall between harvests suggests that the material here consists of
relatively long term storage compared with the material in the leaves
as demonstrated by the marked drop in the whole shoot (leaves plus
stubble) between 5 pm and 5 am. The overall pattern appears to be
that carbohydrates synthesised during the day are translocated down
into the stubble and roots during the night so that the level in the
leaves is depleted. The movement into the root system in intaot
plants may be greater during the day tham in the dark as evidenced
by the lower level imn the roots of intact plants harvested at 5 am.
However this interpretation is open to doudbt as the plants were at
a higher temperature in the growth room so respiration losses would
have been greater. Defoliation reduced the translocation to the
roots as the level at 7 am im plants defoliated to 2.5 om was only



Table 8 - Effect of defoliation to two different levels at the
start or finish of the dark period on subsequent
root elongation and level of soluble carbohydrates.
(# freeze dried weight).

Treatment 1 2 k) 4 5 6
Soluble 5.60| 2.88 2.58 4.28 2.02 1.70
carbohydrates
15 SHets +0.35] £0.32 £0.18| £0.43| +0,11 | +0.16
Soluble 13.53| 9.74 T.61 9.90
carbohydrates
N e + 1,13 +1.66 +0.81| £0.47
?lor)ngation 5¢5 2.8 4.2 2.8
mu) in the
14 hrs. prior +0.53 +0.24 +0.14 +£0.,15
to harvest

i

Treatments

1. Undefoliated, harvested at 5 p.m.

2.

3.

4.

6.

Defoliated to 2.5 om at 5 pm, root elongation measured
5 pu to T am and then harvested.

Shoot oompletely removed at 5pm, root elongation measured
5 pm to 7 am and then harvested.

Undefoliated, harvested at 5 am.

Defoliated to 2.5 om at 5 am, root elongation measured
5 am to T pm and then harvested.

Shoot oompletely removed at 5 amy, root elongation
measured 5 am to 7 pm and then harvested.
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two-thirds of the level in the roots of undefoliated plants harvested
two hours later. It is unlikely that this great a difference would
have ococurred in the intervening two hours considering that the drop
in the previous 12 hours was less than the difference between defol-
iated and undefoliated plants. These levels were all well below
the level in the stubble of plants defoliated to 2.5 om. This ind-
icates that the soluble carbohydrates in the stubble are less mobile
than the recently synthesisedl material in the leaves.

8.5 DISCUSSION

It has been shown that following defoliation or placing in
the dark root elongation oeases when the soluble carbohydrate level
is above the lowest level seen to support root elongation in un-
treated plants. That under these circumstances there is a response
to applied sucrose indicates that there may be a shortage of soluble
carbohydrates at the root apex. This fits in with the picture ob-
tained of movement in the whole plant where there was seen to be a
difference between the level in the shoot and root. The invest-
igation of the soluble carbohydrate level in the root apices was
considered but was decided against. The cells reach their mature
length approximately 4 mm from the apex (Appendix 8 Fig. 1.). With
approximately 100 root apices per container suitable for harvesting
and with a dry weight of primary nodal root of 0.35 mg / om the
amount of tissue available for analysis would have been 14 mg per
container. The analytical technique used required a 0.5 g sample.



61.
CHAPTER 9

CHANGES IN THE ROOT APEX

9.1 INTRODUC TION

In Appendix 8 the cell length pattern in the cortex at the root
apex was examined in roots of different elongation rates. It can be
seen in Appendix 8 Fig 1 that the pattern is typically sigmoid and
that in the roots with the greatest daily elongation the cells elong-
ated at a greater distance from the root oap and achieved a greater
final cell length than cells of roots with a low daily elongation.

In this chapter the effects of defoliation and dark on this pattern
have been investigated.

9.2 EFFECT OF DEFOLIATION ON THE ROOT APEX

In the preceding chapters it has been shown that defoliation
to 2.5 om above the base of the shoot or less resulted in the complete
cessation of elongation in most primary nodal roots. Imn this section
the cell pattern after root elongation ceased and during recovery has
been examined.

Experiment 1.  Cell Length Pattern when Elongation Ceased and During
Recovery.

Ten containers were planted and allowed to establish. The
positions of all primary nodal root apices were marked on the glass.
Twenty four hours later, the apices of two roots having a high elong-
ation rate and two having a low rate were harvested from eaoh contain-
er by removing the glass. These root apices, whose individual elong-
ation rates were recorded, were fixed and preserved in formalin-aoeto
—-alcohol (see Appendix 8). The plants in the ocontainers were then
defoliated to 2.5 cm above the base. The positions of the remaining
apices were marked 24 hours after defoliation. Forty eight hours
later, the roots were examined and the marles removed from any roots
which had not ceased to elongate. In each containers the apices
of two roots which had ceased to elongate were removed and preserved.
On the following days, the remaining amrked roots were obssrved and
the amount of new growth measured. From each container, two roots
with a regrowth of 2-3 and two each with a regrowth of 5-6 mm
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and 9-10 mm were removed and preserved. One root apex from each
Fair was dehydrated, embedded and sectioned as detailed in Appen-
dix 8. The second was retained in case of loss or damage to the
first during processing. The sections were stained with safranin
and fast green (Johansen, 1940) rather than with azo black as in the
former case in order that cell divisions could also be observed.

The results are shown in Fig. 25. The curves were fitted
to the data by eye. As in Appendix 8 roots with a high elongation
rate differed in cell length pattern from those with a low elong-
ation rate. The pattern in the roots that had ceased elongating
was identical with that of the roots with a low elongation rate
harvested prior to defoliation although the mean elongation of these
roots prior to defoliation would have been intermediate between those |
of the two pre-defoliation groupss The roots at the three stages of |
recovery following defoliation-induced cessation of elongation showed
increased o0ell length near the root cap campared with the two pre-
defoliation groups. In the 2-3 mm and 5-6 mm groups there was a
striking depression of cell length beyond 1 mm from the root cap.
This depression appears to start at a cell length of approximately
50 /u. In the roots in which growth had ceased this corresponds
to a point about 1700 /m from the root cap.

The similarity between the cell patternms in the roots which had
ceased elongating and those harvested prior to defoliation indicates
that all stages of cell growth in the root apex are affeoted to a
similar extent by defoliation. This suggests that the limiting
factor is one whioh affeots a wide range of processes in a similar
way. That oell length was ‘'frozen' when elongation ceased also ind-
icates that the factor concerned must move rapidly within the root
apex relative to the rate at which it is used. If this were not so
then the ocells nearest the root cap would cease elongating before
those hearer the base of the root. Such a situation would show as
an increase in cell length near the root cap ocowpared with roots that
are groving normally. This situation would appear to ococwr on
recovery following defoliation. This could be explained on the
assumption that the factor is translocated down from the shoot and
that initially the supply is inadequate. Under these oircumstanoes,
the cells nearest the source of supply would use most of the supply
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and little would reach the cells nearer the root cap. This situation
arises because the phloem, in which translocation occurs, does not dif-
ferentiate until approximetely the position where the cells attain
their final lengths Beyomd this point, movement mmst be by diff-
usion from cell to oell, there being few intercellular spaces through
which movement could occur.

Experiment 2. Nature of the Cell Length Depression.
The depression in cell length when elongation reococmmenced

following defoliation may be an effect of some change during the

time when no growth occurred or may be part of the pattern of the
resumption of growth. 1In an attempt to elucidate this point, plants
in a further five containers were defoliated to 5 om above the base.
From previous experiments this level of defoliation was known to result
in cessation of elongation in some roots but not others within a plant.
The position of all primary nodal root apices were marked 24 hours
after defoliation. Those roots which ceased to elongate were dis-
tinguished from those in which elongation was continuous. After a
further five days by which time all roots had recammenced growth and
most had elongated by 10 mm or more, the length of root which had grown
since 24 hours after defoliation was measured for three roots which had
oeased elongating and three in whioh elongation was continuous in each
container. From Appandix 8 Fig. 1 and text Fig. 25 it can be seen
that cell length reaches a maximum approximately 4 m: from the apex.
Therefore the cells which showed a decrease in length following defol-
iation would at the time root elongation ceased be less than 4 mm from
the apex. The glass was then removed and the required roots excised

4 mx behind the position of the apex on the day the positions were
marked (24 hours after defoliation). For two of each group of three
roots exocised, the basal 5 mm was embedded and sectioned and the cortical
ocell lengths measured. The third root of each group was retained
against the possibility of loss or damage to ome of the other two

during processing.

In all roots of both olasses (growth ceased and growth contin-
uous) there was a zone of reduced mature cell length. The position
of this zone varied from root to root as did the aminimm cell length.
The minimum length was 20.1 -: 6.9 /u for the roots in whioch elong-
ation ceased and 42.6 -l- 8.5 /® for roots in which elongation was
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continuous. Fig. 26 shows the cell length patterns of typical roots.
The position of the root apex with respect to the data is indicated
in the figure.

The variation in the position of minimum cell length relative
to the point at which the root was excised is probably due to errors
in marking the position of the root apex and in measuring the sub-
sequent growth. Because of the apparent variation in the position
of cinimum cell length it was mot possible to determine preoisely at
what stage in development cells were affected. The mean was approx-
imately 3000 /u from the reference point for roots which had ceased
growth and slightly more than this for roots in which growth was ocon-
tinuous. This would place these cells approximately 1000 /u from
the apex when elongation ceased. In each group of plants, cell
length throughout the 5 mm length examined was below the mature
length of the roots of plants which had not been defoliated (Fig.25
and Appendix 8 Fig. 1) This difference may however have been caused
by differences in environment.

The permanent depression in cell length in cells which would
have been elongating when the plant was defoliated points to the
occurrence of some irreversible reaction to the cessation of elong-
ation which is presumed to have been brought about by the depletion
of some faotor. That this depression of cell length ocours to a
lesser extent in roots whose elongation was reduced but not stopped
indicates a differential effect on various stages of growth or else
the presence of more than one factor.

That the cell length pattern in the apices of roots that had
ceased to elongate was similar to that of normal elongating roots
indicates that the mechanism must be a fundamental one. That no
cells in the dividing zone wsr e observed in a state of cell divisbn
in ocontrast to the frequent cell divisions in the elongating roots
suggests that there was some differential effect according to the
stage in the cell division oyole. The greater cell length close
to the root apex in roots whioh had resumed growth compared with
those which had ceased (Fig. 25) signifies some change from the
pre—defoliation condition.
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The sharp depression noted in most roots with a minimum ocell
length of 13 /u in two roots which ceased elongating may be a sep-
arate feature from the generally depressed cell length. Cell length
does not increase with distance from the minimum in both directions
but rather rises steeply within 1000 /u to a steady but still depres-
sed level on the side nearest the apex. The final length of only
13 /u in two rocis indicates that in these roots the cells affected
would have been 1000 or less from the root apex. This corresponds
well with the estimate from the position of maximum depression relat-
ive to the position at which the roots were excised. The most reas-
onable explanation would appear to be that the cells affected were
all at about the same stage of development but that the severity of
the inhibition differed from one root to another. This postulated
difference in severity is consistent with the observation in earlier
experiments that some roots of defoliated plants took longer than
others to recover from defoliation induced stoppage and that some
continued to elongate.

9.3 CELL LENGTH DEPRESSION IN ROOTS OF DARK-TREATED PLANTS

Roots of plants kept in the dark until elongation ceased were
also examined for permanent depression of cell length. The proced-
ure was the same as in the ocase of defoliation. This experiment was

carried out in the growth room.

A pattern of cell length depression similar to that in defol-

iated plant roots occurred with a minimum cell length of 44.0 4-7/41-
A typical result is presented in Fig. 26 with those of the two roots

from defoliated plants,

That the cell length pattern in roots that had ceased elong-
ating in the dark was similar to that in roots that continued to
elongate following defoliation rather than the pattern in roots that
had ceased elongating points to the mechanism responsible differing
from that which causes the stoppage of root elongation.

9.4  DIscussioN

The factor postulated as being responsible for the depression
of cell length may have been one of the complex discuased by Brown
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(1959, 1963). From observations on enzyme activity aocoompanying
oell expansion and differentiation, Brown advanced the hypothesis
that during these phases of growth an increasing proportion of the
cellular protein is enzymatio protein and that a succession of pro-
tein states are sequentially established. Suoh a succession im-
plies a succession of RNA complexes (Street, 1966). Such RNA
changes were found in Pisum (Heyes, 1960, 1963). Street suggests
that on this assumption, interference with RNA synthesis could
either prevent expansion and bring about differentiation or pro-
long expansion by blocking transformation to the state which fore-
closes expansion and initiates differentiation. Yeoman (1962) in
Pisum and Zea inocreased elongation by treating with a low concen-
tration of ribonuclease. Woodstook and Brown (1963) achieved a
similar result with 2-thiouraoil in Vicia and Zea.

Burstrom's studies of excised roots (Burstrom, 1954) led him
to advance the hypothesis that cell expansion takes place in two
phases, one promoted by auxin and the other inhibited by it. An
auxin imbalance in either of these two phases might be expected to
have a widespread effect on cell length such as the depression over
several thousand in the mature root. More recently Morre and
Eisinger (1969) and Ray and Abdul-Baki (1969) have shown the relat-
ionship between auxin, oell wall synthesis and oell elongation.

Woodstock and Skoog (1962) suggested that in Zea the amount of
RNA formed in the oell while in the meristematic region (region of
cell division) determines the amount of elongation and hence the
final size.

Several authors (Jaoobs, 19473 Denne, 19603 Evans, 19653 Buck-
nall and Sutcliffe, 1965) have demonstrated that in an organ with a
meristem in which growth is polarised as is the case in roots, there
are different patterns of cell division and elongation in different
tissues. The results shown in Fig. 25 and Appendix 8 Fig. 1 are
measurements for one particular tissue, the oortex, and the pattern
would be different in other tissues. The oell division and elong-
ation patterns in the various tissues are however closely related.
In any such organ, the product of the longitudinal components of
cell division and expansion must have the same value for all tissues.
For example, if the final cell length in one tissue is only half that
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in a second tissue then the number of cell divisions (i.e.the
number of cells) in a longitudinal row must be double that of
the second tissue. If this relationship did not hold then the
tissues would be torn apart as described for stem development in
some monocotyledons (Miltenyi, 1931; Golub and Wetmore, 1948
Kaufman, 19593 Evans, 1965). It was observed that the zone of short
cells in the cortex had an adjacent counterpart in other tissues of
the roots. An additional factor supporting the contention that all
tissues were affected in a similar manner was the collapse of all
tissues in the region of cell elongation in roots whose elongation
had ceased. This collapse occurred during fixation and could be
due either to a reduction in osmotic pressure of the cell contents
or to the reduced strength of the walls. The fixative used is a
standard one for plant tissue 8o the phenomenon cannot be regarded
as being caused by unusual conditions in the preparation of the
roots for axamination. '
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CHAPTER 10

DISCUSSION
S

Some time was spent at the start of this study on the exper-
iments listed in the appendices referred to in the methods and mat-
erials chapter. This work which was a necessary preliminary to the
main body of the thesis is also seen to be useful as the groundwoerk
of a wider study of root growth of New Zealand pasture plants. In
particulary, the technique developed for measuring root length and
number of apices is likely to be a useful tool for investigating the
effects of insects such as grass grub which attack the roots, the
drought resistance and nutrient requiremsnts of the various species
end competition between species. The usefulness of the glass
fronted containers for examining the effects of defoliation have
already been indicated in Chapter 3. The rapidity with which root
elongation responds to treatments applied to the shoot of the plant
points to the value of such containars in the testing of other appliéd
treatments on root growthe 1In the agricultural situation the treat-
ments which could be tested in this way, besides defoliation, are soil
moisture, s0ll and air temperature, soil seration and nutrient con-
centration. The dezonstration of the effect of seed size on root
length in young plants indiocates that selection for large seed may
be worth while as a means of improving seedling survival which is an
important aspect of pasture establishment.

In Chapter 3 the effects of defoliation and shading om: root
elongation were axamined. The results are broadly ocomparable with
those reported by other authors. The level of defoliation at which
root elongation ceases and root death occurs is above the minimum
level to which sheep can graze so that under farm conditions, hard
grazing could lead to root deathe The effect of a reduction of
root elongation and any possible related reduction in nutrient and
water uptake on subsequent pasture growth is unkmown but may be an
important consideration in the recovery of pastures following defol-
iation. The effect of levels of shading comparable with those which
may occur within pastures do not appear likely to csuse cessation of
root elongation or root death over short periods of time. There may
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be such an effect if these treatments were maintained for longer
than 3 weeks (the longest period studied).

Defoliation if it oocurs repeatedly over a sufficient time
must result in the depletion of the supply of all substances neces-
sary for root elongation which are synthesised in the shoot apart
from those synthesised specifically in the shoot apioes which in the
vegetative state would be below defoliation level. This situation
approaches that of excised root culture in which nutritional require-
ments are seen to be complex and variable. The later chapters in
this thesis have been concerned rather with investigating the defic-
iencies which cause root elongation to fall or cease during the first
three days after defoliation. The effects of dark have been examined
in the same way.

Importance of an energy source for continued root growth

It is clear here as shown by other authors that the level of
soluble carbohydrates in the roots is depleted following defoliation
or placing in the dark. The differences in the actual levels rec-
orded have been attributed to differences in the growth habit of the
species studied and in growing conditions. 1In particular it appears
that soil nutrient levels have a major effect (Nowakowski, 1969).

In addition, the authors have not all used the same analytical tech-
nique. The relationship between root growth and the level of soluble
carbohydrates in the roots is not well understood however as only
Davidson and Milthorpe (1966) have recorded both items in the same
experiment. They found that the level fell from 1.7% to 1.0% at
about the time root elongation ceased. It is unfortunate that the
experimental technique used in the present study limited the duration
of experimaﬁtn a8 longer experiments may have produced evidence on the
minimm levels at which elongation could take place. In the exper-
iments conducted the lowest level recorded at which elongation was
not believed to have been inhibited was 0.9% (Table 4). Of course
not all 3§ the soluble carbohydrate as analysed may constitute a
reserve which can be mobilised for root growth.

From the respomse of root elongation of defoliated and dark-
treated plants to applied sugar it is evident that lack of soluble
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carbohydrate is the main cause-of the reduction. This is supported
by the demonstration that recovery of root elongation was slower fol-
lowing three days dark than following one day dark, indicating that
the factor the depletion of which limits elongation is further depleted
through respiration losses.

The demonstration that the level of soluble carbohydrates in
the roots at the time most root growth ceased following defoliation
or placing in the dark was higher than in other experiments where
elongation was continuing at a high level points to some mechanism
affecting the utilisation of carbohydrates within the roots. That
under these circumstances root elongation responds to the application
of both glucose and sucrose indicates that the form of the carbo-
hydrate in the roots is unlikely to ¥e the explanation. Rather it
appears that the transpart of soluble carbohydrates to the root
apex is limiting. The possibility of this ococurring is supported
by the differences in levels between the shoot and the root (Table
8). There it can be seen that the levels im the shoot are higher
even after a 12 hour dark period indicating that the plants control
the distribution of these materials.

The analytical technique used for determining soluble carbo-
hydrates was not sensitive enough to allow analysis of the root apices
to determine if there was a depletion there relative to the rest of
the root system as is indicated by the response to applied sugar.
This response to applied sugar points to the presence of a trans-
location factor the nature of which has not been detarmined. Ben-
zyladenine has been shown to influemoe the trgftigggg}on of assimil-
ates towards the site of application (Quinlan,A1969) however in the
present study, this substance only gave a response in the presence
of applied sugar. Plsut and Reinhold (1969) suggested that light
induced loading of the phloem occurs. This is considered unlikely
to be the case in L. perenne since root elongation continued at a
steady rate throughout the dark period.

This postulated translooation factor may be important in the
survival of plants subject to grazing. Where grazing is severe a
major proportion of the photosynthetic tissue of the plant may be
removed. The root system must draw on storage products for respiration



T1.

energy until the photosynthetic tissue regrows and recommences
export of photosynthats to the roots. Under these circumstances

a mechanism aimed at reducing the depletion of reserves through the
formation of new root tissue would aid in the survival of the plants
by ensuring that suffioient reserves are maintained for respiration

and the growth of new photosynthetic tissue.

Requirement for some factor other than an energy source

In no experiment was the application of sugar able to maintain
the control level of root elongation in plants which had been defol-
iated or placed in the dark. In general two-thirds of the control
elongation was achieved in plants in which elongation would other-
wise have ceased. The question of sugar uptake from the root medium
being adequate to achieve optimum elongation has been answered by
demonstrating that the level of soluble carbohydrates in the roots
of plants supplied with 2% sucrose was higher than in the control
plants where elongation was at a higher level. As with soluble
carbohydrates occurring naturally in the roots however, the distrib-
ution within the roots is uncertain. It seems likely however that
uptake would be greater at and near the apex than elsewhere on the
basis of findings regarding the uptake of water and inorganic nut-
rients. There was no evidence of an osmotic effect of 24 sucrose
on elongation. However as already mentioned, sucrose did appear to
have an effect on the exudation of water from the cut ends of leaves
in the defoliation experiments.

The internal concentration of soluble carbehydrates in defol-
jatel and dark-treated plants supplied with 2% sucrose was higher
than in control plants so the cellular osmotic pressure was not
likely to have been limiting elongation through reducing water up-
take from the external solution. Even so, some interaction between
oszotic pressure and auxin action on oell expansion of the type mea-
tioned by Burstrom (1954) and Cleland (1959) may have occurred.

If some additional factor apart from carbohydrate and the
associated translocation factor is required, this fad®r could be
horoonal even though experiments with representatives of the three
major classes of plant growth substances failed to produce a major
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response. (Benzyladenine produced a response in the presence of
applied sucrose but this was small by comparison with the depression
which occurred in these particular experiments.) The scops of these
experiments was limited and the requirements of roots for growth sub-
stances is seen to be complex.

The additional factor if one exists would appear to be produced
generally in the shoot, not only in the shoot meristems, as is shown
by the similar root elongation levels in plants defoliated to 0.6 cm
and where the shoot was completely removed. It is synthesised in
light but it appears doubtful if adequate quantities are produced in
low light. In some experiments where sucrose was applied to defol-
iated or dark-treated plants, root elorigation while lower than in
the control plants on day 1 fell further on days 2 and 3 indicating
further depletion. In other experiments, although the initial red-
uction in elongation compared with the untreated plants was similar,
no further reduction occurred.

Th e parmanent reduction in cell length of roots affected by
defoliation or dark implies some specific response in cells at a
certain stage of development and although this response may be act-
ivated by a change in soluble carbohydrate levels of the cells it
is likely to be caused by some other factor which is operative only
in cells at a particular stage of developament. It is not possible
to determine if this response occurs as the roots cease elongating
or afterwards. If it occurs as elongation ceases it could indicate
the nature of the additional factor postulated.

The di®ection of supply of substances reaching the root apex
may have an effect on elongation. In a plant, the organic substances
are translocated from the shoot to the root apexs In the experim-
ental treatments, the materials under test were supplied to the root
medium. Wilkins and Scott (19638), Kirk and Jacobs (1968)y Hertel,
Evans and Leopold (1969) showed that in a number of species auxin
moved towards the root apex more readily than towards the base.
Raggio and Raggio (1956) devised a technique for testing the effects
of substances applied to the cut ends of excised roots as compared to
including the substances in the medium surrounding the root. Torrey
(1963) using this technique showed that auxin gave respomses at much
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higher concentrations in the medium applied to the base of the

root than in the medium surrounding the root. There were also
differences with sugar but elongation was not increased by applic-
ation to the base of the root compared with the optimum oonoentration
rrovided in the medium surrounding the root. In the present study
an attempt was made to supply substances through the out leaves but
no satisfactory means was established of sealing arcurd the shoot
bases and thus avoiding the loss of solution. Considering the
length of root through which sugar could be absorbed and then trans-
located to the root apex (average of approximately 15 om) the question
of movement of sucrose and growth subatances applied doces not appear
to be important since the material could be absorbed and translocated
downwards to the root apex. The length of root used by Raggio and
Ragzio (1oc.oit.) and by Torrey (1loo.oit) was probably muoh shorter.
This leads back to the possibility of a translocation factor as

mentioned earlier.
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APPENDIX 1

MEASUREMENT OF TOTAL ROOT EENGTH gg APEX NUMBERS

Lengths of root samples were measured by a modification of
Newman's (1966a) technique based on Buffon's needle problem (Kendall
and Moran, 1963).

If a needle of length L is placed at random on a plane on
which are ruled parallel straight lines unit distance apart, the
probability of the needle intersecting the lines is:-

%Ir'- for L<1

For M throws of the needle or M needles each of length L the
expected number of hits scored is:-

M
T

A root of length R although not normally straight, can be divided
into M /pieooe of length L7, each shart enough to be comsidered
straight. The number of hits, N, in this case would be:-
au” 2R
il w
Therefore R = TT N  is an estimate of the root length.

2

This is a speoial case of the formula R = ﬂz—gA

of Newman (loc.cit.) where A is the area over which the root msss
is spread and H the total length of straight line used. Since the
parallel lines are by definition unit distance apart and so divide
the plane into strips of unit width, each unit area of each strip
is associated with a unit length of line, i.e. % = 1.

-The use of a series of parallel straight lines means that the
area vvar wvhich the sample is spresd does not have to be defined thus
simplifying the measuring and eliminating the possibility of error
due to non-random arrangement of roots near the edge of the area
mentioned by Newman (loc.cit).

The root sample to be measured was spread out in 5-10 ml of
water on a 30ocm x 40cm sheet of window glass ao that there was little
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or no chance of one root overlying another. Two sets of parallel
straight lines 1 cm apart at right angles were scratched in black
paint on a second 30am x 40cm sheet of glass before the paint had
completely hardened. The second sheet of glass was placed paint
downwards on top of the root sample and the whole carefully turmed
over so that the clear glass }ay uppermost and placed on four 9om
high wooden blocks over a sheet of white paper. When i1lluminated
obliquely the roots showed up white against a black background over
a series of fine white lines. With this technique even the finest
grass roots showed up olearly although oare had to be exercised to
keep the sample and glass free of dust. The amount of water used
to disperse the sample depended on the thickness of the thickest
roots, the alm being to exclude air bubbles from the root sample
without having water flowing out from between the sheets of glass
and possibly carrying root pieces with it. With each experiment

a few samples were counted on both sets of parallel straight lines
to guard against error caused by the roots not being randomly
orientated.

The use of the technique assumes that the roots lie in a
plane parallel to the plane of the paralld straight lines and no
account is taken of any component of root length perpendicular to
this plane. Sandwiching the roots between two sheets of glass
serves to flatten them but since in any one sample there was var-
iation in root diameter there would be a component of root length
perpendicular to the plane of the parallel linea, so the technique
probably underestimates the actual length. L. peremne roots were
too fine to measure accurately by the direct method as a check of
the technique. However a check was made using two tree root samples
(Table 1).. In neither case did the mean estimated value differ
signifiocantly from the direct measuremant.

Because measuring the whole root system of L. peremne plants
would have taken too muoh time, three small samples were messured
on each plant. It was noticed that the proportion of thick roots
appeared to be much higher near the base of the shoot than elsewhere
in the root mass and the proportion of fine roots appeared to be
greatest at the periphery. Therefore, in order to obtain represent-
ative samples, the root mass was forwmed into a rope which was cut in



Appendiz 1 Table 1 - Length (om) of two tree root samples by

direct measurement and by line intersection

(means of 10 estimates)

Direct
Line intersection Moasurement
Sample 1 48.9 + 0.94 50.1
Sample 2 62.1 £ 1.71 60.9
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to appreximately 5 mm pieces. The ocut roots were dispersed in 200-
800 ml of water, depending on the size of the root mass and samples
of approximately 200cm total length removed for measurement. After
several samples had been measured the size could be readily judged
by eye. After measuring, samples were dried at 100°c overnight and
weighed. To check that cutting the roots in to small pieces did not
bias the results, three samples of L. perenne root were measured whole
and again after cutting in to approximately Smm lengths (Table 2).
In no case did the difference between the means of 10 counts of the
uncut sample and the mean of 10 counts when cut into Smt lengths
reach significance level.

The lateral roots were very fine (approximately O.1mm diameter)
and the apices could not be readily distinguished from out ends. The
number of apices was therefore estimated by counting the number of
branches in the sample spread out on the unpainted glass sheet before
the painted glass was applied and the number of roots arising from
the base of the plant. The relationship is as follows:-~ A single
unbranched root has a single apex. If it produces one lateral (i.e.
has one branch) it has two apices. If the lateral itself produces a
lateral the whole root has two branches and three apices. If the
whole root has B branches it has B -+ 1 apices. If there are R roots
with a grand total of N branches thetitotal number of apices is R 4 N.
It is probable that in cuttimg the roots into swmall pieces some laterals
would have been removed cleanly so that estimation of root apices by

this method gave a low result but the error is considered to be small.



Appendix 1 Table 2 - Comparisons of lengths (cm) of three

ryegrass root samples as whole root
and out into pieces (means of 10 estimates)

Sample 1 Sample 2 Sample 3
Whole Root 110.1 90.9 100.9
Pieces 110.2 92.1 99.7
Av. S.E. + 1.6 1.1 1.6
D.05 4.8 3.2 4.6
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APPENDIX 2

GLASS FRONTED CONTAINERS

A number of authors have used containers with a glass side to
observe root growth in a number of plants, (e.g. Rogers, 1939b;
Crider, 19553 Salim et al, 1965; Butler et al, 19593 Lavin 1961;
Beard and Daniels, 1965; Asher and Ozanne, 1966). The same prin-
ciple has been used in the field by fitting glass panels into the
side of a trench (Rogers, 1939a; Head, 19663 Garwood, 1967).

Newman (1966b) used clear plastic tubing in the same manner. The
technique enables individual roots to be examined without disturbance.
Only a small proportion of the total root system can be observed and
in order to inorease this proportion some of the authors mentioned
above had the glass face of the containers sloping in order to inter-
cept some of the roots growing vertically downwards. Of the above
authors only Lavin (loc.cit.) considered the possible effect of
growth against the glass surface. He found the growth rate against
the glass to be comparable with that in the field. Asher and Ozanne
(1oc.cit.) were careful to use a standard technique in filling their
containers in order to obtain uniform conditions since root elongation
is affected by the resistance of the root medium. Lavin (loo.oit.)
also mentions this aspeot briefly.

Several authors have also emphasised the necessity for excluding
light from the glass face other than when observations or measurements
are being made. Lengthyexposures to daylight severely checked root
growth in apples although the short exposure necessary for recording
root growth did not cause a significant check. (Rogers, 1939b).
Goodwin and Avers (1956) found that in Phleum pratense roots would
tolerate oontinuous, relatively high levels of illumination without
exhibiting inhibitions or marked phototrophic responses.

The containers constructed (Fig. 1) were 15 om wide, 15 om
deep and 40 om high. They were made of galvanised iron coated inside
with bituminous paint and outside with white paint to reflect heat.
Filled with wet sand they weighed approximately 11 kg so could be ocon-
veniently moved about in the glasshouse by one person. Mobility was
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Appendix 2 Fig. 1 - Glass fronted containers.

A, 1light proof covers;
B, clip for retaining cover;
C, bracket for retaining cover;

D, removable metal strips for holding glass
in plaoces

E, glass.
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considered important because of the possible position effects in the
glasshouse. Subsequently, movement of the containers was found to

be impractical as the sand tended to slump and the glass to crack.
This could not be tolerated since the roots being measured were dis-
turbeds Instead the containers were set up in blocks, each block
consisting of one container for each treatment. Containers were

then allocated to treatments at random and ad justments made within
blocks, where necessary, to give uniform initial elongation rates

for treatments. The glass side sloped at 12 degrees to the vertical.
This angle was the greatest that oould be achieved without affecting
the strength and stability of the containers. Twelve degrees is less
than the angle used by most of the authors quoted but was considered
justified because of observations that the nodal roots of L. peremne
grew at all angles from vertical to near horizontal so adequate numbers
would grow against the glass. It was considered too that in spite
of the finding of Lavin (1961) that growth at an angle to the vertical
against the glass face did mot affect root elongation, the angle should
be the least that was consistent with satisfactory observation. The
glass is held in place by metal clips which can be readily removed
allowing direct access to the roots growing against the glass. In
early tests with these containers it was found that the nodal roots

of L. perenne were not strongly geotrophic and even with the glass at
up to 30 degrees to the vertical would not grow against the glass for
any distance so a piece of expanded aluminium sheet with holes 9mm x
3mm, coated with bituminous paint, was placed against the imner side
of the glass providing vertical channels down which the roots could
grow., FEven with the expanded aluminium sheet in place the roots fre-
quently grew back into the sand. This may be caused by nutational
movements (Fisher, 1964; Head, 1965). When transplanting into the
containers; a sheet of stiff paper was laid againet the inside of the
aluminium sheet and the roots of three plants were spread out against
the paper. Damp sand was poured in and firwed by hand. The paper
was then carefully removed leaving the roots of the plants spread out
against the aluminium sheet. Any sand which lodged between the alum—
inium sheet and the glass was removed by tipping the container on its
back, removing the glass, and brushing.

Daily elongation of primary nodal roots was measured by marking
on the glass the position of the root tip with a filre-tip pen and
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subsequently measuring the distance between the mark and the new
positiom of the root tip 1In a preliminary experiment the roots
in the top 5 om were observed to grow more slowly and roots in the
bottom 10 om more rapidly than others against the glass so no roots
within these regions were measured. Table 1 shows the relation-
ship between mean elongation in 24 hours and the distance of the
root tip from the surface of the sand. It can be seen that there
is a steady inorease in elongation rate with depth apart from the
firat 5 om and bottom 10 om, however it has not been considered prac-~
tiocal to select within this region because of the relatively small
number of nodal roots of a particular length against the glass at
any time. Because of the way the containers were planted a maj-
ority of roots appeared agsinst the upper half of the glass at first
and grew downwards during the experiment. The increase in elong-
ation with inoreasing root length would therefore tend to magnify the
differences between experimental treatments since the treatment which
most inhibited root elongation would result in a lower mean root length.
However this effect is small compared with treatment differences in the

various experiments.

No attempt was made to determine the possible effeot of growth
against the glass face but it was noted that roots growing against
the face on no occasion appeared to reach the bottom of the container
later than those growing turough the sand and then out under the bottom
of the glass and in most oases they reaohed there earlier. This is
probably due to the lack of resistance usually afforded to the roots
by the root medium. To this extent the roots being observed were
growing in an artificial situation but since all the measurements of
root elongation made were comparative this only affects the results in
80 far as they are related to conditions in the field.

The effect of indireoct sunlight and the removal of the glass
were emamined (Table 2). The experiment consisted of six replicates.
The control treatment containers had the 1light oover removed only for
the time required to wmeasure elongation and mark the new position of
the root apioes. The light treatment containers had the glass ex-
posed to indirect sunlight all day. In the third group the glass was
removed by tipping the containers on their backs and removing the re-
taining clips. The roots were left exposed for approximately half a



Appendix 2 Table 1 - Elongation of roots of different lengths.

Root Number Elongation
Length of roots in 24 hrs. S.E.
(om) measured (mm)

0-1 6 5.8 1.3
1-2 40 8.1 0.6
2 -3 30 8.5 0.6
-4 48 8.1 0.6
4 -5 50 9.1 0.6
5 -6 28 99 0.9
6 -1 29 10.1 0.5
7-8 22 10.7 1.1
8 - 10 35 9.1 0.7
10 - 12 3 9.0 0.7
12 - 14 30 9.9 0.7
14 - 16 )M 9.6 0.6
16 - 18 26 10.2 0.9
18 - 20 26 10.7 0.8
20 - 22 23 10.7 1.0
22 - 24 18 11.6 1.1
24 - 26 14 13.7 1.2
26 - 28 17 12.9 0.9
28 - 30 18 13.5 0.8
30 - 32 12 14.3 1.8
32 - )4 3 19.0 2.6




Appendix 2 Table 2 - Effect of exposure to indirect sunlight

and removal of glass on root elongation

(un per day)
Removal
Date Light of Control S.E. D.05
glass +
3.10.67 15.4 15.4 16.9 0.43 1.28
4.10.67 15.3 15.8 16.2 0.49 1.46
510,67 13.3 14.8 15.2 0.68 2.00
6.10.67 12.8 14.3 15.8 0.61 1.81
29.5.68 15.8 16.7 15.6 0.35 1.10
30.5.68 13.6 13.7 13.4 0.59 1.86
31.5.68 12.9 14.7 13.3 0.68 2.14
5.6.68 9.7 11.0 11.3 0.51 1.61
6.6.68 8.9 10.5 9.6 0.27 0.85
7.6.68 11.3 10.9 11.3 0.45 1.42
11.6.68 8.8 9.2 8.4 0.58 1.83
12.6.68 9.1 9.8 9.3 0.83 2.62
13.6.68 8.6 9.2 8.7 0.89 2.80
14.6.68 8.0 7.8 77 0.88 2.1
18.6.68 11.6 10.5 9.8 1.28 4.04
19.6.68 10.3 9.1 8.9 0.93 2.93
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minute, this being the time estimated to be required to remove sev-
eral root apioes for &kiaroscopio examination. The main effect being
sought was the disturbance of the root system rather than the drying
effect of exposure. On two out of sixteen days the exposure to light
caused a significant reduction in elongation and on one day out of
sixteen removal of the glass caused a significant reduction. It is
not possible to decide if the brief exposure to 1light necessary in
order to record and mark the containers had an effect but this effect
can be considered small. Rogers (1939b) was able to measure the
effect of a brief daily exposure to indirect sunlight by measuring
other plants once per week. He found that this daily exposure caused
a small reduction in growth compared with onoe per week exposure.

Such an experiment was not possible with L. peremnne as the roots seldom
grew against the glass for more than 4-5 days and frequently for a much

shorter time.
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APPERDIX 3

Eiggg; OF NUTRIENT CONCENTRATION

Al though nutrient solutions of the type used in this study
have been extensively used to grow a wide variety of plants, an
investigation of the effects of nutrient concentration was under-
taken in order to ensure that this was not going to be a 1limiting
factor in plant growth and to determine if the amount used could
be safely reduced by using water at the early stages of growth and
for flushing the containers periodically.

Methodss

The experiment consisted of 10 replicates. The nutrient
concentrations used were 0.05, 0.25, 1.0, and 4.0 times the standard
solution. Seed was garminated inm petri dishes and planted singly
into sand in 10 cm x 36 cxm unglazed pipes of the type used in field
drains, painted outside with aluminised bituminous paint to refleot
heat and reduce water loss. Pipes were spaced 10 cxz apart. Plants
were supplied each day with an excess of the appropriate nutrient
solution and harvested 8 weeks after sowing. No matual shading was
considered to have occurred by this time. Plants were washed free
of sand. Shoot and root dry weights and the number of nodal roots
were measured on all plants. Root lengths and the number of branches
were measured on three sub-samples per plant. From the primary data
total root lengths, number of root apices, length per unit weight of
root, root apices per unit weight and per unit length of root, and

shoot/root ratios were calculated.

Resultss

The results are presented in Table 1. There were no diff-
erences in apices per unit length of root between nutrient concen-
trations. The differences between the 0.05 and 0.25 levels were
significant at the 5 per cent level in all other characters. In
addition there were significant differences between the 0.25 and 1.0
levels and between the 1.0 and 4.0 levels in several characters.

Discussion:
As judged by dry matter production the standard nutrient



Appendix 3 Table 1 - Effeot of nutrient concentration on shoot

weight, shoot/root ratio and root details
(zeans of 10 plants).

Nutrient Concentration

0.05 0.25 1.0 4.0 S;P- D.05
Shoot
wt.(g) 0.44 2.41 3.54 2.43 0.23 0.68
Root
wt.(g) 0.23 0.80 0.87 0.60 0.075 0.22
Shoot-~
Root
Ratio 2.2 3.2 401 4.1 0018 0052
Root
length
(m) 160 360 360 200 46 134
¥o.of
Apices 18,000 | 41,000 | 41,000 23,000| 4,200 | 10,400
Length/
unit wt.
(cm/mg) 70 46 40 33 3.0 8.7
Apices/
zg 19 51 46 38 4.2 12.1
Apices/
om 1.14 1.12 1.16 1.16 0.041 | 0.12
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solution was optimum for growth. At the lowest nutrient concentration,
shoot weight was depressed more than root weight and hence shoot/root
ratio was lowered but at the highest concentration, shoot and root
weight were depressed to the same extent. The total root length and
number of apices followed the same trend as root weight but the drop
from 1.0 to 4.0 concentration was more marked. The length and number
of apices per unit weight of root dropped with increasing nutrient
concentration but the number of apices per unit length of root remained
constant (i.e. the roots became thicker but the frequency of branching
did not alter).

Various workers have reported increasee in shoot/root ratio
on increasing the nutrient supply to plants (see Weinmann, 1948;
Troughton, 19573 1962; Allsopp, 1965). Increased nutrient concen-
tration usually produced thicker roots though there are exceptions,
particularly im the case of single nutrients. May et al (1965)
studied the components of root growth in young barley plants at three
nutrient concentrations. They found that the lowest concentration
gave the greatest length of roots. However the weight of roots was
least at the lowest concentration. They considered that carbohydrate
supply was not the cause of differences in total length of root since
the weight of the first 103 cm of root in the highest nutrient ooncen-
tration was almost twice that of the lowest concentration. May et al
(1967), also working wich barley, discounted carbohydrate as limiting
extension growth pointing out that the primary root continues to elong-
ate at a steady rate despite the development of coampeting secondary
roots back nearer the source of supply. They do suggest however that
the lower growth rate of the secondary roots may be a function of the
competition of the primary root for carbohydrates. In plants grown
in glass fronted containers the growth rate of the primary roots was
observed to be higher than that of the laterals and growth on average
increased with increasing length. Where a primary apex was removed,
the laterals increased in dismeter and rate of growth suggesting that
carbohydrate may have been 1limiting either directly or indirectly.

May et al (1965) found that mean spacing between branches on
the primary roots but not on the secondary roots was greater at low
nutrient concentration. In the preseat study the primary and seo-
ondary roots were not analysed separately. From observation of the
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root samples it would appear that a large proportion of the branches
are on secondary roots so any differences between treatments in br-
anching on the primary roots would be unlikely to markedly influence
the overall figure.

The results of this experiment showed that plant growth and
root morphology could be markedly altered by altering the nutrient
concentration and that the safest procedure was to use standard
nutrient solution throughout the growth of the plants.



APPENDIX 4

EFFECT OF TEMPERATURE
- — W

All experiments except those described in Chapter 7 were con-
ducted in a glasshouse the temperature of which was controlled by a
heater and exhaust fan set to operate at 10°%ana 21°c respectively.
However the control units were inadequate to keep the temperature
within this range under all conditions so as the experiments were
conducted throughout the year there was a general seasonal trend in
temperature levels. The root elongation data presented (Fig. 1)
are from control treatments of a series of experiments conducted
between 4/3/69 and 15/10/69. Plants measured were all of approx-
imately the same physiological age (40-60 tillers at the time the
measurements were made). The temperature figures used were the means

for the 24 hours up to 8 am on the day on which the elongation was

messured (i.e. covering the same time period). They were obtained
fram a thermograph loczted on the bench next to the plants with the
sensor shielded from direct sunlight. The straight line regression

of temperature on elongation (i.e. of the form y = a 4+ bx) was cal-
culated from the formla

=xy - (2x) (=¥)

=x" - gx)
n

b =

ixsing mean values of x and y to obtain a. No more than 5 points
were from a single experiment.

Discussion:

The data presented cover 8 months only, no figures for November
- February being included. Experiments prior to March 1969 were con-
ducted using aluminium stretoh metal sheets against the inmner face of
the glass whereas from March 1969 onwards the stretch metal was absent
80 the roots being recorded were growing through sand rather than in
an air space. Even though the effect of the aluminium sheets was con-
sidered to be small it was not deemsd wise to include the results from
any experiment where they were used. Lack of root growth figures for
November - February is not considered serious for the comparison of
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various experiments since the highest mean temperature recorded over
this time was only two degrees above the highest figure included.

Over the range investigated root elongation shows a high pos—
itive correlation with temperature. This result is comparable with
those of Rosenquist and Gates (1961) who obtained increases in elong-
ation with increasing temperature up to at least 30°C in Agropyron
inerwe Scribn. and Smith, Festuoa ovina L., Poa ampla Merr., and
Dactylis glomerata L. In Agrostis palustris Huds. however,elongation
was unaffected by temperature within the range 15 - 27°C (Beard and
Daniels, 1965).

Temperature has aleo been shown to have an effect on the shoot/
root ratio. Muoh of this work on grasses is reviewed by Troughton
(1957) and Brouwer (1966). In general the shoot/root ratio increases
with increasing temperature. The situation is complex however as
ahown by the conflicting results of Mitohell (1954) and Troughton (1961)

in L. perenne.

Darrcw (1939) and Stuckey (1942) working with temperate climate
grasses noted that roots of plants growing at low temperatures were
white and succulent while at higher temperatures they tended to be
darker coloured and more finely branched. Stuckey related her findings
to observations in the field, roots being coarse and white in winter
and fine and brown in summer. Soper (1958) noted that in L. peremne
a combination of low 1ight and high temperature not only resulted in
ochanges in root thiokness and colour but that also undér these condit-
ions death and sloughing off of the outer tissues occurred. In the
present series of axperiments there were insufficient data to examine
the effeot of temperature on root appearance. The only feature ob-
served was a noticeable difference between winter and suzmer in the
rapidity with which browning of the root surface occurred.
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APPENDIX 5

DEVELOPMENT OF YOUNG PLANTS

Methodss

Seed was germinated in petri dishes and planted out .singly into
clay pipes of sand (See Appendir 3). The experiment consisted of 10
replicates of 6 pipes which were spaced 10 om apart within replicates
8o that no mutual shading was considered to have occurred by the end
of the experiment and the replicates were 30 om apart to facilitate
harvesting. One plant from each block selected at random was harvest-
ed every 14 days from planting and washed free from sand. Shoot and
root dry weights and the number of nodal roots were measured on all
plants. Root lengths and numbers of branches were measured on three
sub-samples per plant (See Appendix 1) except at the first harvest
when because of the small size the whole root mass was measured.
From the primary data total root lengths, number of root apices,
length per unit weight of root, root apices per unit weight and per
unit length of root, root length and number of apices per unit weight
of shoot and shoot/root ratios were caloulated. Standard errors were
caloculated for each harvest for shoot weight, root weight, root length
and root apex numbers. For other characters the standard errors were

obtained from analyses of variance of the six harvests.

Resul ts:

In Table 1 are presented the shoot weights, root weights, root
lengths and number of root apices for the six harvests. Note the
length of root (1816m) at the final harvest within the 2.71 of sand
in the pipe. At this stage a mat of roots was starting to form at
the periphery. The ratio data are presented in Table 2. The shoot/
root ratio showed an overall increase with time. The length per unit
weight of root was high at first but then dropped with a reoovery at
10 weeks. The number of root apices per unit weight of root showed a
similar trend. Root length and number of apices per unit of shoot
dry weight also shows this troend.

Discussion:
The high value for length per unit weight of root at 2 weeks

represents mainly seminal root which has been described as finer than



Appendix 5 Table 1 - Shoot and root weights, root lengths and

apex numbers of ryegrass plants harvested

at two week intervals (means of 10 plants)

8 waekJ 10 weeks

Harvest |2 weeks | 4 weeks | 6 weeks 12 weeks
Shoot 0.0046 0.067 0.854 3.83 12.16 21.66
weight  [+0.0003 |20.003 | +0.109| =+ 0.40 + 0,51 | 41,09
(8)

Root 0.0015 0.021 0,253 1.08 3,13 5+98

(g)

Root 56.6 566 7,590| 32,430 115,720 | 181,570
length + 42 | +23 +1,200| =+ 3,060| 10,340 |. 15,070

(om)

Number 70.3 597 8,140 36,470| 163,020 | 262,780
of + 4.8 | +34 +1,510| + 3,750] 14,880 |-+ 21,080
apices

‘-'mm_m.—__




Appendix 5 Table 2 - Root details and shoot/root ratios of

ryegrass plants harvested at two week

intervals (means of 10 plants)

Length | Apices | Apioes Length | Apices Shoot/
Plant per per per per per mg Root
A unit mg Root | om Root | unit Shoot Ratio
ge Root Dry Wt.| Length | Shoot Dry Wt.
(om/mg) (om/mg)
2 weeks 37.8 47.2 1.26 12.3 15.3 3.1
4 weeks 27.8 2107 1.01 8.5 9.0 3.2
6 weeks 30.3 32.2 1.06 8.9 9.5 3.6
8 weeks 3003 33.7 1.12 8.5 9.5 305
10 weeks 36.8 52.0 1.43 9.5 13.4 3.9
12 weeks 31.2 4503 1048 804 12.1 3.8
S.E. + 1.9 2.4 0.05 0.6 1.5 0.6
D.05 5¢3 6.8 0.15 1.6 4.2 1.7
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nodal roots (Weaver, 1926; Weaver and Zink, 19453 Brouwer and Locher,
19653 Brouwer, 1966). The marked drop at 4 weeks coincides with the
appearance of the thick nodal roots which are at first unbranohed.
The values increase again as the first formed nodal roots start to
produce laterals. The variation in apices per unit weight of root
can be explained in the same way.

The problem of distinguishing between 1live and dead roots and
the contribution that dead material makes to root weight measurements
has been discussed by Jacques and Schwaas (1956), Troughton (1956) and
Garwood (1967). Troughton emphasises the advantage in this respect
of using young, actively growing plants. In the present experiment
death and decay of root tissue on a large scale would have been manifest
as a decrease in weight per unit length of root (i.e. an increase in
length per unit weight). Discounting the 10 weeks sample, this does
not appear to have happened or else has been balanced by growth of
new nodal roots the main axis of which would have a mmch higher weight
per unit length than the laterals which constitute the bulk of root
length.

Observations made on plants grown in glass fronted containers
showed that no root ceased to elongate for more than 4-5 days without
the apex turning brown. In plants of the final harvest many of the
roots were brown for part of their length but almost all the root apices
were still white and therefore presumably still growing. It was not
possible to determine Just how much decay may have taken place im older
roots but since in most cases the root apex was still alive the stele
at least must still have been functiomal. Death may have occurred in
the oortex and epidermis but there was no sloughing off as has been
recorded in older roots of this species by Jacques (1956) and Soper

(19573 1958).

May (1960), Alcock (1964), May et al (1965) and Brouwer (1966)
have pointed out the shortcoamings of using root weight as an indicator
of the functional size of the root system. For water and nutrients
(wiebe and Kramer, 19543 Kramar, 1956 3 Brouser, 1965; Russell and San-
derson, 1967) the region immediately behind the apex is most actiwe in
uptake so an increase in the number of apices per unit weight of root
might be expeoted to incresse the efficiency of the root system. An
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inocrease in length per unit weight could also be expected to increase
efficiency by increasing the volume of the root medium in close prox-
imity to the root surface. In the present experiment the s‘loot/root
ratio increased with timey, i.e. the weight of root supporting unit
weight of shoot decreased. After the first sample however the root
length and number of apices per unit weight of shoot showed a marginal
increase. The two-weeks sample which was mainly seminal root may be
a special case since much of the growth would have been made from seed
reserves. Rapid proliferation of seminal roots through the surface
80il which is most susceptible to drying out would be of importance

to survival.

The changes in root morphology with plant age pose a problem
when a treatment such as defoliation, which is likely to slow down
development, is applied. Such a treatment would result in lower
length per unit dry weight and apices per unit lemgth in plants within
the age range 4-10 weeks. This limitation had to be accepted how--
ever as any increase in plant age would have introduced the possib-
ility of root death and the need to increase the size of the glass
fronted containers above tha® which could be comfortably handled.



APPENDIX 6

EFFECT OF SEED WEIGHT ON PLANT SIZE
]

The effect of seed weight on plant size was studied in con-
Junction with the development of young plants. (Appendix 5).
Included in each replicate of that experiment were two seedlings
from seed of air dry weight 1.2 mg or less and two from seed of
2.4 mg or more. Each of the two seed weight groups represented
aprroximately 204 of the original sample as did the seed used in
that experiment. (1.7-1.9 mg). One plant each from high weight
and low weight seed from each replicate was harvested at the first
and fourth harvests (two and eight weeks from planting respectively).
Measurements made on these plants were the same as for Appendix 5
and the results were compared with those of the plants from that
experiment harvested at the same time, thus giving three seed weight

groups.

Resul tss

The results are shown in Table 1. At both the two weeks and
8 weeks harvests the plants from low weight seed were significantly
lower in root and shoot weights, root lengths and number of apices
than plants from high weight seed. 1In some instances the differ-
ences between the high and low weight seed plants respectively and
the medium weight seed plants were also significant. The low weight
seed plants had a higher shoot/root ratio than the high weight seed
plants at two weeks but not at eight weeks. The plants from high
and low weight seed did not differ significantly at either harvest
in root length per unit weight or number of apices per unit weight
or per unit length but at 8 weeks plants from medium weight seed had
a significantly lower length and number of apices per unit weight
than plants from high or low weight seed.

Disoussion:

In shoot weight, root weight, shoot/root ratio, root length and
number of apices the difference between seed weight groups as a prop-
ortion of the mean value was lower at eight_weeks than at two weeks
indicating that plants from low weight seed had a higher rate of growth.



Seed Shoot Root Shoot/ | Root No.of Length Apices Apices
weight weight weight Root length Apices per pu\' per
(g) (g) Ratio (m) unit ng. om root
root wt. | root length
(om/mg) | weight
2 VWeeks
2.4ng 0.0056 0.0026 2.7 0.75 107 34 48 1.4
1.7-1.9mg 0.0046 0.0015 3.1 0.57 70 38 47 1.3
1.2u0g 0.0025 0.0008 3.5 0.27 36 37 47 1.3
S.Ee 1 0.00044 0.00012 0.24 0.049 8.0 2.2 3.5 0.069
D.05 0.0013 0.00037 0.72 0.15 24.0 6.5 10.0 0.21
8 Weeks
2.4ng 4.9 1.4 3.6 480 57,000 35 42 1.2
1.7-1.9mg 3.8 1.1 3.5 320 36,000 30 34 1.1
1.2ug 3.3 0.9 3.8 320 38,000 38 45 1.2
s.B. L 0.34 0.10 0.14 27 1,600 1.7 2.6 0.056
D.05 1.02 0.30 0.41 19 4,700 4.9 7.8 0.17

(s3us1d QI Jo suwemw) sijeem
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These results are consistent with those of Black (1957) and Harkess
(1965). Harkess found that although dry matter yield differences
ceased to be significant after 30 days, the difference in organ size
persisted to the end of the experiment (8 weeks). Black found dif-
ferences in plant size were still present after 6 months. The dif-
ferences in ahoot/root ratio at two weeks in the present experiment
may be a result of luxury root production in the high weight seed

plants due to the presence of large seed reserves.

The marked difference in plant size from different weight
seed indicates that in this species selection for uniform seed weight
may oconsiderably reduce variability in experiments.
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APFPENDIX 7

Five germinated seeds of L. perenne were planted in sand
sgainst the top edge of the glass in each of six glass fronted ocon-
tainers (Appendix 2) to determine the optimum amount of plant mat-
erial in a container for measurement of root elongation. The most
satisfactory amount was that which gave 30 - 40 primary nodal roots
against the glass. This number was visible when there were 120 -
180 tillers. Where 30 - 40 primary nodal roots were visible at
least 20 could be marked for elongation measurements. Some could
not be marked because they were too close to the top, bottom or sides
of the glass or to other roots. Growth in a few was also distorted.
Where more roots were present it became diffioult to distinguish be-
tween roots when measuring elongation. This estimate was used as
the basis for all subsequent experiments.

It was found to be practical to transplant plants into the glasa
fronted containers thus reducing the time the containers were in use
in any particular experiment and increasing the numdber of experiments
that could be conducted. In practice, three plants per container were
found to give a better distribution of roots against the glass than
occurred with one plant. With more than three plants, transplanting
became difficult and plant growth was affected in some instances. It
was not possible to distinguish between the roots of individual plants

in a contaimer so the contalrer was considered as the experimental unit.

In transplanting trials, 6 — 12 days, depending on temperature,
elapsed before a satisfactory distribution of primary nodal roots
against the glass occurred. Plants were thmrefore transplanted at
the 20 - 30 tiller stage and the tiller number (120 - 180) found to
correspond to the optimmm number of primary nodal roots against the
glass achieved at about the time the satisfactory distribution against

the glass occurred.
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APPENDIX 8

ROOT DIAMETER AND GROWTH RATES

The most obvious variation in elongation in L. parenne roots
is between the primary nodal roots and the laterals. Where the
primary nodal roots had a daily elongation of 6-30mrz, that of the
laterals was seldom more than 2-3mm and frequently less than 1mm.
Within the primary nodal roots there was a considerable variation
under any given set of environmental conditions. Because of their
much higher elongation rates the primary nodal roots were selected
for study and the basis of the variation was examined.

Fifteen plants selected for uniformity of size and each
consisting of approximately 25 tillers were planted three each into
five glass fronted containers. After seven days by which time approx-
imately 40 primary roots were growing against the glass in each con-
tainer the position of all primary nodal root apices visible was mearked
on the glass. Root elongation was measured for the subsequent 24
hours and the apices of three roots each of high elongation (approx-
imately 20 mm) and of low elongation (approximately 10 mm) and also
three thin primary nodal roots (elongation of approximately 8 mm)
from each container were removed and fixed in formalin-aceto-aloohol.
Two of each group of three apices were dehydrated and embedded by the
method of Evans (1966), sectioned longitudinally at 10 /u and stained
with azo blacke The third apex from each group was preserved in ethyl
alcohol in oase of damage during processing to either of the others.
Cell lengths were measured using a microprojector. Starting at the
Junction of the apex and the root cap, ten cells at random in the
oortex were measured in each 250 /u segment to the position where the
cells attained their mature size. The average number of new cells
produced in 24 hours in each file within the cortex was calculated by
dividing the daily elongation of the root by the mature cell length.

Resul ts:

The cell length pattern at the apex is shown in Fig. 1. In
the roots with a high elongation rate the cells elongated at a greater
distance from the root cap than in the roots with a low elongation rate
and attained a greater final lengthe 1In the roots with a low elong-
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ation rate cells elongated further from the root cap and reached a
greater mature length than those from the thin roots. MNature cell
lengths, daily elongation, number of new cells produced per day and
root diameters are shown in Table 1. The high elongation rate roots
had a higher rate of cell production as well as a greater final cell
length than the low elongation rate roots. The thin roots had a
lower final cell length than either of the groups of thick roots.

Discussion:

The size of the root is determined initially by the diameter of
the primordium. Thus a secondary root is of lesser diameter than the
primary root from which it arises and a tertiary root smaller than the
secondary root from which it arises. Environmental conditions can
however affect root diameter within this context as discussed else-
where in this thesis. Also it was observed that where primary root
apices were excised the laterals immediately behind the point of ex-
cision increased in diameter and in growth rate. This suggests that
the determinant of root diameter and growth rate is food supply rather
than the size of the primordium. As ocan be seen in Table 1 the thin
roots had a lower elongation rate. They may have been roots which
developed on weak tillers or else had restricted vascular connections
with the shoot.

It was seldom possible to follow the elongation of imdividual
nodal roots for sufficient time to determine if some were consist-
ently slower growing than others or if the growth of all roots was
periodic as might be expected as a result of fluctuating photosyn-
thate supplys In Fig. 2 1is shown the elongation of three nodal
roots over a period of seven days together with the mean for the con-
tainer. The data is from one of the controls in the single defol-
iation experiment (P 9 ) in which the elongation of individual
roots was followed during the first eight days. One of the roots
exhibits a marked drop on day 3 compared with the mean for the ocon-
tainer. This may indicate that the elongation of individual roots
is affected by the growth of the tillers to which they are attached.

Since there was a gradation in primary root thickness and since
thin roots were f#os necessarily slow growing and vice versa a repres-
entative sample of roots was marked om all occcasions for measurement

of elongation.



Appendix 8 Table 1 - Elongation rate, mature cell length, rate of

oell division and diameter of three classes
of primary nodal roots.

Class
S.E. D.05
Rapid Slow Thin 4

Elongation
in 24 hr. 21.2 10.0 8.6 0.82 2.30
(zm)
Mature
cell 122.1 99.1 83.6 4.4 13.1
length

(/44)
Cell
Divisions 176.3 99.0 100.0 9.3 28.7
per 24 hrs.
Root
diameter 407 374 220 12.2 37.4

c/n
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APPENDIX 9

THE EFFECT OF ONE PER CENT GLUCOSE ON SEEDLING ROOT GROWTH

This experiment was originally designed to determine if root
growth of intact seedlings could be increased by applying sugar to
the root medium.

Seed of air dry weight 1.7 - 1.9 mg was germinated in petri
dishes and planted four per pot into 10 cm square plastic pots of
sand. Plants were supplied with an excess of nutrient solution
of the composition detailed in Chapter 1 each day. The experiment
consisted of 20 replicates, the pot rather than the plant beimg the
experimental unit. When the second leaf had started to appear in
most plants, one per cent glucose was supplied in the nutrient sol-
ution to one pot at random in each replicate. After five days,
these pots and one from each replicate which had received the in-
organic nutrients only were harvested and the length of the longest
root in each plant measured. This procedure was repeated three
times on different groups of plants from the same planting at seven
day intervals. The results for the four plants from each pot were

averaged .

The results are presented in Table 1. 4t the first two
harvests, root length was significantly lower (p <0.01) in the
plants whioch had been supplied with glucose. The sand in these
pots had a visible fungal growth #hich made the washing of the sand
from the roots of the plants difficult. This fungal growth had not
been apparent when the plants were supplied with nutrient the previous
day. This feature was constant through the four experimental periods.
No such fungal growth ooccurred in the control pots.

Fromw this experiment it appears that one per cemt glucose may
eventually inhibit the elongation of the seminal roots of L. perenne
seedlingn. The massive build up of microorganisms which occurred
during the five-day pericds when glucose was being supplied is pre-
sumed to be a direct result of the presence of the glucose. Whether
the depression of root elongation was caused by this build up or by



Appendix 9 Table 1 - Effect of supplying 1% glucose solution

for five days on the length (mm) of the
longest root of L. perenne seedlings
(neans of 20 replicates of four seedlings)

Root length (mm)

Harvest
1 2 3 4
Glucose 47.0 64.7 103.3 117.5
Control 56.5 82.8 103.9 125.8
S.E. * 0.9 2.7 4.9 3.7
D.05 2.8 1.5 14.4 10.7
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the glucose itself is not ocertain. From the results, it would
appear that the effeot is greatest in the youngest seedlings however
with increasing seedling age, the five day period during whioh gluoc-
ose was being supplied would be a decreasing proportion of the total
growing period so the treatment effects of the third and fourth per-
iods may have been masked by the high length of root present when
treatment was applied.
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APPENDIX 10

APPLICATION OF GLUCOSE TO INDIVIDUAL ROOTS

Glucose was dissolved in water and added to a solution of
methyl cellulose (May & Baker) to give a 1% w/v glucose and 5% w/v
methyl cellulose solution. This was coloured with a few crystals
of methylene blue. A similar solution lacking glucose was prepared.
Six containers were set up as desoribed in Chapter 1 and a number
written on the glass front beside the apices of selected primary
nodal roots. Any roots which passed close to another root apex
higher up the glass face were avoided. The containers were care-
fully tipped on their backs one at a time and the glass removed.
Drops of the two solutions prepared were applied to alternate num-
bered root apices and the glass replaced. The positions of the root
apices were marked on the glass and the plants defoliated to 2.5 cm.
The methyl cellulose solution was sufficiently viscous to remain
around the root apex between the aluminium sheet and the glass. The
methylehe blue permitted the applied solution to be readily distin-
guished from the drops of water which condensed against the inside
of the glass. Root elongation was recorded for the following 24

hours.,

The elongation of the glucose-treated roots was 3.86 + 0.63 i
and for the controls, 3.04 4+ 0.48 mm. The difference was not stat-
istically significant.

The technique was unsatisfactory. In many instances, water
oondensing against the inside of the glass diluted the solution to
the extent that it soaked into the sand. Any root groving at a rate
of more than 2 - 3 mm per day quickly grew out of the methyl cellulose
solution. Also, although care was <taken to avoid roots which passed
close to another root apex visible higher up on the glass face, the
possibility that treating a root apex high in the container affected
a root growing within the sand at that point, and henoe not visible
through the glass, but which grew against the glass lower down could
not be excluded. The importance of this last factor could be reduced
to an extent by applying one treatment only to a particular container
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but there would still be the possibility that some roots were receiv-
ing the material being tested along a freater part of their length

than others. In addition the technique involved disturbing the rocts
and although removing the glass was shown not to significantly affect
root elongation (Appendix 2) it was considered an undesirable feature.
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APPENDIX 11

OF INDOLE ACETIC ACID

¢ 02 VLS. o

Seed of air-dry weight 1.7 - 1.9 mg was germinated in petri
dishes. When the main seminal roots were approximately 10 mm long
the length of the longest root was measured and 20 seedlings trans-—
ferred into eaoh of seven petri dishes. To each petri dish was
added a volume of a different Sometretion of I.A.A. in water just
suffiocient to cover the seeds. The concentrations used were 20ppam,
1 ppu, 10 2ppm, 10 pps, 10 7ppm, 10~ppm and 10 Tppm.  The petri
dishes were placed in an incubator at a temperature of 15°C. Root
lengzth was measured three days later and the increase in root length’

caloculated. The experiment was repeated.

The results of the two experiments are presented in Table 1.
Individual seedlings were not identified so the figures presented are
the differences between the means of root length at the start and
finish of the treatment period, and no standard errors were caloul-
ated. There was little difference between concentrations below
10—2ppm. Consequently 10-4ppm was selected as being a concentration
unlikely to depress elongation in defoliated plants.



Appendix 11 Table 1 —~ Response of seedling root growth to
various concentrations of I.A.A.

(Inoreese in length (mm) in three days).
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APPENDIX 12

EFFECT OF BENZYLADENINE ON ROOT GROWTH

Table 1 - Effect of various benzyladenine concentrations
down to 1072
of plants defoliated to 2.5 cm.
1st. Experiment.

ppx on root elongation (mm per day)

Day 1 Day 2 Day 3
Sucrose only 5.7 4.0 2.2
1 ppm 5.3 2.5 1.3
-1
10 ppa 505 3-0 1.4
-2
10 “ppm 59 3.5 3.0
10-3pm 6.0 309 3.4
S.B. + 0.3 0.3 0.2
D.05 0.7 0.8 0.7




Appendix 12 Table 2 - Effect of various benzyladenine concentrations

down to 10-3ppm on root elongation (mm per day)

of plants defoliated to 2.5 om.

2nd Experiment.

Day 1 Day 2 Day 3
Sucrose only 5.4 4.1 2.0
1 ppm 4.6 2.6 0.8
107" ppa 4.6 3.5 1.8
10~2prm 5.1 3.2 2.3
10"3ppa 4.9 3.6 2.1
s.E. 0.3 0.3 0.3
D.05 1.0 1.0 0.9




Appendix 12 Tadble 3} - Effeots of various bensyladenine conoentrations

down to 2 x 10-2ppn on root elongation (mm per
day). Experiment with expanded aluminium sheets
in containers.

Day 1 Day 2 Day 3
Sucrose only 4.3 2.8 1.0
2 ppm 4.6 3.4 1.2
2 x 107 ppm 4.3 3.2 1.2
2 x 102ppa 4.4 4.4 1.9
Undefoliated 10,1 10.4 8.1
S.E. + 0.4 0.5 045
D.05 142 1.4 i.}




Appandix 12 Tadble 4 - Effect of various benzyladenine ooncentrations

down to 10'6ppm on root elongation (mm per day)
of plants defoliated to 2.5 om.

Day 1 Day 2 Day 3
Sucrose only 6.1 5¢5 4.0
1 prm 502 3.2 2.5
10~2ppm 6.0 5.8 4.7
1074 ppm 5.8 501 4.9
10‘6ppm 6.5 6.1 5.6
s.e. % 0.3 0.5 044
D.05 0.8 1.4 1.1
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APPENDIX 1
EFFECT Og GIBBERELLIC ACID ON ROOT GROWTH

Table 1 - Effect of Gibberellic Acid oonoentrations down to
10-5ppm on root elongation (mm per day) of plants
defoliated to 2.5 om.

!
Day 1 Day 2 Day 3
Sucrose only 7.3 10.2 10.7
10 prm 7.6 9.0 9.4
10" o 7.1 9.1 9.5
10"3ppm T3 | 9.2 9.3
10 2ppm 7.4 10.1 10.3
S.E. + 0.5 0.7 1.0
D.05 1.5 1.9 2.8
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APPENDIX 14

SOLUBLE CARBOHYDRATE ANALYSIS
e

A 0.5 g ground, freeze-dried sample was washed into a 250 ml
beaker with 70 ml of water. A drop of antifoaming agent (Dow-Corning)
was added and the oontents of the beaker boiled for 10 minutes and then
filtered. The residue was washed with approximately 20 ml of water
and the washings added to the filtrate which was then made up to 100
ml in a volumetric flask. After mixing, the filtrate was transferred
to a oonioal flask which was sealed and stored at 4°C.

When a batoh of samples had been prepared to this stage 5 ml
from each sample was pipetted into a boiling tube with 1 ml of
2N H2804, covered to prevent splashing and heated for 15 minutes in
a boiling water bath to hydrolyse the soluble carbohydrates to reducing
sugars. The tubes were cooled in cold water and the contents trans-
ferred to a 10 ml volumetric flask with a drop of phenolphthalein,
nedralised with 2N NaOH and made up to volume.

The solutions were analysed for reducing sugars by the method
of Nels(1944). Two ml of the hydrolysed sample was transferred to
a graduated test tube. Standards containing 25, 50, 100, and 200
glucose were prepared by using the appropriate quantities of 100/ug / ml
glucose solution and msking up the volume to 2 ml with water where nec-
essary. A blank containing 2 ml of water was also prepared. One ml
of 25:1 copper reagent was added to eaoh graduated tube. The tubes
were then covered with foil and heated for 20 minutes in a boiling
water bathe After cooling in oold water, 1 ml of arsenomolybdate
was added to eaoh tube which was then shaken and allowed to stand for
five minutes before the contents were diluted to 20 ml.

Samples were snalysed on a Unioam SP 600 spectrophotometer at

. a wavelength of 520/u using the red photocell. A straight line was
drawn through the plots of the readings of the glucose standards.
Soluble carbohydrate levels were read from this graph and converted
to percentages of the freeze-dried weight of the samples by multiply-
ing by the reoiprooal of the weight of the fraotion analysed.
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APPENDIX 15

TRIAL WASHING OF ROOTS

Four containers were used. Plants in two of these containers
were defoliated to 2.5 cm and supplied with 24 sucrose in the nutrient
solution. The other two which were not defoliated were supplied with
the inorganic nutrient solution only. The experiment was conducted

in the glasshouse.

After three days, the roots of the plants were washed clean of
sand in cold water. A 5 g wet weight (0.3 g oven-dry weight) sample
of root from each container was rinsed for five minutes in eaoh of
three 20 ml volumes of water and then for 30 minutes in each of three
further 20 ml volumes. Surplus water was removed from the roots be-

tween rinses by pressing between layers of filter paper.

The soluble carbohydrate content of each rinse was determined
by using the method outlined in Appendix 14.

The results are presented in Table 1. It is clear from these
results that any sucrose present after the initial washing to remove
sand was as strongly held as the soluble carbohydrate present in the
roots of plants which had not been supplied sucrose.

On the basis of this test, a single five minute rinse following
the initial washing was considered to be ample.



Appendix 15 Table 1 - Soluble carbohyirates extracted from 5 g

fresh weight of roots by 3 successive
5 minute rinses followed by 3 successive

30 minute rinses ( ¢ g per sample expressed
as reducing sugars).

Rinse Control Suorose
1 82 82
2 43 24
3 40 24
4 47 43
5 N 34
6 28 21
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SUMMARY

The effect of plant age, seed weight, and nutrient concentration on root weight,
root length, and number of root apices has been examined in young plants of
Lolium perenne L. cv. ‘Grasslands Ruanui’.

The size of the root system increased with age. At 12 weeks the root system
had an average of 263,000 apices, 1,816 m total length, and weighed 6 g. Length
of root, number of apices per unit of root, and shoot dry weight were initially
high but dropped sharply and subsequently rose again. The sharp drop coincided
with the growth of the first nodal roots.

Differences in plant size caused by differences in seed weight, while still present
at 8 weeks, were smaller than at 2 weeks, indicating that plants from low-weight
seed had a higher growth rate. There were no differences in length or number of
apices per unit weight of root or in apices per unit length of root. The high-
weight seed plants had a lower shoot/root ratio at 2 weeks, but this difference
had disappeared by 8 weeks.

Root and shoot weights were both highest at the normal nutrient concentration.
At the high nutrient concentration both shoot and root weight were depressed to
the same extent whereas at low concentrations the effect on shoot weight was more
severe. In contrast to weight, root length and apex numbers were not depressed
at 0-25 standard nutrient concentration. Length and number of apices per unit
weight of rcot decreased with increasing nutrient concentration.

The technique used for estimating root length and apex numbers is described.

INTRODUCTION

The study of the root system of pasture plants has lagged behind
studies of the shoot and leaves because of the difficulties involved.
However, with the increasing productivity and utilisation of pastures,
greater knowledge of the root system has become imperative. Besides
the general functions of nutrient uptake, water uptake, and anchorage,
roots of pasture plants warrant study for their roles as a sink for photo-
synthate and as modifiers of soil structure for future crop rotations, and

N.Z.Jl Bot. 8. 344-56
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for their possible food storage capacity. Basic to an understanding of
function is a knowledge of structure, development, and response to
environmental factors.

Under field conditions, the problem of distinguishing between living
and dead roots becomes important as does the separation of roots from
soil for detailed examination. The work reported in this paper, there-
fore, has been carried out on young plants, in which little or no root
death is likely to have occurred, that have been grown in sand culture
to facilitate the separation of roots from the growth medium. Dry
weight, the common measure of root size, though defining the amount
of photosynthate utilised, does not necessarily indicate the functional
size. Therefore, besides measurements of root length, root apex numbers
have been counted since the apex and the region immediately behind it
are generally considered more active in mineral and water uptake than
older regions. Loliumm perenne L. was chosen because of its agronomic
importance and because its morphology, ecology, and physiology are
better documented than those of most other pasture species.

EXPERIMENTAL

Experiments were carried out in a glasshouse, the temperature of
which was partially controlled within the range 15-21°C in summer-
autumn 1967. Seed of Lolium perenne L. cv. ‘Grasslands Ruanui’ was
germinated in petri dishes and, when the coleoptiles were approximately
1 cm long, was planted out singly 1cm deep into sand in 10X36 cm
unglazed clay pipes (the type used in field drains) painted silver outside
to reflect heat and reduce water loss. Nutrient solution of the following
composition (mg/1) was used:

Ca(NO,)..4H.0, 590; KNO,, 253; MgS0O..7H.0, 246; KH.PO,, 68+0;
Fe EDTA, 41-7; KCIl, 3-15; H,;BO,; 1:43; MnClL.4H.O, 0°9;
ZnSO,.7TH.O, 0-11; CuSO,.5H.O, 0-04; Na.MoO,.2H.O, 0-01.

Each day an amount in excess of that required to restore the sand to
field capacity was applied.

EFFECT OF PLANT AGE AND SEED WEIGHT

Sixty seedlings from seed of weight 1:7-1:9 mg (mean of sample)
were planted in clay pipes arranged in 10 blocks. Also included at
random in each block were 2 seedlings from seeds of weight 1:2 mg or
less and 2 from seeds of 2:4 mg or more. (Each seed-weight group
represented approximately 209% of the original sample.) The clay pipes
were spaced 10 cm apart within blocks so that no mutual shading was
considered to have occurred by the end of the experiment, and the blocks
were 30 cm apart to facilitate harvesting. One plant from medium-weight
seed selected at random from each block was harvested every 2 weeks
and carefully washed free of sand. In addition, one plant each from
high- and low-weight seed from each block was harvested at 2 weeks
and 8 weeks from planting.
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Shoot and root dry weights were measured on all plants. Root lengths
and numbers of branches were measured on 3 sub-samples per plant
except at 2 weeks when the whole root mass was measured. The
procedure followed is detailed below. From the primary data, total root
length, number of root apices, length per unit weight of root, root apices
per unit weight and per unit length of root, root length and number of
apices per unit weight of shoot, and shoot/root ratios were calculated.
For the plants from medium-weight seed, standard errors were calculated
for each group of plants for shoot weight, root weight, root length, and
root apex numbers. For other characters the average standard errors
were obtained from analyses of variance of all six harvests. Standard
errors for seed-weight comparisons were obtained from analyses of
variance of the three seed-weight classes.

EFFECT OF NUTRIENT CONCENTRATION

This experiment consisted of 10 replicates with the clay pipes 10 cm
apart. Nutrient concentrations used were 0-05, 0-25, 10, and 4+0 times
the standard solution. All plants were harvested together after 8 weeks.
Measurements made were as for the first experiment.

R0OOT SAMPLING PROCEDURE AND MEASUREMENT

Lengths of root samples were measured by a modification of New-
man’s (1966) technique based on Buffon’s needle problem (Kendall and
Moran. 1963).

If a needle of length L is placed at random on a plane on which are
ruled parallel straight lines unit distance apart, the probability of the
needle intersecting the lines is: —

2 L
—— for L<1

For M throws of the needle or M needles each of length L the expected
number of hits scored is:—
2L M

A root of length R, although not normally straight, can be divided into
M’ pieces of length L', each short enough to be considered straight. The
number of hits, N, in this example would be: —
2L M 2 R
=
™ T

= N
Therefore R:T is an estimate of the root length.

T

A
This is a special case of the formula R:ﬂ-—- of Newman

(loc. cit.) where A is the area over which the root mass is spread and H
the total length of straight line used. Since the parallel lines are, by defini-
tion, unit distance apart and so divide the plane into strips of unit width.
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each unit area of each strip is associated with a unit length of line, i.e.,
A

H

The use of parallel straight lines means that the area over which the
sample is spread does not have to be defined thus simplifying the
measuring and eliminating the possibility of error due to non-random
arrangement of roots near the edge of the area mentioned by Newman
(loc. cit.).

The root samp'e to be measured was spread out in 5-10 ml of water
on a 30X40cm sheet of window glass so that there was little or no
chance of one root overlying another. Two sets of parallel lines 1 cm
apart at right angles were scratched in black paint on a second 30X 40 cm
sheet of glass before the paint had completely hardened. The second
sheet of glass was placed paint downwards on top of the root sample
and the whole carefully turned over so that the clear glass lay upper-
most, then placed on four 9 cm high wooden blocks over a sheet of white
paper. When illuminated obliquely the roots showed up white against a
black background over a series of fine white lines. With this technique
even the finest grass roots showed up clearly, although care had to be
taken to keep the sample and glass free of dust. The amount of water
used to disperse the sample depended on the thickness of the thickest
roots, the aim being to exclude air bubbles from the root sample without
having water flowing out from between the sheets of glass and possibly
carrying root pieces with it. With each experiment a few samples were
counted on both sets of parallel lines to guard against error caused by
the roots not being randomly orientated.

The use of the techniaue assumes that the roots lie in a plane parallel
to the plane of the parallel straight lines and no account is taken of any
component of root length perpendicular *o this plane. Sandwiching the
roots between two sheets of glass serves to flatten them, but since in any
one sample there was variation in root diameter there would be a
comporent of length perpendicular to the plane of the parallel lines, so
the technique probably underestimates the actual length. Loliumn perenne
roots were too fine to measure accurately by the direct method as a check
on the technique. However, a check was made using two tree-root
samples (Table 1). In neither sample did the mean estimated value
differ significantly from the direct measurement.

TaBLE 1—Length (cm) of two tree-root samples as
determined by direct measurement and by
line intersection. (Means of 10 estimates.)

Line intersection | Direct measurement

Sample 1 48:9+0-94 50-1
Sample 2 62:1x1-71 609
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Because measuring the whole root system of L. perenne plants would
have taken too much time, three small samples were measured on each
plant. To obtain representative samples, the root mass was formed into
a rope which was cut into approximately 5 mm pieces. The cut roots
were dispersed in 200—800 ml of water, depending on the size of the root
system, and samples of approximately 200 cm total length removed for
measurement. After several samples had been measured the size could
be readily judged by eye. After measuring, samples were dried at 100°C
overnight and weighed. To check that cutting the roots into small pieces
did not bias the results, three samples of L. perenne root were measured
whole and again after being cut into approximately 5 mm lengths (Table
2). In no case did the difference between the mean of 10 counts of the
uncut sample and the mean of 10 counts when cut into 5 mm lengths
reach significance level.

TaBLE 2—Lengths (cm) of three ryegrass root samples
measured as whole root and when cut into
pieces. (Means of 10 estimates.)

Sample 1  Sample 2 Sample 3

Whole root 1101 909 100-9
Pieces 110-2 92-1 99-7
Av. S.E. 16 1-1 1-6

The lateral roots were very fine (approximately O¢1 mm diameter)
and the apices could not be readily distinguished from cut ends. The
numbers of apices were therefore estimated by countirig the number of
branches in the samples used for root length determination and the
number of roots arising from the base of the plant. The relationship is
as follows: A single unbranched root has a single apex. If it produces
one lateral (i.e. has one branch), it has two apices. If the lateral itself
produces a lateral the whole root has two branches and three apices.
If the whole root has B branches it has B+ 1 apices. If there are R roots
with a grand total of N branches, the total number of apices is R+ N.
It is probable that in cutting the roots into small pieces some laterals
would have been removed cleanly so that estimation of root apices by
this method gave a low result but the error is considered to be small.

RESULTS
DEVELOPMENT OF YOUNG PLANTS

Table 3 presents shoot weights, root weights, root lengths, and number
of root apices for the six harvests. Note the considerable length of root
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TaBLE 3—Shoot and root wecights, root lengths and numbers of root apices of
ryzgrass planis harvested at 2 week intervals. (Means of 10 plants.)

Harvest | |
(weeks) | 2 _ 4 6 . 8 10 12
Shoot 0-0046 0-067 0-854 3-83 12-16 21:66

weight (g) +0-0003 *0003  *0-109 *0-40 X051 *1-09

Root 0-0015 0021 0-253 1-08 3-13 5-98
weight (g) +0-0001  %=0-001 *+0:036 *0-10 X0:15 +0-48

Root 566 566 7,590 32,430 115,720 181,570
length (cm) *4-2 *23 +1,200 +£3,060 *10,340 =*15,070
No. 70-3 597 8,140 36,470 163,020 262,780
apices *4-8 +34 *1,510 *£3,750 *14,880 *21,080

(1,816 m) at the final harvest within the 27 litres of sand in the tile.
At this stage a mat of roots was starting to form at the periphery. The
ratio data are presented in Fig. 1. The shoot/root ratio showed an
overall increase with time. The length per unit weight of root was
high at first but then dropped with a recovery at 10 weeks. The number
of root apices per unit weight of root showed a similar trend. Root
length per unit of shoot dry weight, and number of apices per unit of
shoot dry weight also showed this trend.

EFFECT OF SEED WEIGHT

Shoot and root weights, shoot/root ratios, root lengths, and number
of apices are presented in Fig. 2. At both 2-weeks and 8-weeks harvests
the plants from low-weight seeds were significantly lower in root and
shoot weights, root lengths, and number of apices than the plants from
high-weight seeds. In some instances the differences between the high-
and low-weight seed plants respectively and the medium-weight seed
plants were also significant. The low-weight seed plants had a higher
shoot/root ratio than the high-weight seed plants at 2 weeks, but not
at 8 weeks.

The plants from high- and low-weight seed did not differ significantly
at either harvest in root length per unit weight or number of apices per
unit weight, but at 2 weeks plants from high-weight seed had a signifi-
cantly higher number of apices per unit root length (data not presented).

NUTRIENT CONCENTRATION

The results are presented in Fig. 3. There were no differences in
apices per unit length of root between nutrient levels. The differences



350 NEW ZEALAND JOURNAL OF BOTANY [SEPTEMBER

Length per mg Root Dry Waight Length per mg Shoot Ory Waght
40~
.
2 \
35~
8 I
s 2
H 10f
5 —
i / . / '/\.
Av. SE 1.8 8 ./ A SE*0.58
2 1 I} 1 I} I} L I}
Apices per mg Root Dry Weaight Apices per mg Shoot Dry Waight

sof- \ 16 o
450
14
o,
40~ \
L]
2k
s
Av SE :2.4 10~ Av SE21.5
1 L 1 L] /1 L L

Apicgs per ¢cm Root Length Shoot-Root Ratio

./.
rar 38} \.
12k i 3.6 | ‘\
./.
"

34

30

10}

Av SE:0052 s P Av SE 0.8
0-8 A1 1 1 L 1 ./l A L L L
2 4 [ 8 10 12 2 4 6 L] 10 2
Wagks of Growth Weaks of Growth
F1G6. 1—Root details and shoot/root ratios of plants harvested at 2 week
intervals.

between the 0:05 and 0°+25 levels were significant at the 5% level
in all other characters and between the 1<0 and 40 levels in all other
characters except shoot/root ratio. In addition there was a significant
difference in shoot weight and shoot/root ratio between the 025 and
1+0 levels.

DiscussioN

DEVELOPMENT OF YOUNG PLANTS

The high value for length per unit weight of root at 2 weeks represents
mainly seminal root which has been described as finer than the nodal
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roots (Weaver, 1926; Weaver and Zink, 1945; Brouwer, 1966; Brouwer
and Locher, 1965). The marked drop at 4 weeks coincides with the
appearance of the thick nodal roots which are at first unbranched. The
value increases again as thke first formed nodal roots start to produce
laterals. The variation in apices per unit weight of root can be explained
in the same way.

2 WEEKS B8 WEEKS
_S-‘\?J:l_mq“
5 / 5 s
g g v /
4 P a
&5 S *
3 | n/
3t 3+
& A SE £0.44 Av SE:034
L
Root weight
25
-
Ea 0 2:0r
n
5 5
fd
o)

A SE 090

Ml
5 &
¥
w
i m
o
]
UV
_,__,_
L]

Srm
35 .\ = \
..
30 \ 30
A SE 024 i £v SE 2096
25 L g
Root Lengtn
. =
70 45
g / g
€0
i = 40t
¢ ]
50 £
£ v
o £ 35
40F <
A SE 4.9 o Av SE 2650
208 30p
Lo L
A Numboer of Apices
100} I
B0O|
L]
(o]
60 850
<
a0k Ay SE :8-0 Av SE £1590
<2 wem  s2a )
Seed Wesghtimg) Sem weight (mg)

Fi1;. 2—Effect of seed weight on plants harvested
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The problem of distinguishing between live and dead roots and the
contribution that dead material may be making to root weight measure-
ments has been discussed by Jacques and Schwass (1956), Troughton
(1956), and Garwood (1967). Troughton emphasises the advantage in
this respect of using young, actively growing plants. In the present
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experiment death and decay of root tissue on a large scale would have
been manifest in a decrease in weight per unit length of root. Discount-
ing the 10-weeks sample this does not appear to have happened or else
has been balanced by growth of new nodal roots, the main axis of which
would have a much higher weight per unit length than the laterals which
constitute the bulk of root length.

Observations made on plants grown in glass-sided containers showed
that when root death occurred the apex turned brown. In plants of the
final harvest many of the roots were brown for part of their length, but
almost all of the root apices were still white and therefore presumably
alive. It was not possible to determine just how much death and decay
may have taken place in older roots, but if the root apices were still
alive, the stele at least must have been functional. There was no slough-
ing off of the cortex and epidermis as has been recorded in older roots
of this species by Jacques (1956) and Soper (1957, 1958).

May (1960), Alcock (1964), May et al. (1965), and Brouwer (1966)
have pointed out the shortcoming of root weight as an indicator of the
functional size of the root system. For water and nutrients (Wiebe and
Kramer, 1954; Kramer, 1956; Brouwer, 1965; Russell and Sanderson,
1967) the region immediately behind the apex is most active in uptake
so an increase in apices per unit weight of root might be expected to
increase the efficiency of the root system. An increase in length per unit
weight could also be expected to increase efficiency by increasing the
volume of the root medium in close proximity to the root surface. In
the present experiment shoot/root ratio increased with time, i.e. the
weight of root supporting unit weight of shoot decreased. After the
2-weeks sample, however, the root length and number of apices per unit
weight of shoot showed a marginal increase. The 2-weeks sample which
was mainly seminal root may be a special case since much of the growth
would have been made from seed reserves. Rapid root growth through
the surface soil which is most susceptible to drying out would also be of
importance to survival.

EFFECT OF SEED WEIGHT

In all characters the difference between seed-weight groups as a pro-
portion of the mean value (Fig. 2) was lower at 8 weeks than at 2 weeks,
indicating that the plants from low-weight seed had a higher rate of
growth. These results are consistent with those of Black (1957) and
Harkess (1965). Harkess found that, although dry matter yield
differences ceased to be significant after 30 days, the difference in organ
size persisted to the end of the experiment (8 weeks). Black found
differences in plant size were still present after 6 months. The differences
in shoot/root ratio at 2 weeks may be a result of an excess of root being
produced in the high-weight seed plants due to the presence of seed
reserves too large to be fully utilised by the small number of growing
points in the shoot.
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The marked differences in plant size from different weight seed
indicated that in this species selecting for uniform seed weight may
considerably reduce variability in single plant experiments.

NUTRIENT CONCENTRATION

Dry matter production indicated that the standard nutrient solution
was optimum for growth. At the lowest nutrient concentration, shoot
weight was depressed more than root weight and hence the shoot/root
ratio was lowered, but at the highest concentration root and shoot weight
were depressed to the same extent. The total root lengths and number
of apices followed the same trend as root weight, but the difference
between 1¢0 and 4-0 concentrations was more marked. The length and
number of apices per unit weight of root dropped with increasing
nutrient concentration, but the number of apices per unit length of root
remained constant (i.e. the roots became thicker but the frequency of
branching did not alter).

Various workers have reported increases in shoot/root ratio on
increasing the nutrient supply to plants (Weinmann, 1948; Troughton,
1957, 1962; Allsopp, 1965). Increased nutrient concentration usually
produced thicker roots though there are exceptions particularly in the
case of single nutrients. May et al. (1965) studied the com-
ponents of root growth in young barley plants at three nutrient
concentrations. They found that the lowest concentration gave the
greatest length of roots. However, the weight of roots was least at the
lowest concentration. They considered that carbohydrate supply was
not the cause of differences in total length of root since the weight of the
first 10 cm of roots in the highest nutrient concentration was almost
twice that in the lowest concentration. May et al. (1967), also working
with barley, discounted carbohydrate as limiting extension growth by
pointing out that the primary root continues to elongate at a steady rate
despite the development of competing secondary roots back nearer the
source of supply. They do suggest, however, that growth of the secondary
roots, which is considerably slower, may be due to the competition of
the primary root apex. In plants grown in glass-sided containers the
growth rate of the primary roots was observed to be higher than that of
the laterals, and growth on average increased with increasing length to
the bottom of the contziners (40 cm). Where a primary root apex was
removed, the laterals increased in diameter and rate of growth, indicating
that carbohydrate had been limiting either directly or indirectly.

May et al. (1965) found that mean spacing between branches on the
primary roots, but not on the secondary roots, was greater at low nutrient
concentration. In the present study the primary and secondary roots
were not analysed separately. From observation of the root samples it
would appear that a large proportion of the branches are on secondary
roots, so any difference between treatments in branching on the primary
roots would be unlikely to markedly influence the overall figure.
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