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twice weekly. The glass containers had a volume
of 2 liters and were covered with aluminum foil to
protect the roots from the light. The temperature in
the glass house varied in a daily rhythm according
to the outside temperature; however during the course
of the experiments, the temperature curves of successive days were almost identical owing to the stable
weather conditions.
The peas were allowed to germinate on wet filter
paper and as soon as the root tips were visible the
seeds were transferred to a tray covered with a glass
plate. The atmosphere within the tray was saturated
with water vapor. The seeds were placed on a wire
net so that the roots could grow undisturbedly downwards. After 5 days, the roots had reached a length
of 6 to 8 cm and uniform seedlings were selected as
test plants and transferred to the experimental jars
in the glass house. Air was bubbled through the
water cultures according to the test conditions. The
02 content was determined using the Winkler method.
Aerated water cultures showed values of 7 to 8 mg
02/liter and nonaerated ones 3 to 4 mg 02/liter, thus
indicating that a certain amount of 02 was still available to the roots. After interrupting the aeration
the 02 dissolved in the water was depleted to this
level within a few hours, the time varying with the
amount of roots in the container. The CO2 concentration did not rise above 30 to 60 mg/liter, a value
which is not critically high for root development
(11). In some experiments, the living roots were
stained in order to measure their elongation after
a change in the aeration treatment. The roots were
dipped for less than a minute in a solution of tannic
acid (0.3 %) and then for a few seconds in ferric
sulfate solution (0.1 %), this treatment resulting in a
slightly bluish color of the root epidermis which
could thus be distinguished from the additional growth
occurring after the staining procedure. This treatment may result in a slight damage to the meristematic
tissue which, however, can be neglected since all plants
were treated similarly and the root elongation was
obviously not much affected.
With the exception of the stained roots, different
samples were used for measuring the root characteristics before and after treatments or before and after

Aeration as a factor influencing root growth has
been investigated repeatedly (8, 12, 16). Root elongation has been found to be especially sensitive to
aeration, 02 being the essential and morphogenetically
effective part of the air (9, 15). The results of investigations on .the effect of aeration on root branching
are not in accordance. There are observations indicating increased number of laterals in nonaerated
water cultures (7), whereas other reports describe decreasing root branching with decreasing 02 level (6,
10, 16, 18).
Under natural conditions in soils, the 02 supply
to the roots is controlled by the 02 diffusion through
the soil (6, 23), the rate of diffusion depending largely
on the soil water content (24). Frequent changes
in the degree of aeration, caused mainly by increasing
or decreasing water content of the soil, result in the
roots being subjected to very low levels of 02 in
water-saturated soils and a relatively favorable supply
under drier conditions. But there have been no investigations on the effect of changing aeration on
root growth, although this effect is one of the main
characteristics controlling the 02 supply to roots
under natural conditions. An attempt was therefore
made to study root growth responses to changing
aeration.
The adaptation of the root morphology to prevailing soil conditions has been emphasized as an
important feature in the uptake of water and nutrients
from the soil ( 14, 19). The results of the present
investigations will therefore be expressed in values
which describe the root habit in terms of root elongation, root length, number of laterals and density of
the root system, rather than in terms of fresh weight
or dry matter production.

Materials and Methods
Peas in water culture were used as test plants.
The plants were grown in Hoagland's solution in the
glass house. The nutrient solution was replaced
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Table I. Effect of C(hangs inl Acration on Root Elo)ngatio)n in Lonig I'enr Trcatntstts
Peas were grown in Hoagland solution. The temperature varied between night 12° and day 260.

(cm)

Treatment during
subsequent 10 days

main root
(cm)

Elongation
during 10
days
(cm)

34.2
23.7

Aerated
Nonaerated

54.9
28.5

20.7
4.8

Pretreatment
for a period
of 16 days

Length of
main root

Aerated
Nonaerated
Aerated
Nonaerated
LSD,5s,
LSD1%

Length of

34.2
23.7
1.9
2.5

Nonaerated

36.8

Aerated

45.6

2.6

2'1 .9

5.5
7.7
Table 11. Effcct of Changes in Aeration on Root
Elongation in Short Tcrm Treatments
Details are given in table I.

Results
Table I shio\\ws the results of an experiment in
which peas were grown undler 2 distinctly different
aeration conditions, namely continuously aerated and
nonaerate(l. In the nonaerated cultures, the root
length is far below that in the aerated ones. After a
pretreatmellt of 16 days, some of the experimental
plants were subjected to a change in aeration from
aerated to nonaerated and vice versa. As can be
seen from the additional growth after the change in
aeration, the elongation seems to be determined bh
the air supply existing during the observation period
an-d be independent of the foregoing treatment.
The response of roots to changes in the air supply
was investigated for a short period -of 28 hours to
establish whether there exist transitory effects such
as stimulations or retardations immediately after the
change in aeration (table II). The recorded data
do not seem to indicate such responses.
Results are shown (table III) from an experiment
with regularly changing aeration within a 24-hour
cycle. Taking the difference in length between the
continuously aerated roots and the nonaerated ones,
it is possible to calculate theoretical values for the
root elongation as a function of daily hours of aera-

Elongation of
primary root
laterals during
test period
(Cm1l )

Aerated

Subsequent
treatment during
test period
of 28 hr
Aerated

Aerated

Nonaerated

2.05
1.03

Nonaerated
Nonaerated

Aerated
Nonaerated

1.87
0.94

Pretreatment
for a period
of 15 days

0.36

LSD, ok
LSD1 %

0.56

tion. Thllese figures are in good agreement with the
measured ones. The elongation rates are specific

fur main roots and laterals (table IV), the rates declining with increasing order of the laterals. The
elongation of the different orders of laterals generally
follows the same response pattern to aeration as show.n
by the main root.
The absolute number of primary an(l secondary

Table III. Effect of Regnlar Changcs in Acration on Root Elongation1
I. Age of plants was 5 days at the beginning of test period.
in
table
are
given
Details

Elongation
during test period
of 7 days (cm)

aerated and nonaerated

24 (Continuous

27.5

17.9

28.2

18.4
12.3
11.9
2.9
2.2

aeration)
22
18
16
8
4
0

21.5
17.3

12.5
11.8
9.6
1.5

LSD, ,;

LSD1c,,%
*

Elongation difference
between continuously

Treatment:
hr of aeration
for 24-hr cycle

2.0

Calculated from the ratio of

honrs

1.3
1.7

of aeration to total hours.
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Elongation
calculated

(CmII)
16.4
13.4
11.9
6.0
3.0

a/
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Table IV. Elongation (ciii) of M1ain Roots and Laterals
in Aerated and Nonaerated Water Cultures
Peas were grown in Hoagland solution. The temperature varied between night 170 and day 280. Age of
plants was 19 days. Test period was 24 hours.
Main root
Primary laterals
Secondary laterals

Aerated
3.02 + 0.03
2.64 + 0.03
0.92 ± 0.02

Nonaerated
0.6 + 0.005
0.33 ± 0.001
0.27 + 0.001

laterals is much higher in the aerated plants than in
the interrupted or nonaerated cultures (table V).
However, the latter are characterized by a closer
spacing of the laterals and by their earlier development, this being shown by the occurrence of tertiary
laterals in cultures with low O2 supply.
Discussion
Changes in the 02 supply do not seem to affect
the growth potential of roots in terms of root elongation. After short periods or long periods of O.,
shortage, the roots respond immediately to an increased 02 supply with elongation rates which seem
to be neither restricted nor stimulated by the foregoing aeration treatment. Such a response would
suggest that the growth potential of the plant root
is relatively independent of the external 02 supply.
The observations of others (3, 15) confirm that low
O2 concentrations or even 02 free media, while stopping root growth, do not kill roots. Consequently,
it should be assumed that the internal 02 supply from
the shoot to the roots (4, 7) is large enough for the
maintenance of the full viability of the latter. The
-findings by Schramm (21) that the respiration rates
of roots from aerated and nonaerated cultures did
not differ markedly would support this assumption.
It therefore seems possible that there exists a physiological distinction between the external 02 supply,
which is formatively effective, and the internal 02 sup-

ply, which maintains the viability of the root tissues.
As investigations by Amoore (1,2) and Kojima
(13) have shown, lack of 02 inhibits cell mitosis
whereas its effect on cell elongation seems to be relatively small (13). Responses of mitotic processes
to 02 may occur within periods as short as 15 minutes
as has been demonstrated in shoots (18). It seems
therefore possible that the energy needed for cell division is normally supplied by processes using the
external 02 supply, whereas the internal O2 supply
is reserved for the maintenance of cell viability. It
has been speculated that the respiratory mechanism
may differ under different environmental conditions
(22), and a distinction between a ground respiration
and a respiration activated from outside has been
suggested in connection with the uptake of nutrients
(17).
The results of the experiments reported show
that the development of lateral roots is positively
correlated with the length of root from which the
laterals originate, which results in a higher absolute
number of laterals in aerated cultures. However, the
density of the root system is greatly enhanced by reducing 02 supply owing to a higher number of laterals
per unit root length and to an accelerated development
of laterals. In this way the root habit is greatly
changed by aeration. It seems unlikely that the effect
of 02 on root branching is a direct one; rather this
phenomenon should be considered in view of the interactions between the growth of the root tip and the
development of laterals.
In applying the present findings to field conditions,
it has to be taken into account that a continuously
aerated water culture probably offers a better 0.
supply to roots than can ever be achieved in the
field. On the other hand, nonaerated cultures can be
compared with a soil environment offering a highly
reduced 02 supply, such as a water-saturated soil.
However, waterlogged soils are detrimental to roots
not only owing to 02 deficiency but also because of

Table V. Number of Laterals as Affected by Aeration
Details are given in table IV.
Order of laterals

Treatment

Absolute

Number of laterals
Per cm of

originating root

Continuously
aerated

Primary laterals
Secondary laterals*
Tertiary laterals**

123
68

2.29
1.63

Aeration interrupted
for 16 hr out of
each 24 hr
No aeration

Primary laterals
Secondary laterals*
Tertiary laterals**
Primary laterals
Secondary laterals*
Tertiary laterals**

93
44
1-2
77
35

3.54
2.29
0.5
3.93
2.39
1.00
0.16
0.21

LSD5,, (for primary laterals)

LSD1%
* Secondary laterals on the first 10 laterals of the main root.
** Tertiary laterals on the first 10 laterals of the main root (estimated).

4-5
12.1
16.7
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products of incomplete metabolism of microorganism
which can be toxic to root tissues as well as high
levels of CO2 above the tolerance limits of roots. In
water cultures, such secondary effects of O. deficiency
can probably he disregarded and changes in the root
morphology should be attributed solely to the lowered
supply to the roots. It can therefore be assumed that
the experimental conditions are relatively close to the
variation in aeration normally occurring under field
conditions, which is not characterized by extremes
such as total dryness or waterlogging so much as by
frequent changes between water-saturated soils,
drained soils, and soils that are beginning to dry up.
Since the findings suggest that there is an almost
linear correlation between aeration and root elongation, increasing root elongation should be connected
with decreasing soil water content, the growth being
checked only when the (lryness of the soil begins
to take effect immediately on the roots. Observations by Weaver and Clements (25) and Ronnike
(20) confirm that as the soil water content begins
to decrease, root elongation is stimulated.
Root branching seems to be equally closely correlated with the soil water content, branching activity
and high root density being favored with decreasing
aeration; this would resemble the situation in soils
with high water contents. The development of a
dense root system in moist soil zones is well knoxvn.

Summary
Pea roots in water cultures were subjected to different aeration conditions. Root elongation and
root branching were strongly affected by the air
supply, elongation being favored by increasing aeration and branching activity by decreasing aeration.
By changing the aeration conditions from full aeration to no aeration and vice versa it was shown that
the extent of root elongation depends on the availability of oxygen. However, it appears that the
viability of the root tissues is independent of the external oxygen supply, thus allowing an undisturbed
growth potential under extreme shortage of external
02. The formative influence of oxygen on root
branching is characterized by a greatly enhanced
root density due to a higher number of laterals per
unit root length producing them and accelerated development of laterals of a higher order.

Literature Cited
1. AMOORE, J. E. 1961. Arrest of mitosis in roots by
oxygen lack or cyanide. Proc. Roy. Soc. Ser. B

154: 95-108.
2. AMOORE, J. E. 1961. Dependence of mitosis and
respiration in roots upon oxygen tension. Proc.
Roy. Soc. Ser. B 154: 109-40.
3. BOYNTON, D., J. DE VILLIERS, AND W. REUTER. 1938.
Are there different critical oxygen concentrations
for the different phases of root activity? Science

88: 569-70.

4. BROWN, R. 1947. The gaseous exchange between
the root and the shoot of the seedling of Cucuirbita
pepo. Ann. Botany N.S. 11: 417-37.

5. BRYANT, A. E. 1934. Comparison of anatomical
and histological differences between roots of barley
grown in aerated and nonaerated culture solutions.
Plant Physiol. 9: 389-91.
6. CLINE, A. AND A. E. ERICKSON. 1959. The effect
of oxygen diffusion rate and applied fertilizer on
the growth, yield and chemical composition of peas.
Soil Sci. Soc. Am. Proc. 23: 333-35.
7. COULT, D. A. AND K. B. VAILIANCE. 1958. Observations on the gaseous exchanges which take place
between Menyanthes trifoliata L. and its environment. II. J. Exptl. Botany 9: 384-402.
S. DURELL, W. D. 1941. The effect of aeration on
the growth of the tomato in nutrient solution.
Plant Physiol. 16: 327-41.
9. ERICKSON, L. G. 1946. Growth of tomato roots as
influenced by oxygen in the solution. Am. J.
Botany 33: 551-61.
10. EVANS, D. W. 1962. Influence of oxygen and carbon dioxide in the rooting medium on the growth
of seedling legumes. Dissertation Abstr. 23: 15.
1 1. GEISLER, G. 1963. Morphogenetic influence of
(CO2 + -HCO ) on roots. Plant Physiol.
38: 77-80.
12. GILBERT, S. G. ANI) J. \V. SHINVE. 1942. The significance of oxygen in nutrient substrates of plants.
I. The oxygen requirement. Soil Sci. 53: 143-52.
13. KoJIMA, H. 1937. On the influence of oxygen supply upon the division and elongation of cells inl the
root. Cytologia, Fuji-Festschrift: 569-75.
14. KRAMER, P. J. AND T. S. COILE. 1940. An estinmation of the volume of water made available by root
extension. Plant Physiol. 15: 743-47.
15. LEONARD, 0. A. AND J. P. PINCKARD. 1946. Effect
of various oxygen and carbon dioxide concentrations on cotton root development. Plant Physiol.
21: 18-36.
16. LOEHWING, W. F. 1934. Physiological aspects of
the effects of continuous soil aeration on plant
growth. Plant Physiol. 9: 567-83.
17. LUNDEGARDH, H. 1947. Mineral nutrition of plants.
Am. Rev. Biochem. 16: 503-28.
18. RANSON, S. L. AND B. PARIJA. 1955. Experiments
on growth in length of plant organs. J. Exptl.
Botany 6: 80-93.
19. RICHARDS, A. L. AND C. H. \XALDLEIGH. 1952.
Soil water and plant growth. In: Soil Physical
Conditions and Plant Growth. Monographs 2.
Academic Press, New York. p 73-251.
20. RONNIKE, E. 1957. On the growth of roots and
hypocotyls of Lupinus albus plants cultivated in
substrata with different water contents. Physiol.
Plantarum 10: 440-44.
21. SCHRAMM, R. J. 1960. Anatomical and physiological development of roots in relation to aeration of
the substrate. Dissertation Abstr. 21: 2089.
22. STEWARD, F. C. AND H. E. STREET. 1947. The
nitrogenuous constituents of plants. Am. Rev. Biochem. 16: 471-502.
23. STOLZY, L. H., J. LETEY, T. E. SZUSZKIEWICS, AND
0. R. LUNT. 1961. Root growth and diffusion
rates as functions of oxygen concentrations. Soil
Sci. Soc. Am. Proc. 25: 463-67.
24. TAYLOR, S. A. 1950. Oxygen diffusion in porous
media as a measure of soil aeration. Soil Sci. Am.
Soc. Proc. 14: 55-61.
25. WEAVER, J. E. AND F. CLEMENTS. 1929. Plant
Ecology. McGraw-Hill Book Company, New York.

Downloaded from on September 25, 2020 - Published by www.plantphysiol.org
Copyright © 1965 American Society of Plant Biologists. All rights reserved.

