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Introduction
Un(ler field coni.ditions, the conieentrationis of oxygen anld carboni dioxide

at the surface of cottoin roots are thought to be extremely variable. Gross
analyses made by LEONARD (10) slhow the pereenitage of oxy gen in the soil
air ulder cottoni to vary from 0 to 21 for Hoiustoin clay, froiim 10 to 21
for Sarpy finie sandy loam, an(d from 18 to 21 per cenit. for Rustoni sandy
loam. While these values only approximate effective concenitrationis at root-
gas interfaces, they do inidicate ini a relative way the con(litioiis of aerat.ion
within different soil types. Although the differeniees inl behavior of cottoln
on these differenit types of soil may be attributed to (lifferenees of particle
size, fertility, water movement, anid nuLiimerouLs other variables, the role of
aeration appears to be quite important. Unpublished (lata of the present
writers inldicate that aeration aild mecbhaniical compositioni of the soil may
prove to be an important. factor in the distribution of the Fusarium wilt
disease of cotton. The importaniee of soil aeratioil as it aI)plies to the cultulre
of plants in general is well appreeiated, although many of the details are
yet to be investigated.

The purpose of the presenlt study was to deterimiine the effect of carbon
dioxide and oxygen mixtures on the growth anid development of cottoli roots
in nutrient solutions. The study seemed necessary iii order to obtaini data
for the proper interpretation of the behavior of cotton oni differenit soil
types with and without the presence of the Fusarininiii wilt disease.

Methods and materials
The general plan of the apparatus employed for subjecting the roots of

seedling cotton plants to stated conlcenitrations of oxygen and carbon dioxide
alone aiid in mlixtures with nitrogen is illustrated in figure 1. By means of
a siphoni arrangement, the gas in container B was forced through a nutrient
solutioni in which the plants were supported. Although onily one culture
tube and one plant is illustrated in figure 1, two tubes were used, each con-
taining two plants. A battery of several such units was used, each provided
with a different conicentration of gas. The entire equipiment was operated
before a large laboratory window or in the greenhouse. Supplementary
illuminiation was provided by a fluoreseent lamp which was operated coil-
tinuously. In some experiments (not reported) no supp]emlientary illuminia-
tion was used; in others, artificial light supplemenited daylight sufficielntly

1 Published with the approval of the Director, Mississippi Agricultuiral Experiment
Station, Journal Paper no. 97, new series.
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FIG. 1. A diagrammatic view of the apparatus used in aeration experiments. A,
five-galloni bottle; B, five-gallon bottle calibrated to hold 20 liters of air at atmospheric
pressuire; C, .air inlet for making gas mixtures; D, Erlenmeyer flask holding reserve nutri-
ent solution; E, gas escape ttube; F, culture tube; G, gas outlet; IT, glass ttube in which
cotton1 plant was inserted; I, cotton plant; J, fluoreseent light.
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to make a photoperiod of 15 hours. The relationship between the percentage
of oxygen and carbon dioxide and cotton root growth was similar to that
obtained with continuous illumination. The culture tubes were placed in
a darkened air- or water-bath in whieh the temperature was maintained at
approximately 300 C. in some experiments and 28° C. in others. Air
temperatures about the shoots were not controlled.

Compressed cylinder gases were either used directly or further purified
by appropriate methods. They were introduced into the system through
opening C and were utilized from container B (fig. 1). Approximately 40
liters of gas was passed through each pair of culture tubes in 24 hours. To
prepare a given concentration of mixed gases, distilled water was forced
from calibrated containier B. The composition of the mixtures were deter-
mined at frequent intervals by a portable gas analysis apparatus. Oxygen
concentrations were easily prepared aecurately, although carbon dioxide
concentrations frequently varied over a range not exeeeding 10 per cent.
of the required concentration. Dissolved oxygen in the culture solution
was determined by the Winkler method (1).
A modified Knop 's solution of approximately the same composition

shown by LooMIs and SHULL (12) was used in the culture tubes. In tests
in which nitrogen was supplied in the ammonium form, ammonium chloride
and calcium chloride replaced an equivalent quantity of calcium nitrate.
The initial pH of the nutrient solution was adjusted at 5.4 to 5.6 using a
weak solution of potassium hydroxide, the exact pH varying somewhat with
different experiments. The nutrient solutiolns containing nitrates usually
shifted to a pH of about 6.0 and the solutions containing ammonia to a pH
of about 4.8 before being changed. If the solutions containing ammonia
become too acid (pH of 4.0 or less) root growth ceased. The pH of solu-
tions receiving high concentrations of carbon dioxide were stabilized by
using a buffer composed of potassium aeid phosphate and potassium
hydroxide. The solutions were prepared from distilled water and most of
them were changed at intervals of not more than three or four days. Solu-
tions saturated with pure gases were not changed during the course of
an experiment.

Cotton seeds of the Stoneville 2B variety were acid delinted, dusted with
a mercurial disinfectant, and placed between moist paper towels for germi-
nation. If no seed disinfectant was used, a low yield of healthy seedlings
resulted, even though all glassware, solutions, and apparatus were boiled
or autoclaved before use. After the seeds germinated, the seed coats were
removed with sterile forceps and the seedlings support.ed in tap water on a
paraffin-impregniated cloth. After the cotyledons were expanded, healthy
seedlings were selected, and the radicals were inserted through short glass
tubes held in no. 7 rubber stoppers. A paraffin-petroleum-cotton-lint sealing
compound held the seedlings in place and prevented exchange of gases
through the openings after the stoppers were placed in the culture tubes.
Air was passed through the culture solution for two or three days to permit
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the seedlings to become established. The air or gas was released through
a sintered glass plate in the bottom of the 24-inch culture tubes so as to
break up the gas bubbles.

Growth of the seedling roots was determined by measuring the length
of the tap root at 24-hour intervals. The experiments were terminated 14
to 16 days after the gases were first introduced. Notes were made on the

FIG. 2. The effect of various concentrations of oxygen on the daily elongation of
cotton tap roots and the appearance of the tops (Experiment 13). Marks on the tubes
represent tap-root elongation at 24-hour intervals. The gas mixtures from left to right
were (percentages) :

02 0 5 10 15 21 90 100
C02 10 10' 10 10 10 10 0

appearance of the seedlings, and the fresh and dry weights of the shoots and
roots were recorded.
A total of 20 separate experiments were conducted over a period of one

and one-half years; although only seven of these experiments are actually
referred to in the text, the results from the other experiments were similar
to t-he ones report-ed.
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Results
OXYGEN REQUIREMENTS

The optimum oxygen conieentration for cotton root development was
thought to depend upon a certain range of carbon dioxide concentration.
To determine this range, oxygen, carbon dioxide, and nitrogen were com-
binied in the proper proportion to form the desired mixtures. Oxygen was

TABLE I
APPEARANCE OEF 14-DAY-OLD COTTON SEEDLINGS GROWN IN LIQUID CULTURES SATURATED

WITH CARBON DIOXIDE AND OXYGEN AT STATED CONCENTRATIONS AND WITH
AMOUNT OF DISSOLVED OXYGEN IN THE CULTURES. RESULTS

FROMI SEVERAL EXPERIMENTS SUMMARIZED

DISSOLVED
GASES USED OXYGEN IN

CULTURES* APPEARANCE APPEARANCE OF ROOTS

OFTOPSAPERNEOROT
WITH WITH-

CO2 02 PLANTS OUT
PLANTS

% % p-p.m. p.p.m.
None None 0.0 0.0 Little plants, small Roots healthy, no growth.

green leaves Branch roots developed if
transferred to water satu-
rated with air

10 None 0.0 0.0 Little plants, dark Do.
green leaves

10 0.5 Trace 0.1 Do. Do.
10 1.0 0.3 0.4 Little plants, green Roots healthy, trace of

leaves growth
10 1.5 0.5 0.6 Medium plants, Roots healthy, thick, some

green leaves growth
10 2.5 0.8 1.0 Large plants, Roots healthy, medium thick,

green leaves good growth
10 5.0 1.8 2.0 Do. Roots healthy, thin, very

good growth
10 7.5 2.7 3.0 Do. Do.
10 10.0 3.6 3.8 Do. Do.
10 15.0 5.4 5.8 Do. Do.
10 21.0 7.0 .. Do. Do.
10 90.0 33.0 M.Medium plants, Roots frequently- unhealthy

green leaves and parasitized, poor
growth. Healthy roots
produced if transferred to
water saturated with air

None 100.0 37.0 Do. Do.

* Temperature of 280 C.

held constant at 21 per cent. while carbon dioxide and niitrogen were varied.
Considerable root growth occurred up to 30 per cent. carbon dioxide while
vegetative growth appeared to be excellent and unaffected over the same
range. As a result of these tests, 10 per cent. earbon dioxide was selected
as a constant with whieh to compare different concenitrations of oxygen.

The apparent optimulii concentration of oxygeni for seedling root elonga-
tion, with carbon dioxide held constant at 10 per cenit. was found to range
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between 7.5 and 21 per cenlt. under the conditions described. Fioure 2
illustrates a typical experiment in this series, and table I summarizes the
results of all oxygen concentrations inivestigated. Figure 3 illustrates the
variation occurring in three selected experiments.

Daily elongation of the tap roots is graphically illustrated in figure 3.
During the first two weeks of seedling growth, tap-root elongation appeared
to progress at a uniformly high rate. The greatest elongation for any one
day was 67 mm.; it occurred at 21 per cenit. oxygen and 10 per cent. carbon
dioxide. Variation in root temperatures slightly above 30° C. sharply
restricted the daily rate of tap-root elongation. Any prolonged reduction
in intensity of illumination also limited root elongation, but the effect was
not apparent for two or three days. Experiment 15 was conducted at light
intensities somewhat lower than that of Experiment 17 (fig. 3). Although

EXPERIMENT li EXPERIMENT 15 EXPERIMENT 17

35

30 /-¶AlR A_-A

D20 , A 5 ' ise
-_2--5iAI

40 15 0-

20 2 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12 14
DAYS

FIG. 3. The effect of various concentrations of oxygen on the daily elongation of
cotton tap roots. Carbon dioxide was held constant at 10 per cent., except at zero per
cent. oxvgen in Experiments 13 and 17 and at 100 per cent. oxygen in Experiment 13.

two plants were grown in the saimie tube and duplicate tubes used, the daily
rate of elongation for each plant varied widely at times. No relation could
be observed between stage of leaf development or leaf area and tap-root
elongation.

The minimum concentration of oxyygen tolerated by roots appeared to lie
below one-half per cent. (figs. 2, 4) and zero per cent. (fig. 5). No root
growth occurred under these conditions. The roots remained white and
did not appear to be injured by anaerobic coiiditions. If air was substituted
for the mixture containing zero oxygen, lateral roots were promptly initiated.
and some of the old branch roots began to grow again. The tops of the
plants were a darker green (when carbon dioxide was held at 10 per cent.)
than those of plants receiving higher concentrations of oxygen.

At maximum concentrations of oxygen (90 anid 100 per cent.), both root
and top growth were restricted (fig. 2). but the color of the leaves was not
affected as at low oxygen concenitrationis. If air replaced thle gas mixtures
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of high oxygen concentrations, lateral root development was initiated, indi-
cating that the pericycle was not permanently damaged. Microorganisms
attacked the roots vigorously at high oxvgen concentrations. Although

FIG. 4. The effect of various concenitrationis of oxygeni on the daily elongation of
cotton tap roots and the appearalnce of the tops (Experiment 5). Although the gas mix-
tures were the same as those used in figure 2, the bubbles were not broken up with a
sintered glass plate, anid the solutionis were not kept saturated with oxygen. The ''effec-
tive" percenitages of ox-ygeni were calculated from the determiniations of dissolved oxygen.
Marks on the tubes represenit tap root elongation at 24-hour intervals. The calculated
percentages of oxygen and carbon dioxide from left to right were:

02 0 2i 5 10 15 85 95
CO2 10 10 10 10 10 10 0

care was exercised in preventing microbial contamiiniatioll, it was difficult to
prevent the roots from being decomposed at the high oxygen concentrations.

24



LEONARD AND PINCKARD: COTTON ROOT DEVELOPMENT

If the concentration of oxygen was reduced or if air was substituted, decom-
position ceased, and lateral roots developed. Species of Fusaria appeared
to be dominant. The organisms present were non-parasitic at lower oxygen
levels. This interesting observation deserves further study.

The amount of dissolved oxygen in the nutrient solutions receiving the
various percentages of oxygen-gas mixtures is given in table I as parts per
million. The exact amount of dissolved oxygen varied with temperature.
Estimations of dissolved oxygen enabled us to be certain that the rate of gas
evolution through the nutrient solutions was sufficient to approximately
saturate the solution. It also showed that solutions with no plants growing
in them were consistently, though only slightly, higher in dissolved oxygen
than solutions containing growing plants. When the rate of gas evolution
through the solutions was reduced, the roots absorbed oxygen, and the actual
concentration of oxygen in the cultural medium was less than the calculated
amount int.roduced. Figure 4 illustrates the results of a typical experiment
of this type. The actual concentrations of oxygen in the solutions was deter-
mined by analysis. When 10 per cent. carbon dioxide was used in the mix-
ture, the limiting oxygen factor was well illustrated by reduced root and
shoot growth at both low and high coneentrations.

EFFECT OF FORM OF NITROGEN IN THE NUTRIENT SOLUTION ON
OXYGEN REQUIREMENT

The effects of nitrate and ammonium nitrogen on root growth were com-
pared at all oxygen concentrations from zero to 100 per cent. The chief
interest was in the effect of nitrate and ammonium nitrogen on cotton root
growth at low percentages of oxygen. The results from one such experiment
are shown in figures 5 and 6 and summarized in figure 7.

Tap-root elongation was similar with both nitrate and ammonium nitro-
gen at all concentrations of oxygen. Roots subjected to zero per cent. oxygeni
remained white and appeared healthy with both nitrate and ammonium
nitrogen. Shoot growth seemed greater with nitrate than with ammonium
nitrogen, regardless of the oxygen concentrat.ion.

Up to 15 per cent. oxygen content tap-root elongation increased, while
the weight of the root system was near or at its maximum at two and one-half
per cent. oxygen. The lack of correlation between tap-root elongation and
increase in weight of the whole root system was caused, at least in part, by
the fact that the roots which developed at the lower oxygen concentratiolns
were thick, while those produced at higher percentages of oxygen were
slender; thus a given length of root at two and one-half per cent. oxygen
weighed more than the same length of root produced at higher oxygen
concentrations.

Cotton seedlings growing in solutions containing nitrates accumulated
more nitrogen than did those growing in solutions containing ammonia. The
extra nitrogen absorbed (in nitrate form) from the solutions containing
nitrate over those containing ammonia seemiied to accumulate as nitrate
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nitrogen within the plants, since the percentaoes of organic nitrogen in the
whole plant was about the same in both the nitrate and ammonia series. The
total absorption of nitrogen (in nitrate or amnimoniium form) increased with
oxygen increase up to about two ancd one-half per cent. The differences in

FIG. 5. The effect of nitrate nitrogeni oni the daily elonigation of cotton tap roots
and appearance of the shoots at various coneentrations of oxygen (Experiment 17).
Marks on the tubes represent tap-root elongation at intervals of 24 hours. The gas
mixtures from left to right were (percentages):

02 ° 1 1 1 °-1 5 102 0 1 ~~~~2 2 5 7i 15
Co2 0 10 10 10 10 10 10

total uptake of nitrogen were largely caused by differences in plant size,
rather than by oxygen concentrations. Nevertheless, the percentage of
nitrate nitrogen in the plant increased with oxygen coneentration and sug-
gests bet-ter absorption of nitrate nitrogenl at hioh than at low oxygen con-
cenltrations: The percentage composition is based on an analysis of the whole

26
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plant, and the results may be affected by differences in the relative amiiounits
of roots, stems, and leaves.

In order to study the absorption of nitrate and ammonium nitrogeni at
different concentrations of oxygen, the nutrient solutions were periodically
analyzed. Results with the ammonia series suggested that more ammoniuim

FIG. 6. The effect of ammoniumi nitrogen on the daily elongation of cottoin tap
roots and appearance of the shoots at various concentrations of oxygen (Experiment 17).
Malrks on the tubes represent tap-root elongation at intervals of 24 hours. The gas
mixtures from left to right were (percenitages):

02 0 1 1 2 5 7i 15
Co2 0 10 10 10 10 10 10

nitrogen was absorbed at hioli tlhani at low concentratiolns of oxygen. The
results with the nitrate series indicated the greatest loss of nitrate from
nutrient solutions occurred at. zero per cent. oxygen. Since a chemuical
analysis of the plant did not reveal any comparable accumulation of nitrogen
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wvithin the plant, it was concluded that some nitrate nit.rogen was lost
anaerobically from the nutrienit solutioni.

EFFECT OF CARBON DIOXIDE ON. COTTON ROOT GROWTH

The influence of various concentrations of carbon dioxide on the daily
elongation of the cotton tap root is shown in figures 8 and 9. Table II

N03 SERIES
(EXPT. 17)

//>
/ INCREASE N LENGTH

.OF rAP ROor IN CMS.
5-30 /

T a
/18

3 1

OX 2 6 a Io 12
02

NH4 SERIES
(EXPT. 17)

GMS. CMS.

7-42 INCREASE N LENGTH
OF TAP ROOT IN CMS. -

6-365/

/ T. OF TOPS4-24 OS/

2o1 1,

1/

6

MGS. j%N MGS. %.N
N1

35- 5.4 35. 5.4

% ORGANIC N oRGASIC

3041'N WHOLE PLANT 30--4.8

25 40 254

INCREASE IN N
20 3.2 PER PLANT IN MGIS. 20T32-

INCREASE IN N PER PLANr IN MGS.

15 -2.4 15-2.4

/0i.6 10 1.

/ (, N 03 N IN WtOLE PLANT

5 5 43

NO3 N..N WHOLE PLANr
0>g 2 4 6 a 10 12 14 16 0/. 2 4 6 8 10 12 4 16

02 02

FIG. 7. The influence of various conceiitrations of oxygen and forms of nitrogen
oIn the total elongation of the tap root, fresh -weight of roots and tops, total absorption of
nitrogen, and percentage of organic and nitrate nitrogen in seedling cotton plants.

sumlilarizes the results obtained froin various experiments in which carbon
dioxide was varied. The results of the thlree experiments shown in figure 8
indicate that a concentration of 60 per cent. carbon dioxide prevented all
cotton root growth. Concentrations of carbon dioxide higher than 60 per

cent. had the same influence on root growth and appearance of the tops as

did 60 per cent. carbon dioxide. The higher concentrations of carbon
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dioxide resulted in wiltingo of the tops, especially when the cotton was in
direct sunlight and when the air temperature was above 300 C. Wilting did
not occur at the lower concentrationis of carbon dioxide, witlh the exception
of occasional wilting at 45 per cent. carbon dioxide.

The pH was controlled by a potassium phosphate buffer ancd potassium
hydroxide. The pH of even the 100 per cent. carboni dioxide solution usu-
ally did not shift much below 4.9. Evidently- the pH was adequately con-
trolled, even when pure carbon dioxide was bubbled through the nutrient
solution. In preliminary tests when the phosphate buffer was not used, pure
carbon dioxide produced a pH of 3.6 in the nutrient solution.

Concentrations of carbon dioxide up to 15 per cent. resulted in the pro-
duction of long, slender roots. Concentrations of 30 to 45 per cent. carbon

EXPERIMENT 2 EXPERIMENT 3 EXPERIMENT 4

35

30 A BAT~~~~~~H-,AAIR A

40 15%.C02
-.0% C02

If Co02 -

20 5% "'-~~~ ~ ~~~15%/ 302'

0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
DAYS

FIG. 8. The effect of various concentrations of carbon dioxide on the daily elonga-
tion of cotton tap roots. Oxygen was held constant at 21 per cent., except at 100 per cent.
carbon dioxide.

dioxide resulted in the formation of somewhat short, thick roots. Sixty
per cent. carbon dioxide, and higher, prevented growth either in length
or in thickness of roots.

When 60 per cent. carbon dioxide was replaced by air (21 per cent.
oxygen and traces of carbon dioxide) branch roots developed. These results
indicated that the pericycle was not destroyed by the high concenltrations
of carbon dioxide. The tap root was never observed to elongate furt.her,
after the introduction of air.

Low concentrations and complete absence of carbon dioxide resulted in
no apparent inhibition of root growth. All t.races of carbon dioxide were
removed by bubbling the gas mixture through gas wash bottles containing
potassium hydroxide.

When the temperature of the bath was 350 C. or higher for 24 hours
(fig. 8, Experiment 2), root elongation almost ceased at all concentrations,
although roots in five to 15 per cenit. carbon dioxide were affected most
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promptly. The daily elongation of roots growing in the same environimelnt
varied for no apparent reason.

Discussion and conclusions

Cotton tap root elongationi was entirely inhibited by gas mixtures con-
taining one-half per cent. of oxygeni or less. The roots remained white and
apparently healthy under the above colnditions for at least two weeks. If

FIG. 9. The effect of various concentrations of carbon dioxide on the daily elonga-
tion of cotton tap roots and the appearaniee of the tops (Experiment 4). Marks on the
tubes represeiit tap-root elongation at 24-hour intervals. The gas mixtures from left to
right were (percentages):

CO, 0 5 15 30 45 60
O., -212 I 1 21 21 21
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air colntainiing 21 per cent. oxygeln replaced the above gas miiixtures, niormal
branceh roots developed, and sometimes the branch roots begani to grow again.
Evidently, even very drastic reductiolns in oxygen around cotton roots, with
either zero or 10 per cent. carbon dioxide, was not permanently harmful.
The roots continued to absorb both niitrate alnd aimmonium nitrogen,
although not as well as cotton roots exposed to optimumii concentrations of
oxygen. The results suggest that the influence of extrenmely poor aeration
of soil on the death of cotton roots is indirect. BALLS (2) observed that
cotton roots apparently became asphyxiated wheni the water table rose.
LEONARD (10) observed that when the soil was water-loo^ed anid verv low

TABLE II
APPEARANCE OF 14-DAY-OLD COTTON SEEDLINGS GROW-N IN LIQUID CU-LTURES SATURATED

WITH OXYGEN AND CARBON DIOXIDE AT STATED CONCENTRATIONS.
RESULTS FROM SEVERAL EXPERIMENTS SUMIMARIZED

GASES USED

APPEARAN-CE OF TOPS APPEARANCE OF ROOTS
0°1 CO.

21 None Leaves greeni, top growvtlh good Roots thlini, very good growth
'21 1.0 Do. Do.
2 1 5.0 Do. Do.
2 1 15.0 Do. Do.
2 1 30.0 Do. Root growth reduced, somewhlat

thick
21 45.0 Leaves greeni, reduced top Root growth greatly reduced,

growth thick
21 60.0 Leaves dark greeni, very little N'o root growth. Branelh roots

top growth, teniding to wilt developed if transferred to
in sunshine niutrient solution saturated

witlh air
21 79.0 Do. Do.

None 100.0 Do. DI.

in oxy-gen cotton tap roots were short and the tips deadl. The influelnce of
pOor aeration on cotton roots night easily have been indirect by influencingy
the susceptibility of the roots to minor parasites.

The studies of VLAMIS an1d DAVIS (16) in1dieate th1at the oxygen1 require-
menit of excised roots of tomato, barley, and rice were similar, anid yet the
three plants reacted differently to aniaerobic conditions. The evidence sucg-
gests that the reaction of the above plants to aliaerobic colnditions wvas re-
lated to their capacity to transloeate oxygen fromii the stemss to the roots.
The capacity of cotton roots to remiiaini alive anid funetion well unider
aliaerobic conditions is also probably related to its capacity to tralnslocate
oxygeni from the shoots to the roots.

CONWAY (6), using Cladimn nlariscius, found a hiogl oxygen !oniteilt in
initact roots but low oxycgen in excised roots nuiider simiiilar coniditionis. The
results suggest that oxygen is tranislocated to the roots. Differenices in the
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ability of plants to move oxygen to the roots may in part determine their
behavior unider anaerobic conditions.

Under anaerobic eonditions, short braneh roots were produced near the
base of the hypocotyl. The tissue w%as bulky and contained some chlorophyll.
Probably sufficielnt oxygen was present within the tissue of the hypocotyl,
either from translocation or from photosynthesis, to enable root initiationi.

The miniiiium concentration of oxygen for cotton tap root elongation was
not influenced by- the form in which nitrogeni was supplied (that is, as nitrate
or anunloniiumii nitroogen). The results of VLAMIS and DAVIS (16) likewise indli-
cate that nitrate nitrogene is not superior to ammonium nitrogen for either
growth or potassiumii absorption. SHIVE (15), working with soybeans, founid
that the greatest absorption of nitrate nitrogen occurred from nultrient
solutions containino no oxygen, and absorption of nitrate deereased as
oxygen in the nutrient solutions inereased. The absorption of ammonia, on
the other hand, was the reverse of the absorption of nitrate. The resuilts
were explained as indicating that nitrates were supplying oxygen to the
roots under anaerobic conditions.

Nitrate nitrogen tended to accumulate in cotton seedlings as the per-
centage of oxygen in the gas mixtures was increased. In view of the observa-
tionl that the percentages of organic nitrogen in the whole plants were aboutt
the same with different percentages of oxygen, the accumulation of nitrate
mav signifv differences in rates of nitrate absorption. Appreciable aceumu-
lation of nitrogen, however, took place even under anaerobic conditions.

PEPKOWITZ and SIIIVE (14), working on tomatoes and soybeans, found
that the absorptioni of calcium, phosphorous, and potassium was least at zero
parts per million oxygen and rose to an optimum at higher oxygen conceni-
trations; nevertheless, appreciable absorption still occurred, even with the
zero ox-ygen treatment.

VLAMIS anid DAVIS (16) found that the aecumulation curves for bromide
and potassium with different percentages of oxygen were about the same for
excised roots of tomato, barley, and rice. A loss of potassium occurred in
the absence of oxygxen. The aceumulation curve for intact roots was quite
different froimi time above. Intact rice roots (shoots attached) in the absence
of oxygen accumliulated appreciable quantities of bromide; those of barley
less; and those of tomatoes almost none.

The lower limit of oxygen necessary for root growth varies somewlhat
with teiiiperature. According to CANNON and FREE (4) cot-ton root growtlh
would occur at concenitrations of oxygen of slightly less than one per cent.,
if the temperature was 17° C., but a concentration of over one per cent.
would be necessary if the temperature was 30° C. A small amount of cotton
root growth occurred at 280 C. with one per cent. oxygen.

In the present investigation the optimum concentration of oxygen for
cotton tap root elongationi, as well as cotton root growth, was between seven
and one-half ancd 21 per cent. oxygen, although five per cent. oxygen was
only sligohtly inferior. GILBERT and SHIVE (7) reported that the optimuim
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coneentrationi of oxvyen( neeessary for the production of green. miiatter in
soy-beans was about six p.p.m.; in tomatoes, 16 p.p.m.; alnd in oats, four
p.p.m.; or approximiately equivalent to solutions in equilibriumii-with 15,
44, and 10 per cent. oxi-gen, respectively. BOYNTON anid COMIPTON (3)
reported that oxygen concentrations of 15 per ceiit. or low-er resulted in
markedlv poorer root and top growth of peach, apple, ancd prune trees
growing in nutrient solutions than did 21 per cent. oxygen.

Excessive concentrationls of oxygen resulted in reduced Cotton root
growth. Concentrations of either 90 or 100 per cent. oxygen gave similar
results. Besides reducingo the daily root growth, high concenitrationis of
oxygen resulted in the roots becoming parasitized by wvhat appeared to be
chytrids in somne eases and by species of Fusaria in others.

Root anid shoot growth were reduced at oxygen coneenitrations above the
optimum for root elongation. The leaves, however, appeared normal at t.he
high oxygen eonieentratiolns, whether nitrate or aiinmonioiui niitrogen was
used. GILBERT anid SHIVE (7), workinig with sovbeans, founid that oxygen
values of eighlt ancd 16 p.p.m. (equivalelnt to solutions in equilibrituni with
22 and 44 per cenit. oxygen) resulted in chlorotic leaves if nitrate niitrogen
was present in the nutrient solution, but not if ammoninmi nitrogen was
used. They referred to the chlorotic condition as one of "oxy"gen toxicity."

Excessive eoneentrationis of carbon dioxide, as well as low concenitrations
of oxygen, are considered to influence the growth of plant roots in poorly
aerated soils. Concentrations of 60 per cent. carbon dioxide, alnd above, in-
hibited all cotton root growth even though oxvgen was held at an optimum
concentration. The pH, likewise, was held constant in these experiments.
Evidently, the inlfluenee of high concentrations of carbon dioxide on root
growth was not caused by a deficieney of oxygen nor by an excessively acid
condition of the nutrient solution. If air containing 21 per cent. oxygen re-
placed the inhibitory concentrations of carbon dioxide, niormal branieh roots
were formed. Evidently, high concentrationis of carbon dioxide did niot kill
the cells of the perieyele. Top growth was very poor when high coneentra-
tions of carbon dioxide were used. When the plants were in direct sunlight
and the air temperature was 300 C., or higher, the tops wilted.

NOYES (13) passed carboni dioxide through soil in which corn anid tomato
plants were growing, causinog the plants to wilt and growth to stop. CANNON
and FREE (4) studied t.he influence of different concentrations of carbon di-
oxide on the root growth of a number of plants. They- fouind that high car-
bon dioxide coneentrations inhibited the growth of all plants if the periods of
exposure were sufficiently long, but that the sensitivity of differenit plants
to different concentrations of carbon dioxide was not the same. Root o'rowth
of Krameria caniescenis ceased if carbon dioxide was 25 per ceiit. ancd if the
temperature was 30° C.; growth did not cease if t.he temperature was 20° C.
and root growth continued even at 75 per cent. carbon dioxide. Although 25
to 75 per cent. carbon dioxide prevented root growth of Covillea tridenttata,
growth eould again occur if the above mixture were replaced b- air.
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VLAMIS and DAVIS (16) hav-e shown that pure carboni dioxide prevelnted
the accumulation of broimiide by- both excised ancd initact roots of barley,
tomato, and rice; it also resulted in wilting and cessation of growth. Similar
observations on the effect of carbon dioxide oni the wilting(v of planits lhave
been made by other investigators. CHANG anid LOOMIS (5) found that carbon
dioxide reduced the absorptioni of water anid niutrienits by wheat, maize, anld
rice when compared with aerated cultuires of the same plants.

Concentrations of carbon dioxide between zero and 15 per cent. produced
nio appreciable influence oni cotton tap-root elonigationi. Coneenltrations of
15 per cent. carboni dioxide occur very rarely in the soil air, as determiined
by gas analysis. In a previous paper (10) it was pointed out that conceni-
trations of carbon dioxide may be veryIhigh adjacelnt to the surfaces of roots
under some conditionss althouohl the occurrenee of such concentrations miiight
not be revealed by a gross analysis of the soil air. It is possible that coni-
centrations of even 60 per cent. carbonl dioxide are sometimes attained. The
coneentrations of carbon dioxide at root suirfaces unlder various soil colndi-
tionis must be determined before the influieince of carbon dioxide oni root
growth in a soil can be evaluated.

Concentrationis of carbon dioxide fromii zero to 100 per ceilt. were studlied
in order to determinie the influienice of all possible conceentrations whichl mihlit
possibly influenee root growth in the soil. Normal root growth occurred
in the absenee of carbon dioxide. It does niot appear possible, therefore,
that minimum concenitrationis of carbonl dioxide cani be too low to seriously
influence seedliiig cottoni root growth. Further work slhould be dcone on the
minimum requLirements of plant roots for carbon dioxide.

Carbon dioxide is lnecessary for the g-rowth of many microorganiismiis.
JAHN (9) observed that the growtth of the protozoani, Chilomonas, was redieed
to less thani one-fifth in carboni dioxide-free air when eomlipared to ordinaary
air. LONGSWORTH anid MACINNES (11) founid that carboln dioxide was nieces-
sary for the growth of Lactobacillits acidophilius. GLADSTONE, FILDES, and(l
RICHARDSON (8) observed that the passage of carbon-dioxide-free air through
cultures of various bacteria stopped growtlh in some cultuires, but lnot in,
others. In cultures not inhibited, carbon dioxide was probably formiied
withini the cells themselves. Perhaps the reasoni eottoln root growth was lnot
influenced by the absenee of carboni dioxide in the gas mixtures was because
all cells of the roots were in conitact with adjaceent respirinlg eells; thus olO
cells were completely subjected to ani atmosphere containinlg zero carbon
dioxide, regardless of the comi1positioni of the gas milixture around the roots.

Roots in the samiie environment didliot elongate at the same rate from
day to day. CANNON and FREE (4) likew-ise reporte(l simiiilar variations in
what appeared to be idenitical planlts. As far as eould be aseertainied, there
was no relationship betwveeni root growlth, leaf initiation, or leaf area.

Summary
A study was miiade of the oxygeni anid carboni dioxide requiremiienits of

cotton seedling roots in niutrielnt solutionis.
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Optimum oxygen concelntrations for seedling root elongation of cotton
appeared to lie between seven and one-half and 21 per cent. oxygen when
carbon dioxide was constant at 10 per cent. The greatest rate of root elolnga-
tion for any 24-hour period was 67 mmi. in 21 per cent. oxygen and 10 per
cent. carbon dioxide with culture temperatuLre at 30° C.

The minimum oxyugen requirement for cottoln root elongation at 280 C.
appeared to lie between one-half alnd one per cent. oxygen. Absence of
oxvgen arounid roots did not appear to be very lharmful under the conditions
studied. When air containing 21 per cent. oxygeni replaced nitrogen gas
(zero per cent. oxygen), new braneh roots wvere initiated, anid some of the old
branch roots commenced to grow again.

Ninety or 100 per cent. oxygen resulted in reduced root elongation.
Roots produced under such conidition-s were readily parasitized bv chytrids
and species of Fusaria.

Tap-root elongation at each concentrationi of oxycgen was similar whether
nitrate or ammoniuin nitrogen was used in the culture solution. Vegetative
growth appeared improved with the nitrate nitrogen. More nitrate nitrogen
than aimiioniium nitrogen was taken up by the plants.

The optimum coneenitrationi of carbon dioxide appeared to range between
zero and 15 per cent. when the oxygen concenltration was maintained at 21
per cent. The absence of carboii dioxide did not appear to affect root elonga-
tion. Concentrations of 60 per cent. carbon dioxide and above prevented all
root grrowth. Root grow\th was redcleed to 30 and 45 per cent. carbon dioxide,
ancd the roots were rather thick.

Shoot growth appeared to be uiniformi in both heioht and fresh weight
from zero to 30 per cent. carbon dioxide, reduced at 45 per cent. carbon
dioxide, and greatly reduiced at 60 per cenit. carbon dioxide and above. The
shoots frequently wilted at 60 per cent. carbonl dioxide and above, especially
wheni the plants were in direct sufnlight and the temperature was over 30° C.

The writers concllude that the Cotton planit is able to withstand anaerobic
soil coniditions and that this abilitv is, perhaps, related to the translocation
of oxvyen from the tops to the roots.

MissIssIPPi AGRICULTURAL EXPERIMEN-T STATION
STATE COLLEGE,,MISSISSIPPI
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