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Abstract : The elongation direction of nodal roots is a key parameter analyzing the root distribution of cereal
crops. Elongation angle, which is represented by degrees of deflection from the vertical (plant axis), was
measured on the nodal roots that appeared from each internode of isolated individuals of maize (cv. Gold-dent
1106, cv. Nagano 1) and foxtail millet (cv. Toranoo, cv. Rikuu 8). A greater or lesser elongation angle implies
that a nodal root elongates in a more horizontal or vertical derection, respectively. In maize, the elongation angle
was less on nodal roots that appeared from upper internodes than on those from lower internodes. In foxtail
millet, the elongation angle of nodal roots was conspicuously great on middle internodes. Along the axis of a nodal
root, the elongation angle of foxtail millet increased nearest the base and decreased towards the tip. It is clear that
the degree of plagiogravitropism of the nodal roots of both maize and foxtail millet varies according to internode
number. Some distinct differences were observed between cultivars in root distribution patterns in soil as well as
in the elongation angle, that is, the maize and foxtail millet cultivars whose nodal roots had lesser elongation
angles developed a vertically orientated root system. The elongation angle of nodal roots is an useful parameter
for characterizing the shape of a rooting zone in soil.

Key words : Elongation angle, Nodal root, Plagiogravitropism, Root distribution, Root length density, Root
system, Setaria italica Beauv., {ea mays L.

FOEQADETICEITZEROBRAE SRR PICARE - THAM - MEIEE GRS Byt
BES)

E B NEoar 2 (T-AFRT 1106, RELE) 772048 (RORE, B8 S) Ol
Bkt s, SRGIHNICEIHR (1 AR OBOIEIC B 2 BEAK L HEPORRD 2 KT S % 38
Ui, BEAEIFROBEFEANMERECTHEERE L. L7, MEAENKEL (hEn)
ZEBEMRA L DKFEH S I (EEHD VT FRAKKMHET L L 4EKT S, FYEDITO 24
BTk, SIREREROBEAR I LAOHM s BT 2ERIZE/ NS otz 72 1 KOEHRD LK
BN - TEHRERBEEDY Lichs, 2OEVEER LUEROERTE L -2, ILSDOERICED,
HIAR 0D B A& W 2o (R F 1 ETEIRI O EIRIE &N S oz, —H7 71280 TiE, TEEIEOER CHER
EREEICKE N7z, £, BTHAO 1 ROERICOLT Y, HEAEIETLIET-BEEML #0D%%
BICHEL S TEA LY, Z0OL3i, 778 MY E0 a3 TIEBENRRL > T, LbicEE L TEIR
DOHKRTZEMROMEIC L > (BEORE L ZEMENEE LTI I EnBHomnilkof, bvEnIy, 7
TENFRICHOWTHEL2 K L 2EE, BEAENS L V/NEA T 2bbHIRA L VHE T ARICHRET S
rALNLREE (T R T b 1106, BEFISE) TIX, OB TH 2L iXR FARTOREEESE -
72, REODHEEBRETA2ENE L THIROBREAAVEETCH), Z4BEAELL TEEMIIES Z
ZIEeNEREELSNS,

F—T—F: 77, @ERESIREME, RR, BRSME, BRETE, MRAE, #BR tvEoa,

A knowledge of root spatial distribution is
essential to understand the ecology of a root
system, that is, the uptake of water and nutri-
ents, the competition with neighbouring plants
and so forth. Recent studies revealed the two-
or three-dimensional root distribution of maize
by determining root length density®, by study-
ing nodal root trajectories®, or modeling root

* A part of this work was presented at the 189th meeting
of the Crop Science Society of Japan (April, 1990)

systems®. In either study, the elongation direc-
tion of nodal roots plays an improtant role
analyzing root distribution. The elongation
direction and other similar characteristics are
also well studied in rice?.

This study is intended to show elongation
pattern of nodal roots shortly after their
appearance, where the elongation direction is
considered to be determined genetically rather
than environmentally, and examine its signifi-
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cance to root spatial distribution, comparing
some cultivars of maize and foxtail millet. The
elongation direction of nodal roots is intensive-
ly investigated on successive internodes.

Materials and Methods

The experiment was conducted at the
Experimental Farm of The University of
Tokyo, in 1989. The soil is a volcanic ash of
the Kanto loam type (Humic Andosol).
Chemical fertilizer (10 g N, 15 g P, 13 g K per
m?) was applied on the soil surface before
sowing. On 8 May two maize cultivars ({ea
mays L. cv. Gold-dent 1106, cv. Nagano 1)
and two foxtail millet cultivars (Setaria italica
Beauv. cv. Toranoo, cv. Rikuu 8) were sown.
Each plant was grown nearly singly, i.e. with
1.8 m interrow and 0.9 m interhill space.
Weeds were completely removed during their
growth. Gold-dent 1106 reached heading on
26 July, Nagano 1 on 27 July, Toranoo on 23
July and Rikuu 8 on 7 August. These cultivars
produced no tillers (suckers) and the mean
number of leaves per plant was 21.4 (Gold-
dent 1106). 23.0 (Nagano 1), 20.3 (Toranoo)
and 22.8 (Rikuu 8). During the growth period
(8 May-31 July) rainfall amounted to about
510 mm and mean soil temperature in 10 cm
depth was 21.1°C.

Ten days after heading about twenty
medium-sized plants per cultivar were cereful-
ly excavated and washed with water, so that
all nodal roots were visible. Since most nodal
roots developed cortical sclerenchyma or
hypodermis, they were rigid enough to main-
tain their original three-dimensional trajec-
tories, at least, within some distance from the
base. The trajectory of a nodal root was, as a
rule, on the vertical plane which included the
plant axis. A projection of trajectory on the
vertical plane was obtained by tracing it on a
transparent plastic board. Since this method
could be applied only to the fully rigid part of
nodal roots, the projection obtained was lim-
ited to within the basal 5—20cm of nodal
roots according to rigidity. From the projec-
tion, an elongation angle, which was defined
by degrees of deflection from the vertical
(plant axis), was measured on every lcm
length of a nodal root (Fig. 1). With the aid of
the elongation angle the elongation direction
of nodal roots could be investigated in detail
or quantitatively. Although the elongation
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Fig. 1. Elongation angle of nodal roots.

Elongation angle (§), which is defined
by degrees of deflection from the vertical,
is measured on each 1cm length of a

nodal root.

angle varied from 0 to 90 degrees in most
cases, there were also some nodal roots which
had negative elongation angles (the root elon-
gated towards the plant axis) or greater than
90 degrees (the root elongated upwards).
Each nodal root chosen at random for the
study was identitied, that is, from which inter-
node it appeared. Location of internodes and
nodal roots was numbered according to the
conception of ‘shoot unit’?® the internode
and the nodal roots between (N-1)th and Nth
leaves being numbered N. A seminal root was
not taken into consideration because it was
doubtful whether it retained its original trajec-
tory after sampling because of the flexibility of
mesocotyl .

Also, ten days after heading a trench was
excavated and two vertical soil profiles which
included the plant axis (60 cm deep and 40
cm wide) were made around each of the four
plants per cultivar. Soil samples with 100 cc
metallic cylinders were collected from seven-
teen spots on each profile (dots in Fig. 3).
After separating roots which appeared fresh
and light in color from soil and debris, the root
length was determined on a personal com-
puter system®. The authors are afraid that in
foxtail millet the root length was considerably
underestimated because many fine roots were
too thin (<0.05 mm in diameter) for the
system to measure. Mean root length density
(cm. cm~3, root length per unit volume of soil)
was calculated from eight samples at each spot
and the two-dimensional root distribution was
obtained by drawing contour lines.
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Fig. 2. Elongation angle along the nodal root axis.

Each number in figures indicates a nodal roots number (=internode number). a:
maize cv. Gold-dent 1106, b : maize cv. Nagano 1, ¢ : foxtail millet cv. Toranoo, d :
foxtail millet cv. Rikuu 8.
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Table 1. Estimated standard deviation of the elongation angle of nodal roots on each internode
(degrees) .
_ Internode Distance from the base (cm) Sample
Cultivar
No. 0—1 5-6 10—11 15—16 20—21  Size
Maize
Gold-dent 1106 1 12 14 39
2 10 13 25
3 10 13 40
4 10 9 45
5 9 9 11 52
6 10 9 7 56
7 14 10 8 4 27
8 13 16 13 9 6 33
Nagano 1 1 11 10 45
2 13 12 14 55
3 14 13 52
4 14 16 8 70
5 15 13 10 51
6 14 11 10 20
7 16 16 9 10 8 28
8 11 15 12 14 10
Foxtail millet
Toranoo 1 12 14
2 17 17
3 14 12 22
4 13 18 26
5 15 16 19
6 14 14 20
7 9 15 12
8 20 24 19 17
9 14 14 11 21
10 11 20 13 10
Rikuu 8 1 11 13
2 12 15
3 12 14 20
4 13 14 31
5 17 14 23
6 18 15 22
7 17 21 21 12
8 20 21 17 21
9 20 27 18 15
10 18 24 14 10

Results and discussion

1. Elongation angle

The elongation angle of nodal roots on each
internode is shown in Figure 2 and estimated
standard deviations at some positions in Table
1. Though the standard deviations were rather
great, there were distinct tendencies for the
elongation angle to change along the axis of

nodal root according to the internode number.

(1) Maize

In both cultivars the initial elongation angle,
which was measured at the most basal part (0
-1 cm) of nodal roots, decreased with inceas-
ing internode number (Fig. 2a, b). This
means that the nodal roots on upper internode
were orientated more vertically than those on
lower internodes. Some nodal roots on upper
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The plant stands on the upper-left corner of each figure.

Samples are taken from the seventeen spots which are at
intervals of 10 or 20 cm. Mean root length density (cm cm™3)
at spots and contour lines are shown. a : maize cv. Gold-dent
1106, b : maize cv. Nagano 1, c: foxtail millet cv. Toranoo,

d : foxtail millet cv. Rikuu 8.

internodes, however, had great initial elonga-
tion angles (nodal roots 8 of Gold-dent 1106,
7 of Nagano 1) and started growing somewhat
horizontally. The elongation angle of maize
decreased acropetally (towards the tip), and

more rapidly on upper internodes than on
lower internodes. Nodal roots on upper inter-
nodes constantly changed their elongation
directions to downwards. The elongation
angles of some nodal roots seemed to reach
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Table 2. Mean number of nodal roots and estimated standard deviation on each internode.
Internode number
Cultivar
So 1 2 3 4 5 6 7 8 9 10
Maize
Gold-dent 1106 1.0 3.4 24 33 4.1 6.7 11.8 13.8 17.8
SD? — 0.6 0.5 06 0.9 1 1.4 1.5
Nagano 1 1.0 43 47 44 5.8 4 10.7 14.3 18.5
SD — 0 0. 1.3 0.8 1.0 1. 1.7 2.0
Foxtail millet
Toranoo 1.0 2.2 2.7 3.5 4.2 4.7 6.2 7.0 10,0 14.3 15.5
SD — 0.7 05 0.5 0.4 0.5 0.5 0.8 1.0 2.4 2.1
Rikuu 8 1.0 26 3.4 36 4.0 4.8 6.6 .3 8.3 10.0 13.5
SD — 0.5 0.8 0.8 0.8 0.7 0.8 0.5 05 2.0 2.8

1) Seminal root, 2) Standard deviation.
definite final values (e.g. nodal roots 2, 6, 7 of
Gold-dent 1106, 6 of Nagano 1), which were
less on upper internodes than on lower inter-
nodes. This result was in accord with the
results of more macroscopic studies that the
nodal roots which appeared on upper inter-
nodes were more vertical than those on lower
internodes™®. The authors can therefore con-
clude that the nodal roots of maize show a
various degree of plagiogravitropism accord-
ing to internode number.

Comparing the two cultivars, it was obvious
that Gold-dent 1106 had less elongation angles
than Nagano 1, that is, Gold-dent 1106’s
nodal roots elongated more vertically.

(2) Foxtail millet

In foxtail millet two cultivars had similar
features, which were completely different from
maize. The initial elongation angle of nodal
roots was conspicuously great on middle inter-
nodes (nodal roots 4, 5, 6 of Toranoo, 5, 6, 7
of Rikuu 8), namely, the nodal roots on
middle internodes appeared horizontally (Fig.
2¢, d). It is noteworthy that on almost every
internode the elongation angle of nodal roots
increased at the basal part of a root and then
changed to decreasing at some position on a
root axis, that is, each nodal root altered its
elongation direction first more horizontally
and after that more vertically. The nodal roots
of foxtail millet therefore have complicated
gravitropic reaction, which also depends on
the position of the internode.

Rikuu 8 had less initial elongation angles

and developed
than Toranoo.

(3) Standard deviation

Estimated standard deviations of root elon-
gation angle in maize varied about from 10 to
15 degrees, in foxtail millet about from 15 to
25 degrees (Table 1). These rather great
standard deviations might show that several
nodal roots which appeared on the same inter-
node could elongate in diverse directions.
Though it is known that soil temperature

nodal roots more vertically

affects nodal root trajectories?, it remains to
be shown to what extent the nodal roots on a
same internode have a genetic capacity to
change their elongation direction.

2. Distribution pattern of root in soil

(1) Maize

Gold-dent 1106 had a root system which
developed well in the vertical direction (Fig.
3a). The region which had root length density
higher than 1 cm. cm™ reached the depth of
60 cm right under the plant. Contour lines
were rather vertical in a 20—60 cm soil layer.
At 20 cm in depth and 20 cm from the plant
axis Gold-dent 1106 seemed to have a ‘gap’ in
its rooting zone, where the root length density
was lower than in a subjacent soil layer. Such
a gap was first observed in another Gold-dent
type cultivar (Gold-dent 1103)¥. The authors
believe that the main factor which gives rise to
a gap like this is a remarkable difference in the
elongation direction between nodal roots on
lower internodes and those on upper inter-
nodes. In Fig. 2a, it was noticed that there was
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a somewhat great change of the elongation
angle between nodal roots 3 and 4 (more
clearly between nodal roots 3 and 5).

In contrast with Gold-dent 1106, Nagano 1
had horizontally orientated contour lines (Fig.
3b). Root length density right under the plant
was significantly lower in Nagano 1 than in
Gold-dent 1106. There was little difference in
the number of nodal roots between the two
cultivars (Table 2), and consequently the
discrepancy of root distribution pattern was
due to the difference of the elongation angle
mentioned above, that nodal roots of Nagano
1 tended to elongate more horizontally than
those of Gold-dent 1106. The authors consid-
ered that the elongation direction of nodal
roots, which was successfully represented by
the elongation angle, determined a rough
outline of the root system.

(2) Foxtail millet

Showing horizontally orientated contour
lines, the root length density of Toranoo de-
creased downwards (Fig. 3¢). As compared
with Toranoo, Rikuu 8 developed its root
system more obliquely or vertically (Fig. 3d).
The difference of root distribution between the
foxtail millet cultivars also seemed to be
related to the difference of the elongation
angle between the two cultivars, since they
had a similar number of nodal roots on each
internode (Table 2). The authors believe that
the elongation angle is an important parame-
ter determining root distribution patterns in
foxtail millet as much as in maize. It needs no
saying that there are also some other mor-
phological parameters which are not easy to
measure under field conditions but have a
great influence on the root distribution of

cereal crops, e.g. the length of nodal roots and
the number and length of branch roots. Our
results suggests that there is a possibility of
predicting root spatial distribution to some
extent with the elongation angles, which are
easily measured nearest the crown.
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