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This investigation supports the sulfide theory of straighthead
and symptomless mild sulfide disease etiology and provides two
independent physiclogical tools for plant breeders which permit the

rapid evaluation of rice breeding lines for sulfide resistance.
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INTRODUCTION

Hydrogen sulfide is a well known inhibitor of enzymes of aerobic
respiration (28, 41, 45), and is the suspected cause of several physio-
logical disorders of rice around the world (61). The toxic effect of
HZS is attributed to its ability to inactivate the metallic prosthetic
group in the structure of many enzymes. Mitsui and his co-workers (39)
have demonstrated that as little as 0.07 pug/ml HyS can inhibit nutrient
uptake and cause wilting of rice seedlings.

Until very recently, hydrogen sulfide toxicity was recognized
only on iron-deficient soils in Japan where HyS had been demonstrated
to cause Akiochi (Autumn decline) disease of rice plants (13, 61) and
on certain poorly-drained citrus orchards in Florida (18); therefore,
some soil scientists believed that HjS toxicity is not possible on soils
containing abundant iron (48). However, theoretical and experimental
analyses indicated the presence of rice-toxic levels of HyS in Louisiana
rice fields (23, 24, 25). More recently, thermodynamic analysis (46)
and sulfide~-ion electrode measurements (3) have confirmed the accumula-
tion of HyS in iron-excess soils. Furthermore, concentrations of HypS
found in iron-excess soils were found to inhibit respiration and
activities of metallo-enzymes in rice roots (2). Consequently an
hypothesis was advanced (26) that toxicant diseases such as straight-
head and symptomless mild sulfide diseases, found in Gulf Coast (U.S.A.)
rice areas, are caused by hydrogen sulfide. Straighthead had long been

recognized as a disease without a known cause.
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Oxygen release from rice roots is a well-known phenomenon, and
the differences in oxygen release rates have been used to select
varieties resistant to Akiochi (20) and Akagare diseases (6).
Oxidizing power influences the ability of roots to absorb nutrients
and neutralize toxicants (48). However, oxygen release from rice
varieties has not been correlated previously with their ability to
absorb nutrients.

This dissertation reports the development of two simple, rapid
and reliable physiological tests for selection of rice varieties
resistant to sulfides, and presents evidence that reactions of rice
varieties to H,S are parallel to their reactions to straighthead,

thus supporting the hypothesis that straighthead disease of rice is

caused by HoS.



LITERATURE REVIEW

Effect of HZS on cells

The role of hydrogen sulfide as an enzyme inhibitor was
indicated by Warburg (64) who found that alcoholic fermentatiocn by
yeast was inhibited by H,5. He attributed this poisoning to combina-
tion with a heavy metal which was catalyzing some stage of fermentation.
Terminal electron transport in homogenates is strongly inhibited by
HyS combining with components of cytochrome oxidase to form an inactive
compound (19, 32). Cytochrome oxidase catalyzes oxidation of
ferrocytochrome c by molecular oxygen. Haldane (21) demonstrated that
yeast peptidases are inhibited by smaller concentrations of HZS. These

observations led him to conclude that not only many oxidizing-reducing

enzymes but also some peptidases must contain heavy metals.

Sulfides in rice fields and effects on plants

In Louisiana rice fields, concentrations of total sulfides
increased from 0.2 pg/ml within 5 to 7 days after submergence to levels
varying from 10 to 45 pg/ml ét the end of the season (49). Sturgis (55)
reported a total sulfide content of 29.9 pg/ml in Sharkey clay loam 3
weeks after submergence. He felt that for those conditions where
sulfides were found in the largest amounts, precipitates of sulfide
occurred on the roots and reduced the yield of rice. Hollis (23) sur-
veyed more than 50 rice fields in Louisiana and found deposits of ferrous
sulfide on rice root surfaces, causing extensive blackening of roots in

83% of the fields, without apparent deleterious effects on the plants.

3
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Physiological disorders of rice caused by sulfides have been
reviewed in detail by Baba et al. (13) and Hollis (24). Three of the
most important ones are straighthead, Akiochi, and Akagare. Straight-
head is a major disease of toxicant nature in the U.S. Gulf Coast
region. Its name derives from the upright heads which are not suffi-
ciently heavy at maturity to bend over. Straighthead occurs mainly in
soils predominating in kaolin clays that do not sorb HpS from the soil
solution. Akiochi is the most serious physiological disease of rice in
Japan. It is associated with deficiency symptoms of the major elements

and Helminthosporium leaf spot. The probable cause of Akiochi is the

inhibition by hydrogen sulfide of nutrient uptake by the rice plant.
Although the primary cause is unknown, it has been suggested that
another type of Akiochi (Akiochi on peaty paddy soil) may be due to
insoluble sulfide residues on the surfaces of rice roots, forming a
mantle which prevents the passage of nutrients into the roots. Three
types of Akagare disease have been reported from Japan. It is believed
that these diseases result from an altered balance between ferrous iron
and sulfides in the soil and are aggravated by deficiencies of potassium

and phosphorus.

Soluble sulfides in rice soils containing excess iron and their

detoxification by Beggilatoa

Hollis (24) found soil solution concentrations of H2S on the
order of 4, 8, an& 12'yg/m1 in certain sites in louisiana. He sug-
gested that such high concentrations of free, soluble H2S in the
presence of free ferrous iron and the absence of characteristic odor

could be due to adsorption of HyS to the soil clay fraction because



measured values of HyS at the heading-flowering'stages of rice
development were significantly higher than predicted by chemical theory.
More recent studies have revealed free soluble HyS concentrations
ranging from 0 to 1.6 yg/ml in Crowley silt loam and Hockley fine

sandy loam soil samples (15). Theoretical studies (46) based on
thermodynamic data indicated that both FeS, and FeS occur in equilibrium
with HpS iﬁ rice soils submerged under water. The use of the equilib-
rium, FeS) — H2S, led to the prediction that levels of H2S known to
be toxic to rice could exist under simulated rice-field conditions.
These predictions have been confirmed by field measurements of sulfide
concentrations with a sulfide electrode (3). Hydrogen sulfide levels
ranging from 0.0005 to 0.64128 ug/ml were found during the tillering
and ripening stages of the rice plant.

A recent report by Pitts et al. (47) described the role of
Beggiatoa, a filamentous bacterium found in the rice rhizosphere, in
detoxification of HyS in rice fields. Beggiatoa is autointoxicated by
hydrogen peroxide; the rice root catalase decomposes H202. In return
Beggiatoa removes H9S from the rice rhizosphere by oxidizing it to
elemental sulfur. Thus, rice root and Beggiatoa comprise a mutually
protective system.

Beggiatoa may be an important factor influencing the distribu-
tion and severity of sulfide diseases in rice and other aquatic plants
and further work is needed to determine the role, if any, of Beggiatoa

in the ecology of straighthead and mild sulfide diseases.



Soluble sulfides and rice diseases

Mitsui et al. (37) reported that as little as 0.07 pg/ml HpS
(calculated as sulfur) caused wilting of rice seedlings in solutions
in vitro after prolonged exposure. Baba and Harada (10) found that
O.I‘Pg/ml HyS in the culture solution was toxic to rice. Since these
levels are within the range of theoretically-predictable concentra-
tions of HyS and occur in the presence of normal ferrous iron concen-
trations in Louisiana fields, rice should exhibit toxicity symptoms,
and HyS should be detectable by odor (24, 25). Hollis et al. (26)
hypothesized that three types of sulfide disease occur in Gulf Coast
rice fields: (i) Autumn decline (Akiochi, in Japan), (ii) straighthead,
both of which have been described earlier, and (iii) mild sulfide
disease (MSD). The probable existence of MSD lies in the significant
inhibition of seedling enzymatic and respiratory activities, including
cytochrome oxidase activity, by the levels of HS prevalent in
Louisiana rice fields during heading-flowering stages (2), and in the

inhibition of nutrient uptake by rice plants as reported from Japan (39).

Physiological effects of sulfides on seedlings

A relation exists between oxidizing ability and resistance and
susceptibility to Akiochi by Japanese rice varieties (5). The
Japanese have achieved practical control of Akiochi with soil amend-
ments containing iron and the use of resistant varieties. Armstrong
(4) developed a polarographic method for measuring oxygen diffusion
from rice roots and used this method (6) to demonstrate significant
intervarietal differences in oxygen diffusion rates correlated with

their Akagare reactions. Akagare in Japan is caused by complexes of



soluble toxicants, including hydrogen sulfide. Armstrong (7) also
demonstrated the masking effect of respiration on oxygen release from
rice roots by lowering the temperature. Joshi et al. (30), using a
polarographic technique for measuring oxygen release from individual
rice seedlings, showed that the oxygen release of four rice varieéties
was correlated with their reactions to straighthead and mild sulfide
disease. Recent work has shown that the levels of HyS occurring in
louisiana rice fields can inhibit oxygen release and nutrient uptake

by rice seedlings, and that the varieties differ in their response to
H2S (31). These results support the sulfide theory of straighthead

and mild sulfide disease.



MATERIALS AND METHODS

Oxygen release from rice seedlings

Seeds of rice varieties Bluebelle, Dawn, Saturn, and Zenith
were treated with 0.67 sodium hypochlorite (Clorox) and soaked in tap
water for two days. After sprouting, they were sown in pots contain-
ing autoclaved greenhouse soil. Three days after seedling emergence,
the pots were flooded and water was maintained at 3-5 cm above the
soil level.

Sprouted seeds were also planted on 0.8% water agar in Mason
jars (cap. 946 ml) which were incubated at 25 + 2 C. Cool fluorescent
light provided a 12 hr day with a light intensity of 10,000 lux. One-
fourth-strength Hoagland solution was added to each jar in order to
provide nutrients for the seedlings and to obtain a 3-5 cm layer over
the agar surface.

One, two, and three-week-old seedlings were used for oxygen
assays. A YSI Model 55 oxygen monitor (Yellow Springs Instrument Co.,
Inc., Yellow Springs, Onhio, U.S.A. 45387) was employed for measuring
oxygen release from rice seedling roots. The oxygen probe was covered
with a teflon membrane of 0,001 inch (0.025 mm) thickness held in
place by a plunger containing a l-mm-diam ordinary relief hole and a
2-mm-diam auxiliary relief hole.

The sample vial received a magnetic stirrer and 10 ml of
deionized water. After stabilizing the temperature (25 + 1 C) in the

sample chamber, the meter reading was adjusted to zero on the monitor
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scale, and water in the sample vial was saturated with nitrogen gas.
The shoot of an intact seedling was introduced into the plunger and
pulled out through the auxiliary relief hole leaving the entire root
system inside the plunger. The plunger along with the seedling was
introduced into the vial and manipulated so as to force out entrapped
gas bubbles. A narrow piece of taﬁe was placed across the base of the
plunger, which rested on a plastic ring 1.5 cm wide in the bottom of
the vial, in order to facilitate free movement of the magnetic stirrer
and to prevent injury to seedling roots. The sample vial which con-
tained the root system was sealed with a split rubber stopper treated
with paraffin wax leaving the aerial parts of the seedling exposed to
an atmosphere of air. Readings on the scale were recorded 5 min after
needle stabilization.

Calibrution of the oxygen monitor was made with different
volumes of oxygen-saturated water introduced into the sample vial
containing nitrogen-saturated water. Solubility of oxygen in water
at 25 C and at l-atmosphere is 28.22 pl/mli(63) and a calibration
curve (Fig. 1) was constructed by plotting meter deflections against
microliters of oxygen introduced in the oxygen-saturated water. Meter
readings were converted to ul 09 directly from this curve.

Root surface areas and dry weights of roots and shoots were

determined by the method of Embabi (17).

Effect of HyS on oxygen release from rice seedlings

Different concentrations of HyS (0, 0.2, 5.0, and 10 pg/ml) were
established by iodometric titrations (22). Two and 3-week-old seedlings

of rice varieties Bluebelle, Dawn, Saturn, Zenith, Norin 22, and Yubae
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were treated by immersing their roots for a 12 hr period in flasks
containing known concentrations of H,S in water at 25 T2c. rre-
treated seedlings were washed thoroughly in tap water and oxygen
release from individual seedlings was determined by the method

described above.

Nutrient uptake by H,S pretreated seedlings

Pretreatment of seedlings with H2S: Seedlings of rice varieties

Bluebelle, Dawn, Saturn, and Zenith were grown in the greenhouse.
Ten-day-old seedlings of uniform height and vigor were selected for
HZS treatments. Solutions of different HyS concentrations (0, 0.05,
0.1, 0.2, 1.0, and 2.0 pg/ml) were prepared from a stock solution
standardized by iodometric titrations (22); the stock solution was
prepared by bubbling H9S into nitrogen-saturated, deionized water and
then diluting it to obtain the desired H2S concentrations. Seedlings
of each rice variety were grouped into 45 seedlings per group, and the
roots of each group were fully immersed in the solutions of known
concentrations of HpS in 125-ml Erlemmeyer flasks for a 12 hr period
at room temperature (25 f 2 C).

Nutrient uptake: Following pretreatment with HyS, the seedling-

roots were washed three times with deionized water and each group of
45 seedlings (which had been pretreated with a known concentration of
HZS) was subdivided into 3 groups of 15 seedlings each, in order to
give 3 nutrient uptake replicates of each HyS concentration. Each
replicate of 15 seedlings was then transferred to a long test tube
-éontaining 25 ml of 1/4-strength Hoagland-Snyder solution (66) and

incubated at 25 ¥ 2 C under fluorescent light of 10,000 lux intensity.
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The volume of nutrient solution in each tube was maintained with
deionized water.

Nutrient uptake by the seedlings was determined by measuring
conductivity of the nutrient solution at 0 and 80 hr incubation. A
Barnstead Model PM-70 CB conductivity bridge (Barnstead Co., 225
Rivermoor St., Boston, Mass., U;S.A. 02132) with a Beckman CEL-VS 01
conductivity cell of 0.1 constant (Beckman Instruments, Inc., Cedar
Grove, N.J., U.S5.A.) was used to measure conductivity of the nutrient
solutions. This conductivity bridge has a full scale range of 1199

nanomhos to 119.9 millimhos.

A. Zero Adjustment: The zero point for all ranges was established

as follows:

a) The MULTIPLIER knob was rotated to the KILOHMS x1 (CAL) position;
b) after short circuiting the binding posts, the digital switch was
set to 0.00; c) the CHECK-OPER switch was placed in the OPER position,
and OFF-ON switch in the ON position; d) then the SENSITIVITY knob
was rotated fully clockwise, and the ZERO ADJUST screw rotated as
required until the meter needle was aligned with the 0 mark on the

neter; 4) the short circuit was then removed from the binding posts.

B. Range calibration: Conductance ranges were calibrated as follows:

a) the MULTIPLIER knob was rotated to the MICROMHOS x 10 (CAL) posi-
tion, and the digital switch was set at 10.00; b) the CHECK-OPER

switch in the ON position; c¢) the SENSITIVITY knob was rotated to the
center position, and; d) the MHOS screw was rotated as required until

the meter needlec was aligned with the 0 mark on the meter.



13

C. Conductivity measurement: the conductivity of nutrient solution

was measured as follows:

a) The conductivity cell terminals were connected to the binding
posts, and the left binding post was grounded; b) the OFF-ON switch
was placed in the ON position, and the CHECK-OPER switch in the OPER
position; c) the SENSITIVITY knob was rotated fully clockwise, and the
digital switch was set to 11.99; d) the volume of nutrient solution in
each tube containing the seedlings was brought up to 25 ml and the
solution was poured into a 15 x 2.5 cm test tube; e) the conductivity
cell was then placed in the tube and moved up and down to remove all
air bubbles; f) the MULTIPLIER knob was set at NANOMHOS x100 position
and then advanced towards MILLIMHOS x10 until the meter needle deflected
to the left. This indicated that the conductivity was less than the
reading on the digital switch; g) starting with the left digit, the
setting on the digital switch was decreased until the meter needle

was at zero. h) The measured conductance was the setting on the
digital switch x the setting on the MULTIPLIER scale x 10 (reciprocal
of the cell constant, which was 0.1). 1) After each reading, the
conductivity cell was rinsed 3 times in deionized water.

The conversion of nutrient uptake data from millimhos
(reciprocal milliohms) conductivity to pg nutrient uptake per 15
seedlings was accomplished by the following procedure: Twenty-five
ml of 1/4-strength Hoagland-Snyder solution contains 4524.682 pg of
total nutrients (Table la, b). If the conductance of this solution
containing rice seedlings was 90 mmhos at 0 time, and 45 mmhos after
80 hr incubation period then the plants absorbed 2262.341 pg of

nutrients in 80 hr. The conversion from millimhos to pug nutrients
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Table la. Preparation of Hoagland-Snyder solution (66).

Reagent g/liter of solution¥*
KNO4 0.510
Ca(N03), 0.820
MgS0y, * 7H,0 0.490

Ferric tartrate

Micronutrients:

MnCly4H,0

(NH,, ) g *Mo7054,*4Hp0
H3B03

ZnS04,* THy0

CuS0y* 5Hy0

FeCl3°6H,0

1 ml of 0.5% solution

0.035 ?

0.031

7.7

Dissolve separately; then
combine with 50 ml of
conc. HpS0,. Make up to
1 liter volume with
deionized water. Use
1.25 ml of this stock
solution per liter of
culture solution.

*Adjust the pH of the solution to 5.0 and dilute with deionized water
to obtain a 1/4-strength solution.
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Table 1lb. Nutrient concentration of 25 ml, 1/4-strength Hoagland-
Snyder solution.
Element Concentration of element
(ps)
N 1320.50
P 200.00
K 1443.75
Ca 1250.00
Mg 300.00
Mn 3.12
Mo 0.312
B 1.25
Zn 0.625
Cu 0.625
Fe 12.50
Total 4524 .682
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was based on the physico-chemical principle that conductivity of a
dilute electrolyte solution is linear with concentration, and the fact

that the Hoagland-Snyder nutrient solution was dilute (approx. 0.002M).

Effect of H2S on p32 uptake by rice seedlings

Seedlings of rice varieties Bluebelle, Dawn, Saturn, and Zenith
were grown in vermiculite, in 946 ml polyethylene containers at
25 T 2 C under fluorescent light of 10,000 lux intensity, giving a
12-hr day. The vermiculite was saturated with deionized water at the
time of planting and kept moist by adding 1/4-strength Hoagland-Snyder
solution after sprouting. Twelve-day-old seedlings of uniform vigor
were grouped into 30 seedlings per group, and the roots of each group
bwere fully immersed in solutions of 0, 1, 5, and 10 Pg/ml H2S concen-
trations in 125-ml Erlenmeyer flasks for a 12-hr period.

Pretreated seedlings of each group were divided into 3 groups
(replicates) of 10 seedlings each, and each replicate was transferred
to a 25-ml Erlemmeyer flask containing 10 ml of KH2P3204 solution (ca.
160,000 dpm P32/m1 solution) in deionized water. Samples (0.1 ml)
were drawn from each flask at 0, 3, 6, and 9 hr and added to scintilla-
tion vials containing 10 ml of scintillation fluid (400 ml toluene +
400 ml dioxane + 240 ml ethanol + 80 g naphthalene + 5 g 2,5-diphenyl-
oxazole). The radioactivity was measured with a Beckman LS-250 liquid
scintillation counter. Counts were made at 95% efficiency and

expressed as dpm/mg dry weight of the seedling.
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Assay of different rice varieties and selections for oxygen release

ey

and nutrient uptake

Seeds of different rice varieties and selections were obtained
from the Rice Branch Experiment Station, Stuttgart, Arkansas; the
Rice Experiment Station, Crowley, Louisiana; the Rice-Pasture Experi-
ment Station, Beaumont, Texas; and the International Rice Research
Institute, Philippines. Two-week-0ld seedlings were used for the
oxygen assay and 10-day-old seedlings for the nutrient uptake studies.
The methods used for oxygen release and nutrient uptake measurements
were those described above.

All data were analyzed statistically, and the mean differences

were evaluated with Duncan's new multiple range test (16).



RESULTS

Oxygen release from rice seedlings

One-week-old seedlings of Saturn and Bluebelle released more
oxygen than l-week-old Dawn and Zenith seedlings (Table 2). Oxygen
release from seedlings of all four varieties grown in water agar
flooded with Hoagland's solution was lower than those grown in
greenhouse soil.

Results for two and three-week-old seedlings (Tables 3 and 4)
also show that Saturn and Bluebelle had significantly higher oxygen -
release than Zenith and Dawn. Oxygen release, root surface area, and
dry weight of root and shoot of all varieties increased with seedling
age. These increases were smaller in the seedlings grown in water
agar which may have been caused by unfavorable growing conditions in
the agar.

There were no relationships between the oxygen release from
rice seedlings and their root-surface-areas or root and shoot dry
weights. Also, no significant differences were observed between the
oxygen release rates (0, pl. min~L. cm 2 root surface) of these

varieties.

Effect of hydrogen sulfide on oxygen release from rice seedlings

A 12-hr pretreatment with 0.2, 5.0, and 10.0.pg/m1 HpS
inhibited oxygen release of 2-week-old seedlings of all six varieties
tested; however, Saturn, Bluebelle and Norin 22 released more 09 at

0.2 pg/ml than Dawn, Yubae and Zenith (Table 5).

18
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The amount of 0, released by seedlings of all varieties, except
Saturn, increased at 3 weeks (Table 6). All varieties were still sus-
ceptible to HpS. Yubae and Bluebelle had the highest oxygen release
at each concentration of Hy§ with Dawn, Norin 22 and Saturn being

lower and Zenith the lowest.

Effect of HpS on nutrient uptake by rice seedlings

Untreated Dawn and Zenith absorbed 2 to 3 times more nutrients
than Saturn and Bluebelle. At 0.05 pg/ml HyS, nutrient absorption of
Dawn and Zenith was reduced 38 and 247 respectively, whereas that of
Saturn and Bluebelle was stimulated 40 and 48%, respectively (Table 7,
Fig. 2). Fifty-eight and 507 reduction, respectively, occurred in the
nutrient uptake of Dawn and Zenith at 0.1 pg/ml HpS. Bluebelle and
Saturn nutrient uptake was unaffected at both 0.1 and 0.2 pg/ml. At
1.0 and 2.0 pg/ml H,S, approximately 34, 51, 73, and 79% reduction
occurred in nutrient uptake of Bluebelle, Saturn, Zenith, and Dawn,
respectively. All differences between varieties and HpS concentra-

tions on individual varieties were highly significant (Table 8).

Effect of HyS on P32 yptake by rice seedlings

Uptake of P32 by untreated plants of all four varieties
increased with time of exposure. Dawn absorbed maximum p32 followed
by Saturn, Bluebelle and Zenith (Table 9 and Fig. 3a, b, c). Signi-
ficant inhibition of P32 uptake of all varieties occurred as a result
of pretreatment with 1.0 pg/ml HS. This inhibition increased at
higher HyS concentrations with the exception that Zenith showed less

inhibition at 5.0 and 10.0 pg/ml HpS. At 1.0 pg/ml H,S, inhibition of
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p32 uptake was ﬁighest in Zenith followed by Dawn, Saturn and Bluebelle
in decreasing order of inhibition.

Maximum inhibition of P32 uptake of Bluebelle and Dawn by all
three concentrations of H9S occurred after 3 hr uptake. No further
reductions occurred at 6 and 9 hr. Saturn and Zenith, however, showed
greater inhibition at 6 and 9 hr than at 3 hr. All interactions except
the variety x concentration x time interaction were highly significant

(Table 10).

Assay of different rice varieties and selections for oxygen release

and nutrient uptake

Twenty-eight rice varieties and selections were assayed for
their oxygen release, and all of these, except Yubae, Stg. 653570 and
Fortuna were tested for nutrient uptake (Table 11). Their reactions
to straighthead or Akagare diseases were compared with their oxygen
| release and nutrient uptake wherever possible. In general, straight-
head resistant varieties (e.g. Bluebelle and Belle Patna) had a
higher oxygen release and a lower nutrient uptake. Susceptible
varieties like Dawn, Zenith, Blue Rose, and Arkrose, etc. had lower
oxygen release and higher nutrient absorption. Texas Patna, a
variety with medium oxygen release, had a very low nutrient uptake,
which could be responsible for its resistance to straighthead.
Moderately susceptible varieties like Saturn and Cody had a medium
oxygen release and a higher nutrient absorption. Varieties with very
low oxygen release were susceptible to straighthead. There were some
varieties which did not fit into this pattern. Fortuna, which is a

moderately resistant variety had a low oxygen release; its nutrient
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uptake was not determined. Both Norin 22 and Norin 36 have been
reported to be susceptible to Akagare disease (6); however, they
showed high oxygen release and low nutrient absorption in the present

study.



Table 2. Comparative measurements of oxygen release, root areas, and root and shoot dry weights of-
one-week-0ld seedlings of four rice varieties grown in water-agar and in greenhouse soil.*

—

02 ul. min.=1 Root area cm? Root dry wt. g. Shoot dry wt. g.
Variety hgar Soil Agar Soil Agar Soil Agar Soil
Bluebelle .511a .564a 3.12a 7.11ab .0023a .0058a .0030a .0049ab
Dawn .211be .194b 2.62a 5.79a .0014a .0035b .0029a .0044a
Saturn .317b .51la 2.54a 10.78c .0021a .0040b .0040a .0066bc
Zenith .161c .211b 3.52a 8.84bc .0020a .0070c¢ .0042a .0077¢
Mean .300 .370 2,95 8.17 .0019 .0050 .0035 .0059

*Averages of 8 replicates. Means in each column which are followed by a letter in common do not
differ significantly at 0.05 level of probability.

(44



Table 3. Comparative measurements of axygen release, root areas, and root and shoot dry weights of
two-week-old seedlings of four rice varieties grown in water-agar and in greenhouse soil.*

0y pl. min.-1 Root area cm? Root dry wt. g. Shoot dry wt. g.
Variety

Agar Soil Agar Soil Agar Soil Agar Soil
Bluebelle .599a .881a 4,98a 10.91a .0028a .0059%a .0046b .0l44a
Dawn .246b .317b 4.15ab  5.93b .0022a .0C16b .0065a .0104ab
Saturn .670a .740c¢ 6.23ac  8.45ab .0028a .0024b .0056ab .0159%
Zenith .229b .370b 4.15a 9.56a .0023a .0027b .0068a .0208ac
Mean .436 .577 4.87 8.71 .0025 .0031 .0058 .0153

*Averagesof 8 replicates, except agar treatments of root and shoot dry weights, which are averages
of 7 replicates. Means in each column which are followed by a letter in common do not differ
significantly at 0.05 level of probability.

|4



Table 4.

Comparative measurements of oxygen release, root areas, and root and shoot dry weights of

three-week-0ld seedlings of four rice varieties grown in water-agar and in greenhouse
soil,.*

0g pl. m.:m.':I Root area cﬁz Root dry wt. g. Shoot dry wt. g.
Variety

Agar Soil Agar Soil Agar Soil Agar Soil
Bluebelle .670a 1.058a 7.45a 16.09%a .0420a .0047ac .0189a .0252a
Dawn .264b .564b 5.79 9.96ab .0020b .0040abc .0116b .0220ab
Saturn .723a .952a 9.91lab 8.35b .0040bc .0059c .0258ac  .0323a
Zenith .352b .282¢ 11.64b 15.87a .0060c .0081c .0260c .0279a
Mean .502 714 8.70 12,57 .0130 .0056 .0205 .0268

*Agar treatments are averages of 8 replicates. Soil treatments are averages of 4 replicates.
Means followed by a letter in common do not differ significantly at 0.05 level of probability.

7T
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Table 5. Oxygen release from two-week-old seedlings of six rice
varieties pretreated with different concentrations of HyS
for a 12-hr period.*

Oxygen release (pl. min.-l)

HsS
2
(pg/ml) Bluebelle Dawn Saturn Zenith Yubae Norin 22
0 .828a .446a .863a .423a 1.013a .634a
0.2 .423b .376a .705b .329b .352b .493b
5.0 .352b .352a .611be .282b .258b .446bc
10.0 .188¢c .188b .540c .164c .164b .399c¢

*Averages of 6 replicates. Means in each column which are followed by
a letter in common, do not differ significantly at 0.05 level of
probability.
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Table 6. Oxygen release from three-week-old seedlings of six rice
varieties pretreated with different concentrations of H)S
for a 12-hr period.*

Oxygen release (pl. min.'l)
HpS
(pg/ml) Bluebelle Dawn Saturn Zenith Yubae Norin 22
0 .917a .615a  .823a .595a  1.253a .705a
0.2 .729b .511b .473b .446b .658b .540b
5.0 .61llc .453¢ .329¢ .329c .658b .540b
10.0 .540¢c 4bb6e .235¢c .188d .658b 446D

*Averages of 6 replicates. Means in each column which are followed by
a letter in common, do not differ significantly at 0.05 level of
probability.
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Table 7. Nutrient1 uptake in 80 hr by 10-day-old seedlings of rice
varieties trea;fd with different concentrations of H,S for
a 12-hr period.

Nutrient Uptake

(ﬁéfml) Bluebelle Dawn Saturn Zenith

0 17.60ac* 50.76a 23.03ac 44 .70a
0.05 26 .00b 31.33b 32.33b - 33.80b
0.10 19.16a 21.36¢ + 28.53bc 22.23c
0.20 19.73a 16 .06cd 19.16a 24.93c
1.00 12.00c 11.16d 11.53d 12.06d
2,00 11.43c 10.76d 11.13d 11.23d

0 884 .82ac**  2577.69a 1157 .43ac 2272.50a
0.05 1307.12b 1590.99b 1624.82b © 1718.36b
0.10 1084 .70a 1433.84c 1433.84bc 1130.15¢
0.20 991.91a 815.55cd 962.93a 1267 .41c
1.00 603.29c 566.72d 579.46d 613.11d
2.00 574.63c 546.41d 559.36d 570.92d

1 1/4-strength Hoagland-Snyder solution.

2 Averages of 3 replicates of 15 seedlings each. Means in each column
which are followed by a letter in common do not differ significantly
at 0.01 level of probability.

* Nutrient uptake in millimhos conductivity.

**Nutrient uptake in micrograms.



